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Abstract

Monoclonal B cell lymphocytosis (MBL) is a pre-clinical hematologic syndrome characterized by
small accumulations of CD5* B lymphocytes. Most MBL share phenotypic characteristics with
chronic lymphocytic leukemia (CLL). While some MBL progress to CLL, most MBL have
apparently limited potential for progression to CLL, particularly those MBL with normal absolute
B cell counts (“low count” MBL). Most CLL are monoclonal and it is not known whether MBL
are monoclonal or oligoclonal; this is important because it is unclear whether MBL represent
indolent CLL or represent a distinct pre-malignant precursor prior to the development of CLL. We
used flow cytometry analysis and sorting to determine immunophenotypic characteristics,
clonality, and molecular features of MBL from familial CLL kindreds. Single cell analysis
indicated 4 of 6 low count MBL consisted of two or more unrelated clones; the other 2 MBL were
monoclonal. 87% of low count MBL clones had mutated immunoglobulin genes, and no
immunoglobulin heavy chain rearrangements of Vi family 1 were observed. Some MBL were
diversified, clonally related populations with evidence of antigen-drive. We conclude that while
low count MBL share many phenotypic characteristics with CLL, many MBL are oligoclonal.
This supports a model for step-wise development of MBL into CLL.
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Introduction

Chronic lymphocytic leukemia (CLL) is a malignant lymphoproliferative disorder
characterized by the progressive clonal expansion and accumulation of CD5" B cells.
Although the cause of CLL is unknown, risk factors for the development of CLL have been
identified including advanced age, male gender, Caucasian ethnicity, and a family history of
CLL or other lymphoproliferative disorder (1-3). Because the average age at diagnosis of
CLL in the United States is 72 years , previous studies investigated whether normal CD5* B
cells undergo clonal expansion with increasing age (4, 5). Studies in older subjects showed
that normal CD5* B cells are typically polyclonal. Furthermore, CD5* B cells are
predominantly antigen naive, and somatic mutations of immunoglobulin heavy (IGVH) and
light chains are typically absent (6). These observations contrast with CLL, where virtually
all cases are monoclonal and approximately half of CLL cases show somatic mutation of
rearranged immunoglobulin heavy chain genes (IGVH) (7, 8).

Monoclonal B cell lymphocytosis (MBL) is a preclinical hematologic syndrome where small
B cell clones (defined as a clone size less than 5,000 cells / uL (9)) with an abnormal
immunophenotype are present in the peripheral blood. Most MBL have a typical chronic
lymphocytic leukemia (CLL) immunophenotype: CD5*, CD19*, CD20'°, CD23*, CD79b'°,
slg'®; though other, less common, phenotypes have also been reported (10-12). Using 6 or 8
color flow cytometry, MBL is observed in approximately 3 - 12% of adults over age 50 in
the general population (12-14). MBL is significantly more common among unaffected first-
degree relatives from families with two or more individuals with CLL (familial CLL), with
observed frequencies of 13% and 18% in two different familial CLL cohorts (15, 16).

Given the immunophenotypic similarity between MBL and CLL, and the fact that MBL is
more prevalent among CLL kindreds than in the general population, MBL had been
hypothesized to be a precursor state for CLL. A recent report by Rawstron et al (2008)
showed that MBL can progress to CLL, but the rate of progression to need for CLL-specific
therapy is low, approximately 1.1% per year (17). This low observed rate of progression was
expected, given that MBL is at least 100 times more common in the general population than
CLL. Further, a recent study by Landgren et al (2009) showed that MBL precedes virtually
all cases of CLL (18). Both of these studies evaluated IGVVH gene usage and mutation status,
and both studies found that MBL are monoclonal with predominantly mutated IGVH (>80%
in both series as compared to approximately 50% in CLL), with the distribution of
rearranged IGVH similar to mutated CLL.

Dagklis et al (2008) recently reported a population-based screen for MBL of 1725
individuals in a small village in Italy (19). The authors identified MBL in 89 of the 1725
study subjects (5.2%). They observed that the majority of the subjects with MBL had very
small MBL clones (average of 34 MBL lymphocytes / uL), and all but 3 subjects had normal
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absolute B cell counts. They termed the presence of small MBL clone size in combination
with a normal total B cell count “low count” MBL. Within this group of low count MBL,
they noted that 6 of 86 (7.0%) were polyclonal based on flow cytometric evaluation of
surface /A staining. Using bulk cell preparations, they were able to clone and sequence the
IGVH in only 51 cases, and again found a predominance of somatically mutated IGVH.

While initial studies suggest that CLL-like MBL are predominantly monoclonal (12, 17-19),
the clonality of MBL is yet to be established using adequately sensitive techniques. Because
most MBL do not progress to CLL, it remains unclear whether MBL is a monoclonal,
biologically indolent form of CLL, or whether MBL is a transitional state between normal
CD5™" B cells and CLL. Therefore, we investigated the clonality of MBL by sequencing the
rearranged immunoglobulin genes of single MBL cells. Similar to CLL lymphocytes, we
show that flow cytometry-enriched MBL cells from the unaffected kindred of CLL families
commonly have mutated immunoglobulin genes, and carry deletions of 13q14.3. However,
unlike CLL, MBL are frequently oligoclonal rather than monoclonal. Our results support the
hypothesis that CLL-like MBL are pauci-clonal CD5" B cells with potential for progression
to CLL.

Materials and Methods

MBL Subjects

Research subjects were identified through patients with familial CLL at Duke University
Medical Center and the Durham Veterans Affairs Medical Center. A diagnosis of CLL was
based upon standard criteria (9, 20). Familial CLL was defined as a family with 2 or more
first or second degree relatives with CLL. Eighty-eight first and second degree relatives
without CLL from 10 pedigrees with familial CLL were enrolled. Peripheral blood samples
were collected for complete blood counts and MBL screening by flow cytometry.
Participants identified as having MBL were asked to provide additional blood for sorting
MBL and further phenotypic analysis. All subjects gave written informed consent. This
study was approved by the Institutional Review Boards at Duke University and the Durham
VA Medical Centers.

Flow Cytometry

MBL Identification—MBL screening was adapted from Rawstron et al (13). Venous
blood for flow cytometry was collected ina CPT™ cell preparation tube (Becton Dickinson;
Franklin Lakes, NJ), and PBMC were purified by density centrifugation. 2.5 x 10° PBMC
were incubated with CD79b PE, CD3 PE-Cy5, CD14 PE-Cy5, CD16 PE-Cy5, CD5 PE-Cy7,
CD20 allophycocyanin (APC), CD19 APC-Cy7 combined with one each of the following,
CD27, CD23, Kappa or Lambda FITC. PE-Cy5 conjugated CD3, CD14, and CD16 were
combined as a “dump” channel to exclude T cells, monocytes, NK cells and granulocytes.
Isotype controls matched to test antibody isotype, concentration, and fluorescent conjugate
were used for each test antibody. A table of reagents used is provided in Supplemental Table
1. Flow cytometry was performed on a Becton Dickinson ARIA flow cytometer. Instrument
QC/QA using AlignFlow Plus flow cytometry alignment beads (Invitrogen) was performed
daily by the Duke Human Vaccine Institute Flow Cytometry and Cell Sorting Facility.
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Compensation was performed by staining Quantum Simply Cellular anti-Mouse 1gG beads
(Bangs Laboratories, Inc) to saturation and using unstained blank beads and stained beads as
negative and positive, respectively. Additionally, quantitative beads were used in each
experiment to normalize MFI between experimental samples. Analysis of flow cytometry
results was performed using FlowJo software (Tree Star Inc; Ashland, OR). MBL were
defined as CD19%, CD5*, CD20'°, CD79b'° B cells that were CD23* (Figure 1).

MBL Immunophenotyping and FACS—Approximately 40 mL of heparinized venous
blood was collected for MBL characterization. The sample was incubated with
RosetteSep™ Human B Cell Enrichment Cocktail (Stem Cell Technologies, Vancouver,
British Columbia, Canada) and purified by Ficoll-Hypaque density centrifugation to enrich
B cells. 2.5 x 10° B cells were aliquoted and fluorescently stained as described above,
except the following antibodies were substituted in different tubes for the FITC- and PE-
conjugated antibodies: CD27 FITC, CD23 FITC, Igk FITC, Igh FITC, and IgM FITC;
CD79b PE and IgD PE. Flow cytometry and data analysis were performed as described
above. MBL (CD19*, CD5*, CD20'°) were sorted as single cells into Promega 1x PCR
buffer with 20ng rRNA (20 ul/well; 1 cell/well) in 96 well plates for Ig gene analysis. MBL
were also sorted in bulk (2.5 - 5.0 x 10° cells) into 100 uL of HBSS for FISH.

Immunoglobulin Gene Analysis

FISH

Single MBL cells were amplified, sequenced and analyzed as previously described (21). In
brief, 50 cycles of whole genome amplification (WGA) using 15-base oligomers was
performed. Amplification of the rearranged immunoglobulin heavy and light chains were
performed using nested PCR of WGA DNA. PCR products were sequenced on an ABI 3730
automated sequencer (PE Applied Biosystems, Foster, CA), the immunoglobulin gene
sequences were aligned using Sequencher 4.8 (Gene Codes, Ann Arbor, Ml), and
immunoglobulin gene sequences were compared with those in the online sequence directory
IMGT (22). B-globin was used as a positive control for PCR amplification. Our group has
shown that polymerase errors are rare using this methodology; in a prior study only 2 unique
mutations in B-globin were identified among PCR products from 90 whole-genome
amplified single cells (21).

MBL were FACS purified as described above. The MBL suspension was loaded into a
cytospin apparatus and brought to a final volume of 150 uL by adding PBS. MBL cells were
spun onto untreated glass slides at 500 rpm for 5 minutes. The slides were air dried and
stored at room temperature.

FISH was performed in the Duke Molecular Diagnostics Laboratory using a standard
methodology for the analysis of clinical CLL samples. Fluorescent probes to detect deletion
of 13914.3 (D13S319), 13g34, 17p13.1 (TP53) and 11g22.3 (ATM) and a chromosomal
enumeration probe (12p11.1-q11) to detect trisomy 12 (Vysis; Des Plaines, IL) were used.
Following fixation of cells on slides, denaturation of MBL DNA, and fluorescent probe
labeling of MBL chromosomes, specimens were examined on a fluorescence microscope to

Leukemia. Author manuscript; available in PMC 2010 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lanasa et al. Page 5

detect chromosomal abnormalities. For each sample, 100 adequate cells were examined and
the percentage of MBL cells with each chromosomal abnormality was recorded.

Results

MBL Identification

MBL were detected in 11 of 88 (12.5%) first and second degree relatives from 10 familial
CLL kindreds. All MBL cases had a typical CLL immunophenotype: CD5*, CD19%,
CD20'°, CD23*, CD27*, CD79b™, slg!°. Sample MBL flow cytometry plots are shown in
Figure 1. The mean age among participants with MBL was 67 years (range 43 to 94). Five
subjects with MBL were male, and six were female. The 11 subjects with MBL were from 5
different families. The MBL subjects were predominantly siblings (9 subjects) of a family
member with CLL, one MBL subject was a parent of a CLL patient, and one was a niece of
a patient with CLL. Six participants with “low count” MBL provided additional blood for
detailed MBL characterization. Demographic data from these 6 subjects with MBL are
shown in Table 1. We observed significant variability in the size of the MBL clone as a
percentage of the total B cell compartment. Nonetheless, the absolute number of MBL cells
was small. All six participants had < 150 MBL cells / uL of blood (Table 1), and an absolute
B cell count < 600 B cells / uL. One subject (a 7!" MBL subject) was excluded from
additional analysis because the absolute size of the MBL clone was approximately 4,000
MBL cells / uL. Among the 4 other MBL subjects who did not provide an additional sample,
one lived at a distance too great to allow for timely processing of blood samples, one refused
participation, one was lost to follow-up, and one died from an unrelated illness.

MBL Immunoglobulin Gene Analyses

Single MBL cells were sorted by flow cytometry for immunoglobulin heavy and light chain
sequence analysis to determine the clonality of MBL in these subjects. These results are
summarized in Table 2. We observed two or more unrelated MBL clones in 4 of 6
participants. Individual cells with unique immunoglobulin sequences could be non-MBL B
cells from the FACS procedure, so we did not consider unique single cells in clonality
assessments. Because prior reports have shown that clonally-related B cells are not
identified in the normal B CD5* cell compartment (4, 5), we believe that identification of
two or more clonally identical cells within the MBL population identifies an abnormal
clonal expansion. Three different general patterns of clonality were observed. (i) Two
subjects were monoclonal (0226 and 1107). (ii) Two subjects showed a predominant clone
with a second, smaller clone comprising less than 10% of the total MBL population (0504
and 0602). (iii) The final two subjects were oligoclonal, with 3 or more clones (0209 and
1109). In participant 0209, three unique clones were observed: a mutated V4-59 clone
(38% of all MBL cells), a mutated Vy4-34 clone (5%), and an unrelated, unmutated V4-34
clone (57%). The two V4-34 clones in subject 0209 appear unrelated because they do not
share a D-J segment and contain 26 unique, unshared mutations in their \ regions. Analysis
of immunoglobulin genes in single cells from subject 1109 identified 4 unique MBL clones.
A predominant MBL clone with rearranged V43-30 was identified. Additional minor clones
with rearrangements of Vy3-15, V4-61*02 and V4-61*04 were also identified.
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In approximately 3% of IGVH mutated CLL, clonally related subgroups of leukemic cells
with progressive IGVH gene mutations are identified (21). We identified progressive
immunoglobulin gene mutation in one of the MBL subjects (Figure 2). The V{3-07, D3-10
clone from subject 0602 consisted of related subgroups of MBL that shared the same
immunoglobulin gene rearrangements and some somatic mutations but also had several
partially shared mutations. MBL immunoglobulin gene rearrangements from subject 0602
were arranged into a genealogical tree in which sequentially related clones were ordered
based on sequence homology with the germline sequence and subsequent contiguous clones
with progressive somatic mutations. MBL clones arranged in the genealogical tree furthest
away from the putative germline immunoglobulin sequence had evidence of antigen-driven
immunoglobulin sequence changes (23). We and others have suggested that similar clonally-
related subgroups from CLL and MBL represent antigen-driven refinement of the BCR (21,
24-27). We believe that evidence of oligoclonal diversification, such as that observed in
participant 0602, favors an antigen-driven process for some subjects with MBL.

MBL Immunophenotype

As previously stated, all MBL showed a typical CLL immunophenotype. The MBL subjects
were analyzed for light chain restriction. Similar to CLL, MBL show low expression of
surface immunoglobulin. Three MBL expressed slg « based on a x:\ mean fluorescence
intensity ratio of > 3:1, and the remainder showed low slg expression with a normal «:A
ratio.

The majority of normal CD5* B cells express both IgM and 1gD and have not undergone
isotype switching (4, 6). CLL B cells express low levels of surface immunogloubulin,
typically of the IgM subtype. A small proportion of CLL lymphocytes can isotype switch to
non-lgM subtypes (28). Analysis of slg isotype by flow cytometry in the 6 MBL subjects
tested showed 1 MBL expressed both surface IgM and IgD, 3 expressed IgD only, and 2 did
not express IgD or IgM. The observation that 5 of 6 MBL have switched to a non-IgM
subtype is an intriguing observation because these immunoglobulin isotypes are less
common in clinical CLL.

MBL Chromosomal Analyses

Somatic deletion of chromosome 13914.3 is observed in over 50% of CLL cases. When
observed as a sole abnormality, this is associated with biologically indolent disease and
improved clinical outcomes (29). Therefore, we hypothesized that deletion of the 13q14.3
locus would be observed in MBL cells. MBL cells were sorted in aliquots of 2.5 — 5.0 x 10*
MBL for interphase cytogenetic analysis to determine whether MBL have chromosomal
aberrations. Mono- or biallelic deletions of chromosome 13q14.3 were identified in 4 of 6
subjects tested (Table 1). Trisomy 12 and chromosomal deletions of 11q or 17p were not
identified. The percentage of MBL with 13914.3 deletions ranged from 9% of MBL cells in
participant 0504 to 100% of MBL cells in participant 0226. This result suggests that loss of
the micro-RNA cluster on chromosome 13q14.3 (30) is an early, but not required event in
the development of MBL.
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Discussion

MBL share many phenotypic characteristics with CLL and are precursors for CLL (11, 17,
18). Prior studies of MBL and MBL progression to CLL have primarily focused on subjects
with MBL populations that are > 1,000 MBL cells / uL (26, 31, 32). Because the absolute
number of MBL lymphocytes has prognostic significance (17), biological differences likely
exist between MBL with high cell counts and MBL with low cell counts. We therefore
limited this study to subjects with relatively small MBL populations (< 150 MBL cells / uL)
and tested the hypothesis that “low count” MBL are heterogeneous and thus may have
different capacities for transformation to CLL. We found that many MBL are oligoclonal
based on FISH and single cell immunoglobulin sequence analyses, and that some MBL
showed oligoclonal diversification suggestive of antigen drive.

Our finding of unrelated, separate MBL clones in 4 of 6 participants may be the most
striking difference between MBL and CLL observed in this study. Biclonal CLL is rarely
observed, and to our knowledge, there are no published reports of tri-clonal CLL (33). This
suggests that during CLL leukemogenesis, a single dominant CLL clone typically arises and
either obscures or eliminates other MBL clones. One potential limitation of our data is that
these subjects with MBL, all of whom have a family history of CLL, may have an inherited
predisposition that favors formation and maintenance of MBL clones. The recent report by
Dagklis et al (19) of an unselected population-based screen for MBL showed that 28% of
identified MBL subjects clustered in 5 main families, also suggesting an inherited basis for
MBL. Whether oligoclonal MBL are observed in MBL cases that are not associated with
familial CLL remains an open question, though both Nieto et al (14 of 73) and Dagklis et al
(6 of 89) observed oligoclonal MBL by surface x:\ expression in population based cohorts
(14, 19).

An important question raised by our results is whether multiple MBL clones are driven by
tonic stimulation by one or multiple antigens. Because IGVH mutated and unmutated CLL
are reactive to different types of antigens (34), the finding of unrelated IGVH mutated and
unmutated clones in participant 0209 suggests that there may be unique antigens for each
clone. Similarly, it is unlikely that a single antigen generated the 4 unique MBL clones
observed in subject 1109.

Prior reports have stressed the diagnostic utility of light chain restriction in the identification
of MBL (10, 12, 17). Because (i) surface immunoglobulin is weakly expressed, (ii) CLL-like
MBL have an abnormal immunophenotype, and (iii) as we report here, MBL with a small
absolute clone size is commonly oligoclonal, we propose that demonstration of a restricted
K\ ratio is not required for the identification of CLL-like MBL, especially when single cell
immunoglobulin gene sequence data are available. For other “non-CLL like” MBL in which
the surface immunophenotype is shared with normal B cell subsets (e.g. CD5™ or CD20°right)
(12, 19), demonstration of a skewed x:A ratio is necessary for identification.

Although 14 of 16 (87%) MBL clones identified in the 6 study subjects had mutated IGVH
chains, unmutated immunoglobulin heavy chain rearrangements were observed in two cases
(subjects 0209 and 1107; Table 2). We found rearrangement of V3 and V4
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immunoglobulin genes in all isolated MBL cells. The V3 and V4 immunoglobulin heavy
and light chain genes used by MBL are also commonly used in CLL (7). Our results are
concordant with recent reports by Rawstron et al (2008), Dagklis et al (2008), and Landgren
et al (2009) (17-19). In Rawstron et al, 35 of 40 (88%) MBL showed a mutated IGVH;
rearrangements of V33-07, V33-23, and VV4-34 comprised over 25% of all identified
sequences (17). Dagklis et al showed 36 of 51 (71%) “low count” MBL had a mutated
IGVH and rearrangements of V44-59 and Vy4-61 were most common (19). Finally,
Landgren et al showed that 27 of 35 (77%) MBL that had progressed to CLL expressed
IGVH genes that were mutated and rearrangements of VV33-23 and V4-34 were most
common (18). Unlike the data presented here, in these previous reports, all MBL were
monoclonal based on immunoglobulin gene sequencing. Analysis of IGVH failed in 22% of
subjects in Landgren and 39% in Dagklis, presumably because both reports used bulk
preparations of B cells for IGVH sequencing and only those MBL that were predominantly
monoclonal and had largely replaced the B cell compartment could be characterized (18,
19). Our detailed single cell analysis methods reveal the previously unappreciated diversity
of some MBL.

Unlike in CLL in which Vi 1-69 is the most commonly expressed IGVH, rearrangements of
Vy family 1 only occur in approximately 10-15% of normal CD5* B cells, and V1-69
rearrangements are rare (5, 7, 19, 35-37). We did not observe any V1 rearrangements in
this cohort of MBL. Among the subjects in the three previously discussed manuscripts, only
Landgren et al identified a single unmutated V31-69 (17-19). As such, MBL may use a
more normal, albeit restricted, distribution of VVy families than CLL. Alternatively, when
rearrangements of Vi 1-69 do occur, these cells may have enhanced malignant potential and
quickly progress to overt leukemia, and are thus unlikely to be observed as MBL. This same
rationale may explain the observation that MBL more commonly show somatically mutated
IGVH genes than CLL. Whether the restricted BCR usage in MBL reflects antigen selection
or a restricted pool of precursor CD5* lymphocytes remains unclear. Among the heavy
chain genes expressed in MBL, we did not observe any stereotyped mutations (7, 36).

We and others have observed that in clinical CLL, somatic deletion of 13q14.3 correlates
with mutated IGVH (8, 38). While the number of MBL analyzed in our study was limited,
the same correlation was observed in this dataset. The absence in our cohort of MBL with
other chromosomal abnormalities typically associated with CLL emphasizes the indolent
nature of most MBL and suggests that subsequent acquisition of additional chromosomal
abnormalities may portend progression to CLL. This hypothesis is supported by the report of
Rawstron et al (17), where deletions of 11g and 17p were only identified in MBL subjects
with an absolute lymphocytosis and were not observed in subjects with low count MBL. A
prior report by Ng et al (39) suggested that deletion of 13q14.3 may be more commonly
observed in cases of familial CLL (11 of 13, 85%). Finally, we would emphasize that even
in the absence of monoclonality, the finding of acquired chromosomal aberrations in MBL
suggests that these populations are intrinsically abnormal.

In summary, we determined the characteristics of MBL lymphocytes from subjects
ascertained from familial CLL kindreds. Using highly sensitive single cell sorting
techniques, we found that MBL with cell counts < 150 MBL cells / uL were commonly
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multi-clonal, typically had mutated rearrangements of the IGVH, commonly showed non-
IgM immunoglobulin isotypes, and frequently had loss of chromosome 13q14.3. These
MBL appear indolent on this basis. The determinants of progression from MBL to CLL
remain unclear. Future longitudinal analysis of this cohort will determine whether clonal
expansion is observed in MBL, and if new MBL clones will emerge.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MBL Identification by flow cytometry
In A, the MBL flow cytometric gating strategy from PBMC is shown. MBL gating steps

included a forward by side scatter plot, with low forward and side-scatter events gated, a
CD19 by CD3/CD14 / CD16 (dump antibodies to exclude T cells, monocytes, NK cells
and granulocytes) plot, with CD19* and dump negative events gated, and a CD20 by CD5
plot, with CD5*CD20!° MBL gated. In this sample, immunoglobulin light chain « restriction
was observed. Further confirmation of MBL was performed and indicated that MBL were
(B) CD23*, CD27*, and CD79b°.
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Figure 2. MBL subject with intraclonal diversification
In A, genealogical analysis of related MBL subgroups based on sequences from 37 single

MBL cells from subject 0602, and analysis of the rearranged immunoglobulin V3-07
heavy and V| 1b light chains from each MBL cell subgroup. Letters A — L represent
individual subgroups of MBL cells with a related immunoglobulin heavy chain gene and
light chain rearrangement. The number of individual cells identified from each subgroup is
shown in orange to the right of the subclone sequence. GL represents the germline VV(3-07
sequence. Empty circles with dashed lines (representing multiple potential clones) and
circles with dashed lines labeled H1, H2 and H3 (individual clones) represent hypothetical
transitional MBL clones that were not observed in the analysis. In B, antigen drive analysis
with p values calculated using the method of Lossos et al (2000) (23). In brief, the ratio of
amino acid replacement (R) to synonomous (S) nucleotide base changes is compared in both
the framework (Fr) and complementarity determining region (CDR) to determine if the
observed mutations are random or antigen driven (21).
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