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Abstract
Flow cytometric cell sorting combined with molecular gene rear-

rangement analysis can assist in further characterizing simultane-
ously occurring, phenotypically distinct, monoclonal B-lymphoid
and monoclonal plasma cell populations that express immunoglob-
ulin of the same light chain. We previously established monoclonal-
ity profiles for lymphoid and plasma cell populations of lymphoplas-
macytic lymphoma (LPL) bone marrow aspirates by using flow
cytometric cell sorting and subsequent monoclonal gene rearrange-
ment analysis. Our findings demonstrated that related genetic pro-
cesses are less likely than unrelated genetic processes. Here, we
demonstrated the utility of cell sorting combined with gene rear-
rangement (both immunoglobulin IgH and IgK) and IgVH se-
quence analysis as well as plasma cell targeted fluorescence in situ
hybridization analysis in clinical cases of presumed Waldenström
macroglobulinemia/LPL in which multiple distinct B-cell and
plasma cell populations were identified. Combining cell sorting with
subsequent molecular analysis can provide proof of identical mono-
clonal genotype for Waldenström macroglobulinemia/LPL and non-
identical distinct lymphoid and plasma cell populations in the clin-
ical setting. Understanding how many clonal processes (molecular
profiles) are present can help guide patient monitoring throughout
treatment and potentially identify patients with worse outcomes.

Introduction
Waldenström macroglobulinemia (WM) is a chronic B-lym-

phoproliferative disorder associated with immunoglobulin (IgM)
monoclonal gammopathy and bone marrow infiltration by lympho-
cytes, lymphoplasmacytic cells, and plasma cells.1 In a previously
published study, 13 (34%) of 38 specimens submitted to our labo-
ratory for suspected monoclonal gammopathy, myeloma, or lym-
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phoma showed identical genotypic profiles for both the B-lymphoid
and the plasma cell population, whereas 25 (66%) profiles were non-
identical.2,3 In the majority of the genotypically identical group (12
[92%] of 13), the immunophenotype was consistent with WM/lym-
phoplasmacytic Lymphoma (LPL)4-6; the WM/LPL immunophe-

otype was present in 16 (64%) of 25 nonidentical cases.
This article outlines the approach of sorting monoclonal plasma

ells and monoclonal lymphoid cells to demonstrate the genotypic
elationship between the populations in the presence of multiclonal
henotypes. The presence of multiple concomitant clonal B-cell and
lasma cell populations within a specimen can blur the classification
riteria of LPL and hence present a difficult diagnostic challenge. To
stablish the genetic relationship of concurrent clonal populations, a
ore detailed analysis is required than simply surface immunoglob-

lin light chain status alone. The combination of cell sorting and
ene rearrangement analyses can distinguish between related clonal
rocesses and 2 separate concomitant processes. This distinction can
ave additional findings of prognostic and/or diagnostic significance.
wo case studies follow, in which we demonstrate the stepwise anal-
sis of 3 or 4 distinct cell populations: identification by flow cyto-
etric analysis, separation by cell sorting, and investigation with

ubsequent molecular and fluorescence in situ hybridization (FISH)
nalyses.

Results
Case 1

Three separate clonal populations were identified in a bone mar-
row aspirate specimen by flow cytometry in a patient with pancyto-
penia, monoclonal gammopathy, and lymphocytosis7,8; the immu-
nophenotypes were consistent with hairy cell leukemia (HCL),
chronic lymphocytic leukemia (CLL), and monoclonal plasma cells.
Flow cytometric cell sorting and B-cell gene rearrangement studies
along with FISH post-CD138� plasma cell selection and IgVH mu-
ational assay studies were used to characterize each population sep-
rately (Figure 1). Both B-cell populations expressed surface lambda

ight chain exclusively; the monoclonal plasma cell population dem-
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onstrated kappa light chain restriction. The 3 immunophenotypi-
cally distinct populations were detected and isolated by flow cyto-
metric cell sorting: HCL (CD25�, CD103�, CD11c�, FMC7�,
increased side scatter (SSC), lambda) at 27%, CLL (CD19/CD5�,
low SSC, FMC7�, lambda) at 11%, and monoclonal plasma cells
CD56�, CD138�, CD45�/�, kappa) at 1.1%. Conventional cy-

togenetic analysis was essentially normal; one metaphase was de-

Figure 1 (A) Flow Cytometry: Histogram, Demonstrating 2 Dist
Demonstrated Immunophenotypes Compatible With C
Leukemia (HCL) (green). (E) The Whole Bone Marrow
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tected with trisomy 8 of uncertain significance. Subsequent FISH w
analysis did not reveal a clonal cell population characterized by tri-
somy 8; however, FISH, when analyzing the CD138� enriched
plasma cell fraction, revealed trisomy 11q, consistent with a plasma
cell neoplasm (Figure 1C).

The 3 cell-sorted clonal cell populations were then subjected to
B-cell (immunoglobulin heavy chain [IgH]) gene rearrangement
studies.9 Three genotypically unrelated monoclonality profiles

ymphoid Populations: Complete Analysis (not illustrated)
c Lymphocytic Leukemia (CLL) (orange) and Hairy Cell
ple Was Submitted for Molecular Testing. (B) Flow Cytometry:
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notype populations, respectively (Figure 1F-H). Sequencing anal-
sis of the clonally expressed IgHV region of the HCL and CLL
opulations (differentiated by FMC7 expression) revealed the

ack of IgHV hypermutations in both lymphoid cell fractions. In
ddition, sequencing studies provided further definitive evidence
f unrelated genotypic profiles (VH1-46 usage in the HCL frac-
ion vs. VH4-34 usage in the CLL fraction) (data not shown). The
ack of IGHV hypermutations has been associated with poor
rognosis in CLL, whereas the usage of IGHV4-34 (not identified
n the HCL fraction of this patient) would confer a poor prog-
ostic association in HCL.

Case 2
Three separate cell populations were identified by flow cytom-

etry in a bone marrow aspirate specimen from a patient with a

Figure 2 (A) Flow Cytometry: Histogram, Demonstrating 3 Dist
Immunophenotypes Compatible With Chronic Lympho
(LPL) (blue), and Monoclonal Plasma Cells (green). (B
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WM, with macrocytic anemia and lymphocytosis. The immuno-
phenotypes were consistent with LPL, CLL, and monoclonal
plasma cells. Surface Ig light chain expression was identified as
lambda for the LPL lymphocyte population and kappa for both
the CLL population and the monoclonal plasma cell population.
The 3 immunophenotypically distinct populations were detected
and isolated by flow cytometric cell sorting: LPL (CD19�,

MC7�, CD11b�, CD5�, lambda), at 48%; CLL (CD19�/
D5�, low SSC, FMC7�, lambda), at 29%; and monoclonal
lasma cells (CD56�, CD138�, CD45�/�, kappa), at 3.9%.

Gene rearrangement studies, FISH post-CD138� enrichment,
whole bone marrow FISH, and conventional cytogenetic analyses
were used. Cytogenetic analysis of the whole bone marrow spec-
imen demonstrated add (17) (p11.2) and trisomy 18 in 3 of 30

opulations: Complete Analysis (not illustrated), Demonstrating
Leukemia (CLL) (red) and Lymphoplasmacytic Lymphoma

w Cytometry: Histogram, Demonstrating Distinct Light Chain
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unoglobulin (Ig) H Gene Rearrangement: Monoclonal
hain Framework Regions in All 3 Sorted Cell Fractions. CLL
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disorder (eg, CLL) or a non-Hodgkin lymphoma (eg, marginal
zone lymphoma or LPL). Subsequent FISH analyses of the whole
bone marrow specimen demonstrated a 17p (TP53) deletion
(13%) (Figure 2F). Monosomy 13 (63%) was identified by FISH
in the CD138� enriched cell fraction (Figure 2G), compatible
with a plasma cell neoplasm.

The 3 distinct cell-sorted populations were then subjected to B-
cell gene rearrangement studies by using primer sets specific for the
IgH and the kappa light (IgK) chain loci. Genotypically unrelated
monoclonality profiles were detected by IgH and IgK gene rearrange-
ment studies for the 3 populations characterized immunophenotypi-
cally as LPL, CLL, and monoclonal plasma cells, respectively.
Whereas, the IgH gene rearrangement analysis (left panel, Figure
2D) revealed an identical monoclonality profile for the LPL and the
plasma cell fraction, flow cytometric analysis showed different light
chain expression for these 2 cell populations. Subsequent IGK gene
rearrangement analysis (right panel, Figure 2E) revealed the presence
of a genotypically independent plasma cell population. The presence
of 2 distinct plasma cell subpopulations was confirmed by detailed
flow cytometric reanalysis with one population expressing cytoplas-
mic kappa immunoglobulin light chain, whereas the other expressed
cytoplasmic lambda. These 2 populations could be discerned based
on differences in light scatter properties (data not shown). The inte-
grated interpretation of these findings confirmed the presence of 2
separate clonal plasma cell processes, one related to the LPL lym-
phoid cell population (consistent with the patient’s known WM) and
one related to an independent monoclonal plasma cell neoplasm.

Discussion
Establishing the genetic relationship of concurrent clonal popula-

tions requires detailed molecular analysis, even in cases in which the
surface Ig light chains are dissimilar. The combination of flow cyto-
metric cell sorting and molecular analysis can differentiate specimens
that harbor a single related clonal process from those with 2 or more
concomitant but unrelated entities. Establishing proof of an identical
clonal genotype for the monoclonal plasma cell and monoclonal
B-lymphoid populations can help definitively diagnose findings as
WM/LPL in the setting of monoclonal lymphoid and plasma cells
expressing the identical light chain. Conversely, the definitive con-
firmation of genotypically distinct populations may significantly im-
prove diagnostic and prognostic classification as well as therapeutic

regimens10,11 in specimens with B-lymphoproliferative disorder(s)
and a concurrent but unrelated plasma cell neoplasm. The presence
of a genotypically unrelated plasma cell neoplasm may not only occur
in conjunction with CLL or other lymphomas (as demonstrated in
case 1) mimicking WM/LPL; an independent clonal plasma cell
process may also be “hidden” within the plasma cell population al-
ready confirmed and characterized as WM/LPL (as shown in case 2).

Conclusion
The techniques demonstrated here add power to diagnostic acu-

men. The more specific diagnosis allows for greater accuracy in risk
stratification,12 prognostic designation, and design of appropriate

onitoring strategies. Implementation of this method for routine
linical application in these diseases should be considered a valuable
ddition to current standard of care.
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