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Background and Objectives. B-cell chronic lymphoproliferative disorders (B-CLPD) are
usually monoclonal expansions of a single B-cell clone. However in some cases, two
unrelated B-cell clones co-exist. Additionally, cases with two B-cell subpopulations dis-
playing a similar phenotype but distinct DNA contents exist, the exact nature of these
cases remaining unknown. In order to gain insight into the characteristics of these
complex B-CLPD we examined two cohorts of patients.

Design and Methods. One cohort had two phenotypically distinct B-cell populations
(group A; n=9) and the other, two B-cell subsets showing different DNA contents and/or
light scatter properties, but a similar immunophenotype (group B; n=7).

Results. Fluorescent in situ hybridization studies revealed the presence of genetic
abnormalities in six cases from group A, either in one (n=5) or the two co-existing B-
cell populations (n=1); in all these cases the two B-cell populations showed unrelated
IgH gene rearrangements. In all seven cases from group B, the B-cell population show-
ing higher DNA contents had additional chromosomal abnormalities as compared to
the other subset; molecular analysis confirmed the monoclonal nature of these cases.

Interpretation and Conclusions. In summary, we show that in group A, two phenotypi-
cally/cytogenetically distinct, unrelated B-cell clones co-exist, while the two B-cell pop-
ulations from group B appear to represent different stages of evolution of a single

clone.
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ders (B-CLPD) are a heterogeneous

group of diseases typically characterized
by the clonal expansion and accumulation of
mature neoplastic cells derived from one sin-
gle transformed B cell."® Despite this, mor-
phologically different populations of neoplas-
tic cells are frequently detected, particularly in
some histopathologic and cytologic subtypes
such as follicular [ymphoma with mixed small
and large cells, and prolymphocytic leukemia/
chronic lymphocytic leukemia (CLL) variants.
Such heterogeneity is usually attributed to
intraclonal variation. However, cases have
been cited in the literature in which two or
more different B-cell clones co-exist,* at an
overall incidence in all B-CLPD of around
5%." Actually, most cases in which more than
one immunophenotypically distinct B-cell
subset is present in the same sample are con-
sidered to correspond to real biclonal B-
CLPD," independently of the presence or
absence of morphological heterogeneity.
Recently, we showed in some cases from a
large series of 53 patients displaying two or
more phenotypically distinct, genetically
unrelated, B-cell clones, that the characteris-

B-cell chronic lymphoproliferative disor-

tics of both clones were compatible with the
same diagnostic entity; while, in others,
biclonality reflected the co-existence of two
different diagnostic entities in the same
patient.” In addition to these patients, there
are other B-CLPD cases in which two differ-
ent B-cell subpopulations can be detected on
the basis of either their morphologic hetero-
geneity, different size or their distinct DNA
cell contents, with both groups of cells show-
ing similar phenotypic features. Whether or
not these cases correspond to biclonal B-
CLPD or to a single disease displaying intra-
clonal evolution remains unknown. Although
immunophenotyping has proven to be a sen-
sitive tool for the rapid screening of biclonal
cases," the immunophenotypic patterns asso-
ciated with intraclonal evolution have not yet
been established. In order to gain insight into
the characteristics of these complex B-CLPD
we compared two cohort of patients: one con-
taining two phenotypically different cell pop-
ulations and the other showing two B-cell
subsets on the basis of the presence of a dif-
ferent DNA cell content and/or different light
scattering properties, but with a similar
immunophenotype.
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Design and Methods

Patients

A total of 16 patients newly diagnosed with B-CLPD
were included in the study. All cases showed co-existence
of two phenotypically aberrant B-cell populations. Nine
patients (group A) had two B-cell subsets displaying dif-
ferent phenotypic features, each one compatible with a
different B-CLPD (Figure 1, panel A). The other seven
cases (group B) showed two B-cell subsets with a similar
immunophenotype; the presence of two B-cell subpopu-
lations was suspected on the basis of their different light
scattering characteristics (n=6) and/or their distinct DNA
cell contents (n=7) (Figure 1, panel B). In all cases, diagno-
sis was based on clinical, morphologic, immunopheno-
typic, molecular and histologic criteria, according to the
WHO classification.”” The studies described below were
performed on peripheral blood (n=7), bone marrow (n=>5)
and lymph node specimens (n=4). In all cases, samples
were obtained after informed consent according to the
Ethics Committee of the University Hospital of Sala-
manca (Salamanca, Spain).

Immunophenotypic analyses
Peripheral blood and bone marrow samples were col-
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lected in tubes containing K3 EDTA as anticoagulant;
lymph node samples were collected in an isotonic saline
buffer containing heparin and gently dispersed into sin-
gle cell suspensions. All samples were stained using a
direct immunofluorescence stain-and-then-lyse tech-
nique previously described in detail” with the following
four-color combinations of antibodies conjugated with
fluorescein isothiocyanate (FITC)/phycoerythrin (PE)/pe-
ridin clorophyll protein-cyanine 5.5 (PerCPCyd.5)/allo-
phycocyanine  (APC):  CD22/CD23/CD19/CD20,
CD103/CD25/CD19/CD11¢,FMC7/CD24/CD19/
CD34, CD43/CD79b/CD19/, slgM/CD27/CD19/,
sIgh/sIgk/CD19/CD5 and ¢BCL2/CD10/CD19/CD38.
The exact clones and sources of the antibody reagents
used are described in Table 1. Data acquisition was per-
formed using the Cell QUEST software in a FACScalibur
flow cytometer (Becton/Dickinson Biosciences -BDB-,
San Jose, CA, USA). In those samples with <20% B-lym-
phocytes, a selective acquisition of CD19* gated cells
was also made as previously described.” The Paint-A-
Gate PRO software program (BDB) was used for data
analysis. B-lymphocytes were identified according to
their SSC**/CD19* distribution and their percentage
was calculated after excluding cell debris and platelets
according to conventional procedures.”
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Table 1. Monoclonal antibodies polyclonal antisera and interphase FISH probes used for the immunophenotypic analysis and cytogenet-
ic characterization of B-CLPD.

Ab conjugates Clone Source DNA Probe Recognized chromosome region Source
CD5-APC L17F12 Becton Dickinson Biosciences! CEP 1 (Satellite I1/11) SO 1912 Vysis Inc.
CD10-PE ALB1 Immunotech? CEP 4 SG 4p11-gl1 Wsis Inc.
CD11c-APC S-HCL-3 Becton Dickinson Biosciences! CEP 6 SG 6p11.1-q11.1 ysis Inc.
CD19-PerCP-Cy5.5 SJ25C1 Becton Dickinson Biosciences! CEP 7 SO 7p1l.1-q111 Wsis Inc.
CD20-APC L-27 Becton Dickinson Biosciences! CEP 8 SO 8p11.1-q11.1 sis Inc.
CD22-FITC S-HCL-1 Becton Dickinson Biosciences! CEP 10 SO 10p11.1-q11.1 Wsis Inc.
(D23-PE MHM-6 Becton Dickinson Biosciences! CEP 12 S0 12p11.1-q11.1 ysis Inc.
CD24-PE ALB9 Immunotech? CEP X SO Xp11.1-q11.1 Wsis Inc.
CD25-PE 2A3 Becton Dickinson Biosciences! CEPY (Satellite 1l) SG Yq12 Vysis Inc.
CD27-PE 1128 Becton Dickinson Biosciences! LSl ber/abl dual color probe 9934 and 22q11.1 Vysis Inc.
CD34-APC 8612 Becton Dickinson Biosciences'  LSI PML/RAR-c dual color probe 15022 and 17¢21 Vysis Inc.
CD38-APC HB-7 Becton Dickinson Biosciences' LS IgH/CCND1 dual color probe 14¢32.3 and 11q13 Vysis Inc.
CD43-FITC DFT1 Immunotech? LSI 1gH/BCL2 dual color probe 14¢32.3 and 18q21 Vysis Inc.
CD79b-PE CB3-1 Immunotech? LSI BCL6 dual color breakapart 3927 Wsis Inc.
CD103-FITC Ber-ACT8 Becton Dickinson Biosciences! LSI 13/Rb SO 13q14 sis Inc.
BCL2-FITC 124 Coulter Corporation® LSI p53 SO 17p13.1 Wsis Inc.
FMCT7-FITC FMC7 Becton Dickinson Biosciences! LSI IgH/MYC, CEP 8

tri-color dual fusion translocation  14932/8q24, 8p11.1-q11.1 Vysis Inc.
Anti-Human-IgM-FITC Polyclonal* DakoCytomation*
Anti-Human-«-PE Polyclonal® DakoCytomation*
Anti-Human-A-FITC Polyclonal* DakoCytomation*

FITC: fluorescein isothiocyanate; PE: phycoerythrin; PerCPCyS.S: peridin clorophyll protein-cyanine .S fluorochrome tandem; APC: allophycocyanine. 'Becton
Dickinson Biosciences (San Jose, CA, USA); *Immunotech (Marseille, France); *Beckman/Coulter (Miami, FL, USA); ‘DakoCytomation (Glostrup, Denmark).
*Polyclonal rabbit anti-human IgM serum; °Polyclonal rabbit anti-buman kappa Ig light chains serum; *Polyclonal rabbit anti-human lambda Ig light chains serum;

SO: spectrum orange™; SG: spectrum green™.

Analysis of DNA cell contents by flow cytometry

To specifically analyze the DNA content of B cells in
each patient, samples were processed using the
Cycloscope-NHL kit (Cytognos SL, Salamanca, Spain),
strictly following the recommendations of the manufac-
turer.”® The DNA index of neoplastic B cells was calculat-
ed by dividing the modal propidium iodide (PI)-associat-
ed fluorescence intensity (FI) of the GO/G1 peak of the
neoplastic B cells by the modal PI-associated FI of normal
GO/G1 cells present in the same sample.

Fluorescence activated sorting of B-cell subsets

Specific fluorescence activated cell sorting (FACS) of
each B-cell subpopulation was performed on six patients
using a FACSVantage flow cytometer (BDB). B-cells were
sorted according to their distinct light scattering and/or
immunophenotypic characteristics. The purity of the
sorted B cell subsets was 96%+3% (range: 93% to 99.5%)
with <0.1% contamination by other B cells. Sorted cells
were then analyzed using interphase fluorescence in situ
hybridization (FISH) and/or polymerase chain reaction
(PCR) techniques, as described below.

Fluorescence in situ hybridization studies

FISH studies were performed in all cases on slides con-
taining unsorted (n=10) or FACS sorted (n=6) cells fixed
in Carnoy’s solution and stored at —20°C, as illustrated in
Figure 2. Numerical abnormalities for chromosomes 1, 3,
4,6,7,8,9,6 10, 11,12, 13, 14, 15,17, 18, 22, X and Y as
well as structural abnormalities involving IgH/bcl2,
IgH/CCND1, bcl6 and c-myec translocations were sys-
tematically studied according to previously described
methods.”** The panel of Spectrum Orange™ (SO)/
Spectrum Green™ (SG) DNA probes purchased from

Vysis Inc. (Downers Grove, IL, USA) and used in double
stainings is displayed in Table 1. The number of
hybridization spots and their distribution in the nuclei
were evaluated using a BX60 fluorescence microscope
(Olympus, Hamburg, Germany) equipped with a 100X
oil objective according to previously defined criteria.**
The distinction between two different B-cell populations
on unsorted samples was based on the interphase FISH
patterns observed on nuclei of different size according to
the proportion of each B-cell population in the sample, as
illustrated in Figure 2, case 13.

Assessment of clonality by molecular biology

Molecular studies were performed in a total of 11
patients of whom five had two phenotypically different
B-cell subsets and six had two phenotypically identical
subpopulations of B-cells showing different light scatter-
ing characteristics and/or DNA cell contents. Genomic
DNA preparation, Southern blot analysis, PCR amplifica-
tion, heteroduplex analysis, sequencing and analysis of Ig
genes were performed following protocols which have
been previously described in detail.”®” Gene-scanning
analysis was conducted on the PCR products of all the
samples studied. PCR analyses of the VD] region of the Ig
heavy chain (VDJH) Ig H gene rearrangements: VH-JH
and DH-JH were performed using approximately 500 ng
of genomic DNA. The consensus pairs of primers of the
VH or DH and JH segments, as well as the PCR conditions
used were as previously described” with some modifica-
tions: the JH primer was labeled with 6-FAM, the first
denaturation step was extended to 15 min at 95° C and
the last extension step at 72°C was extended to 45 min.”
Then, 2 uL of the PCR product were mixed with 0.6 uL of
the specific molecular marker (Internal Lane Standard
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Case 4

Population 1

Population 2

Case 13

Populations 1
and 2

Figure 2. Interphase FISH analyses of nuclei from two peripheral
blood samples from different patients with B-CLPD. Panels A and
B correspond to purified sigh+ (panel A) and sigh+ (panel B) clon-
al B-cells showing unrelated immunoglobulin gene rearrange-
ments and a typical B-cell chronic lymphocytic leukemia pheno-
type, co-existing in the same patient (case 4); as shown in these
two panels the clonal sigA+ B-cells displayed trisomy 12 (panel A)
whereas the clonal slgh+ B-cell population did not (panel B) after
hybridization with the CEP 12 DNA probe. Panel C shows the FISH
analysis of peripheral blood lymphocytes from a patient (case 13)
diagnosed as having follicular lymphoma with a monoclonal pat-
tern of IgH gene rearrangement and t(14;18). Note the typical pat-
tern of IgH/BCL2 gene rearrangement (two fused yellow signals
plus one red and one green spot) in the four smaller nuclei while
the two large nuclei show an interphase FISH pattern compatible
with additional gains of both the rearranged and the normal chro-
mosomes 14 and 18 (four fused yellow signals plus two green and
two red spots) for the LSI IgH/BAC-2 dual color probe used.

600, Promega, Madison, WI, USA) and 1.5 uL of loading
buffer (Blue Dextran Loading Solution, Promega).
Afterwards, this mixture was warmed for 3 min at 95°C
and loaded onto a 5% polyacrylamide denaturing gel
with urea placed in a 377 automated sequencer (Applied
Biosystems, Foster City, CA, USA). The electrophoresis
was run for 2.5h at 3000V. The fluorescence was quanti-
fied and the precise DNA fragment size calculated with
GeneScan software (Applied Biosystems). This resulted in
either one or two peaks (one of which corresponded to an
incomplete VD]-IgH DH-JH gene rearrangement) depend-
ing on the presence of either one type of PCR product (in
the case of a monoclonal lymphoproliferation) or more
than two (in those cases in which two or more B-cell
clones were present) as illustrated in Figure 3. Due to a
shortage of sample material, cases 5, 6, 7, 9 and 12 could
not be analyzed. PCR products were eluted from the
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Figure 3. lllustrative histograms corresponding to B-CLPD

patients. Panel A. A case displaying three different complete gene
rearrangements (blue peaks) indicating the existence of two dif-
ferent B-cell clones (biclonal case). Panel B. Another patient show-
ing only one rearrangement in the FR2 region (blue peaks) and a
single B-cell clone (monoclonal case). Red peaks correspond to
molecular weight markers (Internal Lane Standard, PROMEGA).

polyacrylamide gels and directly sequenced in an auto-
mated ABI 377 DNA sequencer using Big-Dye termina-
tors (Applied Biosystems, Foster City, CA, USA). In order
to avoid nucleotide misinterpretations because of Tag
errors, all products were sequenced at least twice from
different PCR reactions using 5'VH-DH and/or 37TH
primers. Germline VH, DH and JH segments from com-
plete VH-JH and DH-JH rearrangements were identified
by comparison with the V base” and IGMT database®
using on-line DNAPLOT (MRC Center for Protein
Engineering). D] and JH germline segments from incom-
plete DJH rearrangements were identified using a BLAST
search in the DH-JH germline locus sequence (accession
number EMB/X97051). Sequences containing more than
2% deviation from the germline sequence were consid-
ered as somatically mutated rather than genomic poly-
morphisms. In such cases, a binomial distribution model
was applied in order to discriminate replacement (R) and
silent (S) mutations derived from antigen selection or
acquired by random choice.

Results

Diagnosis of B-CLPD with two abnormal aberrant
B-cell populations

The nine cases showing two phenotypically different
B-cell populations (group A) were classified as displayed
in Table 2. The remaining seven cases (group B) showed
two B-cell subsets with different DNA cell contents and
ESC/SSC values but a similar phenotype, and were diag-
nosed as follicular lymphoma (n=3), mantle cell lym-
phoma (n=1), lymphoblastic lymphoma (n=1), large dif-
fuse B-cell lymphoma (n=1) and lymphoplasmacytic lym-
phoma/Waldenstrom's macroglobulinemia (n=1) (Table
2).
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Table 2. Diagnosis, differential immunophenotypic features and molecular characteristics of the two co-existing aberrant B-cell popula-

tions present in the B-CLPD cases studied.

Case Diagnosis Phenotype of population 1* Phenotype of population 2* Pattern of IgH gene
(% from total leukocytes) (% from total leukocytes) rearrangements
Cases with two phenotypically different B-cell populations
1 LDBCL+SLL FSC/SSC", CD57, CD197*, FSC/SSCr, CD5-, CD19, RR RG
CD20+,, CD22, CD23-, CD24", CD20r, CD22+%" CD23"",
CD25+, CD38", CD79br, IgM* CD24-, CD25-, CD38-,
(48%) CD79b, IgM-m (9%)
2 CLL+SMZL FSC/SSC", CD57, CD11c-, CD19', FSC/SSC", CD5-, CD11c, RR RG
CD20rt, CD22:¢m, CD2-/ (D19, CD20, CD22™,
CD24-4m CD25", CD27+", CD23-, CD24-, CD25-, CD27-+m,
CD43-/= D45 CD79h-, CD43-, CD45™, CD79b,
FMCT7-, slgk (33%) FMC7, slgh (29%)
3 CLL+CLL slgic” (4%) slgh’ (4%) RR RR
4 CLL+CLL slgh’ (2%) slgic* (24%) RR RG
5 FL+LDBCL FSC/SSC°, CD107, CD11c-, FSC/SSC", CD10-, CD11c/*, NA
CD19, CD20+, CD22%", CD237, CD19+,CD20™, CD22",
CD24+, CD25"", CD27+, CD23-, CD24, CD25-, CD27",
CD43-, CD79b™, BCL2", IgM™* (D43 CD79bm, BCL2™,
(0.5%) 1M (0.4%)
6 FL+LL FSC/SSCr, €D19+, CD20r, CD23", FSC/SSC, CD19+, CD20r, NA
BCL2, FMC7-", IgM", slgk* CD23-, BCL2", FMCT-, IgM",
(6%) SIgh’ (2%)
7 unclassNHL CD20r, CD23, CD24*, CD2T", (D20, CD23-, CD24-, CD27-, NA
+LPL (D38, CD43", CD79b™, IgM", CD38-, CD43-, CD79b™, IgM™,
slgh’ (1%) slgk (22%)
8 CLL+ CD5*, CD20, CD22-, CD23', CD5-, €D20", CD22, CD23-, RR RG
unclass NHL CD27+, CD43", CD79b*, BCL2™, (D27-,CD43-, CD79b", BCL2',
FMCT-, IgM* slg™ (1.5%) FMCT", IgM", slgic* (2.5%)
9 CLL+CLL slgk” (30%) sigh (11%) NA
Cases with two phenotypically identical B-cell populations
10 FL FSC/SSC*, DNA aneuploid (11%) FSC/SSC, DNA aneuploid (9%) RR
11 LL FSC/SSCe, DNA diploid (54%) FSC/SSCY, DNA aneuploid (44%) RG
12 LDBCL DNA diploid (6%) DNA aneuploid (25%) NA
13 MCL FSC/SSC®, DNA diploid (5%) FSC/SSC", DNA aneuploid (8%) RG
14 FL FSC/SSCe, DNA diploid (62%) FSC/SSC", DNA aneuploid (7%) RG
15 LPL/WM FSC/SSC", DNA diploid (2%) FSC/SSC", DNA aneuploid (1%) RR
16 FL FSC/SSCe, DNA diploid (23%) FSC/SSC, DNA aneuploid (2%) RG

*Only light scatter, DNA ploidy and phenotypic differences between co-existing B-cell populations in the same patient/sample are displayed. CLL: chronic lymphocytic
leukemia; FL: follicular lymphoma; LDBCL: large diffuse B-cell lymphoma; LL: lymphoblastic lymphoma; LPL/WM: lymphoplasmacytic lymphoma/Waldenstrom s
macroglobulinemia; MCL: mantle-cell lymphoma; SLL: small lymphocytic lymphoma; SMZL: splenic marginal zone lymphoma; unclassNHL: unclassifiable non-
Hodgkin’s lymphoma; sIg: surface immunoglobulin; FSC: forward light scatter; SSC: sideward light scatter. R: rearranged allele; G: germinal configuration; NA: not ana-
lyzed. FSC/SSC": low sideward light scatter; FSC/SSC": high forward and sideward light scatter; d: dim antigen expression; ++: strong antigen expression; +++: very
strong antigen expression. Het: heterogeneous antigen expression.

Immunophenotypic features of B-CLPD with two

aberrant B-cell populations

Table 2 shows the differences found between the two

B-cell aberrant populations detected in each case of group
A, as regards their immunophenotype, light scattering
properties (FSC/SSC) and DNA cell contents. In three of
nine cases in which both subsets showed distinct pheno-

typic features (cases 3, 4 and 9 in Table 2), the only differ-

ence observed was the type of slg light chain expressed,
one B-cell population being sIgk* and the other one sIgh;
in these three cases both cell populations showed a typi-
cal B-CLL phenotype (CD5*, CD10°, CD11**, CD20,
CD22d*~, CD23*, CD24*, CD25*, CD27%, CD34,
CD38%", CD79b%, CD103-, cytBCL2*, FMC7", sIgM").
In the remaining six patients belonging to this group, the
two B-cell subsets showed various different phenotypic
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Table 3. Flow cytometric DNA index and genetic abnormalities differentially expressed by each of the two neoplastic B-cell populations

found in each B-CLPD patient as detected by interphase FISH.

Subpopulation 1 Subpopulation 2
Case % aberrant Genetic % of genetic FcM % aberrant Genetic % of genetic FcMm
B-cells/sample  abnormalities abnormalities DNA B-cells/sample  abnormalities abnormalities DNA
analyzed by iFISH index analyzed by iFISH index
Cases with two phenotypically different B-cell populations
1 48% ND 1.00 9% ND 1.00
2 33% ND 1.00 29% ND 1.00
3 99.5% +12* 50% 1.00 99.5% +]2* 70% 1.00
4 94% ND* 1.00 99.7% +12% 80% 1.00
5 96% (14;18)+* 11% 1.00 93% ND* 1.00
6 6% t(14;18)+ 100% 1.00 2% ND 1.00
7 93% ND* 1.00 97% 17p-* 85% 1.00
8 94% ND* 1.00 95% +3* 43% 1.00
9 99.4% ND* 1.00 95% ND* 1.00
Cases with two phenotypically identical B-cell populations
10 11% +18 NAE 1.11 9% +3,+12,+13,+18 NAE 1.30
11 54% +12 25% 1.00 44% +4,+8,+10,+11,+13,+18  49% 1.80
++] ++3 4+,
++6,++7 ++0,
++14,++15 ++17,
++18,++22,++X
++++12
12 28% bel6+ 16% 1.00 10% bcl6+ 11% 1.20
+18
13 9% t(11;14)+ 10% 1.00 14% 1(11;14)+,4(11;14)+ 13% 1.96
++] ++3 ++4,
++0,+++] ++8,
++9,++10,++12,
++17 ++22 ++X
+++15H
++++18
14 62% t(14;18)+ 60% 1.00 % 1(14;18)+,t(14;18)+ 10% 1.97
++].’++3’++4Y
++6,++7,++8,
++9,++10,++11,
++12 ++15++17,
++22,++X
15 2% ND 1.00 1% +3,+7,+13,+18, +X 1% 1.99
++4 ++6,++8,
++9,++10,++12,
++2)
16 23% t(14;18)+ 21% 1.00 3% 1(14;18)+,1(14;18)+ 3% 2.00
++].’++3’++4Y
++,++7 ++8,
++9,++10,++12,
++15,++17,++22

*Purified populations (purity >93%). ND: no chromosomal abnormalities detected by interphase FISH for the probes studied; -: monosomy; +: trisomy; ++: tetrasonyy;
+++: pentasomy; ++++: hexasomy; FCM: flow cytometry. NAE: The percentage of B-cells from this subpopulation carrying the corresponding abnormality could not be
accurately evaluated on the slides; “Genetically, two additional B-cell clones were detected by interphase FISH corresponding to B-cells with t(14;18)+ and 13q- (28%

of the cells) and B-cells carrying t(14;18)+, 13q- and trisomy 17 (20% of the cells).

features; in three of them the expression of slg light
chain was also different in the two B-cell populations
(cases 2, 6 and 7 in Table 2) while in the other three both
populations expressed the same slg light chain (cases 1,
5 and 8 in Table 2). It should be noted that in cases 3, 4
and 8, one of the two co-existing aberrant B-cell popula-
tions was present at low frequencies, ranging from 1.5%
to 4% of all leukocytes in the sample (Table 2). In all
except one patient from group B (cases 10 to 16 in table
2), in whom the two B-cell subsets identified showed
identical immunophenotypic features, the two B-cell
populations could be distinguished on the basis of their
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different light scatter values as shown in Table 2 and
illustrated in Figure 1.

DNA contents of the two aberrant B-cell populations
In group A the two phenotypically different popula-
tions from all patients displayed a diploid DNA content;
in contrast, in all cases from group B, both B-cell popu-
lations were found to have distinct DNA cell contents
(Table 3; Figure 1). In all except one case, one of the
aberrant B-cell populations was DNA diploid and the
other one DNA aneuploid. In the remaining patient, two
DNA aneuploid B-cell populations with distinct DNA



cell contents (DNA index of 1.11 and 1.30) were detect-
ed (Table 3). Interestingly, in all group B cases, the B-cell
population showing higher DNA cell contents corre-
sponded to the FSC/SSC" cell subset.

Genetic characteristics of B-CLPD with two aberrant
B-cell populations

In three out of the nine group A cases, interphase FISH
analyses were performed on total nucleated cells. In one
of them (case #6 in Table 3), two neoplastic B-cell sub-
populations were detected, one showing the t(14;18)
translocation, typical of follicular lymphoma, no cytoge-
netic information being available for the other clone. In
the other two cases (cases #1 and 2 in Table 3) no chro-
mosomal abnormalities were detected. In the remaining
six cases, interphase FISH studies were performed on
FACS purified B-cell subpopulations. Two of them (cases
#3 and 9) showed an identical genetic profile in the two
co-existing B-cell populations for the FISH probes tested,
consisting of trisomy 12 (case #3 in Table 3) and no
genetic abnormalities (case #9 from Table 3). The other
four cases showed single chromosomal abnormalities,
but only in one B-cell clone (Table 3): trisomy 12,
t(14;18)+, 17p- and trisomy 3 (cases #4, 5, 7 and 8 in
Table 3, respectively); the other B-cell population from
these four patients showed no chromosomal abnormal-
ities. As regards group B patients (cases #10 to 16 in
Table 3), FISH analyses showed that in most of these
cases (cases #10, 11, 12, 13, 14 and 16) the two B-cell
subsets displayed at least one genetic abnormality in
common, but this was associated with additional chro-
mosomal abnormalities in the B-cell population showing
higher DNA cell contents/larger nuclei; in turn, no chro-
mosomal abnormalities were detected by FISH in the
smaller sized nuclei (Table 3).

Clonality of B-CLPD with two aberrant B-cell
populations

As shown in Table 2, in all patients showing two pheno-
typically distinct B-cell subsets (group A) in whom molec-
ular analyses of clonality were performed (n=5), more than
two IgH rearrangements were detected, suggesting the
presence of biclonality. In contrast, all group B patients
analyzed, in whom no phenotypic differences between
the two B-cell subsets were found (n=6), showed molecu-
lar patterns of IgH gene rearrangements compatible with
the existence of a single B-cell clone (Table 2). To demon-
strate that both rearrangements detected in cases #10 and
15 corresponded to one clone, sequencing analyses were
performed which showed the presence of a single func-
tional rearrangement in each case (Table 2); in one patient
(case #10) an additional complete VDJH VH-JH rearrange-
ment was detected while in the other case (case #15)
together with the functional VDJH VH-JH rearrangement
an incomplete DH-JH rearrangement was identified
(Figure 4).

Clinico-biological characteristics of B-CLPD with two
aberrant B-cell populations

From the clinico-biological point of view, no signifi-
cant differences were observed between the two groups

Biclonality versus intraclonal evolution in B-CLPD

N. of case FR3 CDR3 FR4
VH N1 DH N2 JH

Case 10 2/DJH VH3-53 DH2-02 JHBC
CTGTGCGAGA CAAAGGGAT TTTGTAGTAG TTGGGCACTCATAA*GA CTACGACTAC

VH1-03 JH4B
CTGTGCGATA TTCCGACGGGGGGTTAATCTACTCCTTCAAGCCAAGGGCT CTTTGACTAC

case1511x):’DDJJHH VH3-33 DH6-19 JHG
CTGTGCGAG GATCGACTAC CAGTGGCTG AGGGGGGGCAG  TTCTACTATC

DH6-06 JHEC
GAGTATAgCcAGCTC  CCGAAGCGAGG ~ ACTACTACTA

*Stop codon

Figure 4. Sequencing of the FR3, CDR3 and FR4 regions of the IgH
gene from cases 10 and 15. As shown, two complete rearrange-
ments were detected in case 10, one corresponding to an in-frame
rearrangement and the other showing a stop-codon in the
nucleotide sequence; in case 15 a complete and functional
rearrangement was detected in association with an incomplete
rearrangement.

of B-CLPD studied, except for a lower frequency of B-
CLL cases among patients showing intraclonal evolution
(0% vs 44%, p=0.04), this leading to slightly lower
white blood cell (6.8+2.5 vs 13.4+7.8x10° leukocytes/L,
p=0.06) and lymphocyte counts (2.2+1.7 vs 6.9+5.7x10°
lymphocytes/L, p=0.09) and a decreased frequency of
diffuse infiltration of the bone marrow (0% vs 100%,
p=0.18) among these cases. No significant differences
were observed in overall survival rates (p=0.44).

Discussion

Immunophenotypic and morphological heterogeneity
are relatively common findings in B-CLPD. In a small
percentage of cases (around 5%), the presence of pheno-
typic heterogeneity has been reported to reflect co-exis-
tence of two or more unrelated B-cell clones, each prob-
ably corresponding to a different B-CLPD." Apart from
these cases, it is not unusual to find other B-CLPD
patients in whom two or more abnormal B-cell popula-
tions showing distinct morphological features, light
scattering characteristics and/or DNA cell contents, but
an identical phenotype, co-exist; to date, there is no
information about their biclonal vs monoclonal nature.
In the present study, we show for the first time that
these latter cases do correspond to a single disease
showing intraclonal evolution, on the basis of their
genetic and molecular features. As described above, two
groups of B-CLPD showing more than one neoplastic B-
cell subpopulation were included in the present study,
based on their distinct flow cytometric features. One
cohort (group A) was formed of nine patients in whom
multicolor flow cytometry showed two B-cell popula-
tions with clearly different immunophenotypic features
at diagnosis. In these cases, the two B-cell subsets dif-
fered for the type of slg light chain expressed and/or the
pattern of expression of other surface markers.
Interestingly, in all cases from this group, the two B-cell
populations had diploid DNA, independently of their
ESC/SSC values. Multicolor interphase FISH analysis,
using an adequate combination of DNA probes, is par-
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ticularly suited to assessing genetic heterogeneity, thus
being an alternative technique to conventional cytoge-
netics, which has several limitations, including the spe-
cific identification of the different subsets of cells pres-
ent in the sample. In these patients, FISH analyses most-
ly performed on purified, phenotypically homogeneous
B-cell populations, confirmed the presence of different
genetic abnormalities in each of the two co-existing cell
subsets. Accordingly, in four of these nine cases the FISH
analyses revealed the presence of a single chromosomal
abnormality in one clone, while no genetic lesions could
be identified in the other clone. Interestingly, in these
four cases the genetic alterations identified were consis-
tent with the phenotypic profile observed: trisomy 12,
del(17p) and t(14;18) in two cases, showing a phenotype
compatible with chronic lymphocytic leukemia, lym-
phoplasmacytic lymphoma, Waldenstrom's macroglob-
ulinemia and follicular lymphoma, respectively. The
other aberrant B-cell populations, which were pheno-
typically compatible with chronic lymphocytic
leukemia, large diffusion B-cell lymphoma, unclassifi-
able non-Hodgkin's lymphoma and lymphoblastic lym-
phoma showed no chromosomal abnormalities.
However, in case 6 the low percentage of B-lympho-
cytes present in the sample analyzed by FISH, did not
allow a definitive conclusion that this population had a
normal karyotype. Similarly, in another case, FISH
analyses showed the presence of trisomy 3 in a B-cell
clone corresponding to an unclassifiable non-Hodgkin's
lymphoma, the B-cell clone from this patient being nor-
mal for this chromosome. As expected, molecular analy-
ses, performed in two out of these five cases, showed
they had two distinct unrelated B-cell clones. Of the
remaining four patients in this group, three showed no
chromosomal abnormalities while in the other patient
trisomy 12 was found in both B-cell clones. Although
the two B-cell populations in this latter patient carried
the same single genetic alteration, molecular analyses
performed on the same purified B-cell populations as
those used for FISH studies showed the unequivocal
presence of different IgH gene rearrangements in each of
them, confirming the biclonal nature of the disease in
this patient and the lack of contamination of each B-cell
fraction with cells from the other B-cell clone. In two of
the three cases showing non-chromosomal abnormali-
ties by FISH, molecular techniques confirmed the pres-
ence of two unrelated B-cell clones; analysis of clonality
was not performed in the other patient. Overall, these
results confirm previous observations™ about the biclon-
al origin of B-CLPD displaying phenotypically different
B-cell populations. In addition, we also show for the first
time that different genetic profiles are frequently
observed in the co-existing phenotypically different B
cell clones from these B-CLPD patients. It should be
noted that in three cases from this group of patients
(cases 3, 4 and 8) low numbers (<5%) of circulating B-
cells showing a typical chronic lymphocytic leukemia
phenotype were detected. In this regard, using highly-
sensitive multiparameter flow cytometric approaches, as
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in the present study, the presence of low levels of
peripheral blood monoclonal B cells has been reported in
otherwise healthy individuals.”* Emerging evidence
supports the existence of an association between such
monoclonal B-cells in healthy individuals and those of
patients with B-cell chronic lymphocytic leukemia at
both the phenotypic and genotypic levels;"™ however,
the clinical relevance of this so-called monoclonal B-cell
lymphocytosis remains unknown. Long-term longitudinal
studies are required to confirm the possibility that mon-
oclonal B-cell lymphocytosis evolves into overt B-cell
chronic lymphocytic leukemia, in a situation analogous
to that of individuals with monoclonal gammopathy of
undetermined significance. In the second cohort of B-
CLPD studied here (group B) the two B-cell subsets iden-
tified could not be distinguished on phenotypic grounds
but just showed different light scattering and/or DNA
cell contents. FISH analyses confirmed that the two B-
cell populations from these patients had at least one
chromosomal abnormality in common, frequently corre-
sponding to diagnostic chromosome translocations, i.e.,
bcl6 gene rearrangements, t(11;14), t(14;18), thus sug-
gesting that both populations could be genetically relat-
ed. In line with this, in these cases IgH gene rearrange-
ments confirmed the presence of monoclonality. The
fact that in each of these cases the B-cell population
showing higher DNA cell contents and/or light scatter
features had additional genetic abnormalities consisting
of chromosome gains, clearly supports the notion that in
these patients neoplastic B-cells have undergone clonal
evolution, which was frequently associated with chro-
mosomal instability and the emergence of tetraploid or
near-tetraploid clones. It has previously been reported
that in a significant proportion of B-cell lymphomas,
two different histological subtypes, associated with clin-
ical evolution towards a more aggressive disease and
shortened survival, are observed in the same patient,
either simultaneously or more frequently, at different
times during follow-up.** Evolution and conversion
between these histological subtypes of B-cell lymphoma
are commonly interpreted as being associated with ded-
ifferentiation of B-cells within the original clone and/or
emergence of rapidly proliferating tumor cell lines.”**
Based on these results, it could be expected that B-CLPD
patients showing intraclonal evolution might have a
worse prognosis; hence, their early identification, at
diagnosis or during follow-up based on the above
described criteria, could be of clinical relevance. Further
analyses are needed to study the clinical and prognostic
impact of intraclonal evolution in larger series of
patients. In summary, our results show that those cases
of B-CLPD with two B-cell subpopulations displaying
different DNA cell contents and/or different light scat-
tering properties but a similar immunophenotype could
represent different stages of the evolution of a single B-
cell clone in contrast to cases of biclonal B-CLPD, in
which two aberrant, phenotypically distinct and unrelat-
ed B-cell clones co-exist.
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