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The mutational status of the immunoglobulin heavy-chain variable region (IGHV) genes ufilized by chronic lymphocytic
leukemia (CLL) clones defines two disease subgroups. Patients with unmutated IGHV have a more aggressive disease and a worse
outcome than patients with cells having somatic IGHV gene mutations. Moreover, up to 30% of the unmutated CLL clones exhibit
very similar or identical B cell receptors (BCR), often encoded by the same IG genes. These “stereotyped” BcRs have been classi-
fied into defined subsets. The presence of an IGHV gene somatic mutation and the utilization of a skewed gene repertoire com-
pared with normal B cells together with the expression of stereotyped receptors by unmutated CLL clones may indicate stimula-
fion/selection by antigenic epitopes. This antigenic stimulation may occur prior to or during neoplastic fransformation, but it is
unknown whether this stimulation/selection continues affer leukemogenesis has ceased. In this study, we focused on seven CLL
cases with stereotyped BcR Subset #8 found among a cohort of 700 patients; in six, the cells expressed IgG and utilized IGHV4-39
and IGKV1-39/IGKV1D-39 genes, as reported for Subset #8 BcR. One case exhibited special features, including expression of IgM
or IgG by different subclones consequent to an isotype switch, allelic inclusion at the IGH locus in the IgM-expressing cells and a
partficular pattern of cytogenetic lesions. Collectively, the data indicate a process of antigenic stimulation/selection of the fully
fransformed CLL cells leading to the expansion of the Subset #8 IgG-bearing subclone.
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INTRODUCTION

CLL is the most common leukemia in
the Western world and is characterized
by a monoclonal accumulation in the
blood and in peripheral lymphoid or-
gans of B lymphocytes with a character-
istic surface phenotype, that is, CD5",
CD23*, CD22 and low levels of surface
Ig (1). In the past, it was generally ac-
cepted that this CLL cell accumulation
could be attributed to defective in vivo
apoptosis; however, more recent evi-
dence indicates that leukemic cells are
capable of active proliferation in vivo,

which largely compensates for the cell
loss occurring by apoptosis (2). Such evi-
dence is provided by in vivo labeling
studies with deuterated cells and also is
corroborated by observations on the
CLL cell apoptotic capacities and on
telomere length and telomerase activity
(3,4). Proliferation of the CLL clones in
vivo is likely sustained by the intrinsic
cytogenetic alterations of the cells and
also promoted through stimulation by
certain antigens with the help of acces-
sory cells and/or cytokines, although
the relative contribution of the two phe-
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nomena and their timing remains to be
ascertained (5-7).

Different studies indicate that anti-
genic stimulation plays a role in promot-
ing the onset of CLL cells (8,9). A sub-
stantial proportion of CLL clones utilize
somatically mutated IGHV and IGKV/
IGLV genes. Since somatic mutations
occur during antigenic stimulation,
these leukemic cells are clearly antigen-
experienced (10-13). Furthermore, CLL
clones utilizing unmutated IGHV and
IGKV/IGLV genes exhibit a skewed BcR
repertoire compared with normal, virgin
B cells, a finding which implies antigenic
stimulation/selection (11,14-17). Finally,
up to 30% of CLL clones utilize “stereo-
typed BcR” (11,14-17), defined as BcR ex-
pressed by different CLL clones sharing
the same IGHV and IGKV/IGLV genes
and very similar or identical CDR3s.



Again, this would indicate a strong selec-
tive pressure imposed by a seemingly re-
stricted set of antigens or antigenic deter-
minants (18-20).

The above evidence indicates that anti-
gens may play a fundamental role in ex-
panding B cells prior to transformation
and in sustaining survival/expansion of
the cells in the early steps of leukemo-
genesis, when they are not capable of in-
dependent growth (21,22), but does not
tell whether antigenic stimulation/
selection contributes to the expansion of
fully transformed CLL clones. However,
the observation that CLL patients, whose
leukemic clones express self-reactive BcR,
have a more downbhill clinical course,
constitutes circumstantial evidence in
favor of the latter hypothesis (23).

In this study, we provide evidence in-
dicating that stimulation/selection oc-
curs on fully blown leukemic cells and
contributes to the shaping of the CLL
clone. Our observations were made on a
CLL case expressing a stereotyped BcR of
the Subset #8, characterized by the uti-
lization of genes IGHV4-39 and IGKV1-
39/IGKV1D-39 (16,24). This CLL case
was found with six other similar cases
during the screening process of 700 CLL
patients recruited mainly through an ob-
servational study organized by Gruppo
Italiano Studio Linfomi (GISL). Unlike
the others, this particular CLL case had
special features supporting the notion
that antigenic stimulation continues after
the process of leukemogenesis is com-
pleted and leads to the selective expan-
sion of particular subclones.

MATERIALS AND METHODS

B-CLL Samples

A cohort of 700 CLL patients enrolled
in an observational study organized by
GISL or seen at our clinics was screened
for IgV gene sequences. Inclusion criteria
consisted of a diagnosis of typical CLL
based on the National Cancer Institute
(NCI) Working Group criteria and con-
firmed by flow-cytometry analysis of
neoplastic cells (25). The study was ap-
proved by the Institutional Review Board

and informed consent was obtained con-
sistently. Most patients were at Binet
Stage A and were untreated.

Flow-cytometry studies and IGHV-
IGHD-IGH] and IGKV-IGK] and IGLV-
IGL] gene sequence determinations were
carried out in a single laboratory in
Genoa (11). Sequence data were analyzed
using the IMGT/V-Quest tools (26) and
submitted to EMBL (Accession numbers
FR820867 — FR820882). Fragments
length IGHV-IGHD-IGH]J analyses were
obtained by PCR amplification with
primers specific for FR1 IGHV2 gene
subgroup and FR1 IGHV4 gene sub-
group (11) in conjunction with 6FAM-5'-
CTG A(AG)G AGA C(AG)G TGA CC
IGH]J gene-specific primers. Subse-
quently, products were run on 3130XL
Genetic analyzer (Applied Biosystems,
Monza, Italy). FISH analyses for detec-
tion of trisomy 12, del(17p13.1),
del(11q22.3) and del(13q14) were
performed as described (27).

Phenotype Analysis and Cell
Fractionation Procedures

The following antibodies were used:
FITC-conjugated anti-IgD (DAKO,
Glostrup, Denmark), PE-Cy5 conjugated
anti-IgM (BD, Franklin Lakes, New Jer-
sey, USA), APC-conjugated anti-IgG
(BD), PE-conjugated anti-CD3 (BD),
APC-H7 anti-CD19 (BD), PE-conjugated
anti-CD19 and FITC-conjugated anti-
CD5 (BD). FITC Anti-k-PE anti-A and
RPE-Cyb5 anti-CD19 triple color combi-
nation (DAKO) was used for the identi-
fication of Ig Light chain. FACS sorting
experiments were performed with a
precalculated six-color automatic com-
pensation by FacsDiva (BD) software.
To isolate IgD-positive and IgG-positive
CLL cells, leukemic B cells were identi-
fied with anti-CD19-PE-Cy7 (BD) and
anti-CD5-PE (BD). CD19-CD5 double
positive cells were gated and sorted
based on the expression of IgD or IgG
molecules.

PROTEIN TYROSINE PHOSPHORYLATION
Protein tyrosine phosphorylation was
measured as described (28). Briefly,
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about 4 x 10° B cells were exposed to au-
Ab, ad-Ab , ay-Ab, or ad-Ab + au-Ab for
1, 5 or 10 min at 37°C and lysed as de-
scribed (28). Nuclei-free cell extracts
from 10° cells were fractionated by
sodium dodecylsulfate electrophoresis
on 10% polyacrylamide gels under re-
ducing conditions, and then transferred
electrophoretically onto nitrocellulose
membranes (Hybond C Extra; Amer-
sham, UK). Tyrosine phosphorylated
proteins were detected by incubating the
membranes with 0.2 ug/mL biotin-
conjugated anti-phosphotyrosine anti-
body (clone PY99, Santa Cruz Biotech-
nology Inc, Santa Cruz, CA, USA) in 1%
milk-TBST, followed by 0.3 ug/mL
peroxidase-labeled streptavidin (Dako-
Cytomation, Milan, Italy) in 1% milk-
TBST. SYK and LYN proteins were iden-
tified using mouse anti-SYK (Upstate-
Millipore, Temecla, CA, USA) and rabbit
anti-LYN (Upstate) specific antibodies.
Data were then expressed as a ratio be-
tween a region of interest (ROI) and its
reference value. In detail, the ROI of each
band observed following au-Ab, ad-Ab,
ay-Ab, or ad-Ab + au-Ab stimulation at

1 min time point was compared with the
corresponding ROI of the unstimulated
sample (negative). The total amount of
phosphorylation was calculated by sum-
ming the phosphorylation of the single
bands corresponding to 120 kDa,

105 kDa, 75 kDa and 55 kDa (1D Image
Analysis Software version 3.5, Kodak).
The fold increase was considered respec-
tive to the sum of the bands of the un-
stimulated sample.

RESULTS AND DISCUSSION

Seven cases expressing Subset #8 BcRs
were identified. They utilized the
IGHV4-39, IGHD6-13 and IGHJ5 genes,
and shared very similar or identical VH
CDRS3 and a high degree of homology
with those reported in the literature
(15,24; Table 1). IGHV-IGHD-IGH]J re-
arrangements did not have somatic mu-
tations with the exception of CA101 that
exhibited a single nucleotide difference
from germ line (Table 1). The cells from
all seven CLL cases expressed surface
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Table 1. IGHV-IGHD-IGHJ and IGKV-IGKJ genes used by B-CLL cases of the Subset #8 group.

Sample IGHV IGHD IGHJ % Homology VH CDR3 amino acids
MSO1156  IGHV4-39  IGHD6-13  IGHJ5 100.00 ARRSGYSSSWYDGVNWFDP
CAI101 IGHV4-39 IGHD6-13 IGHJ5 99.66 ARQLGYSSSWYRNNWFDP
GE401 IGHV4-39  IGHD6-13  IGHJ5 100.00 ARRMGYSSNWYVGVNWFDP
NI99 IGHV4-39  IGHD6-13  IGHJ5 100.00 ARSSGYSSSWYSQYNWFDP
RC25 IGHV4-39  IGHD6-13  IGHJ5 100.00 ASLIGYSSSWYGGYNWFDP
GE146 IGHV4-39  IGHD6-13  IGHJ5 100.00 ARRLGYSSSWYGTYNWFDP
BROOT IGHV4-39  IGHD6-13  IGHJS 100.00 ARRHGYSSSWYGVDWFDP
BROO1 IGHV2-5 IGHD3-3 IGHJ6 100.00 AHSDTYYDFWSGYYSRTVGMDV
Sample IGKV IGKJ % Homology VK CDR3 amino acids
MS0115 IGKV1-39/IGKV 1D-39 IGKJ1 100.00 QQSYSTPQT
CA101 Not Assigned
GE401 IGKV1-39/IGKVID-39  IGKJ2 99.64 QQSYSTPPYT
NI99 IGKV1-39/IGKVID-39  IGKJ1 100.00 QQSYSTPRT
RC25 IGKV1-39/IGKVID-39  IGKJI 100.00 QQSYSTPRT
GE146 IGKV1-39/IGKVID-39  IGKJ4 100.00 QQSYSTPLT
GE146 IGKV4-1 1GKJ4 100.00 QQYYSTPLT
BROO1 IGKV1-39/IGKVID-39  IGKJI1 99.64 QQSYSTPRT
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Figure 1. Main cellular and molecular features of the BROO1 patient from Subset #8. (A)
Staining of BROO1 cells with anti-isotype reagents shows monoclonal cells expressing IgM
and IgG. (B) IgM-expressing cells coexpress IgD, while IgG is found on a different cell sub-
population. (C) Agarose gel resolution of IGHV-IGHD-IGHJ rearrangements expressed by
BROO1 is shown. M indicates the DNA ladder marker; numbers 1-6 indicate the six IGHV
gene subgroups investigated; NTC indicates no template control. Two monoclonal IGH
VDJ rearrangements in the IGHV2 and IGHV4 gene subgroup respectively, were amplified
from DNA. Both the rearrangements were present in ucDNA, but only one rearrangement
(IGHV4) was found in the ycDNA.
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k chains as assessed by flow-cytometry
(not shown) and utilized the IGKV1-39/
IGK1D-39 gene in the six cases studied
by sequence analysis (CA101 could not
be investigated). Again VK CDR3 were
very similar (Table 1) and there was the
presence of arginine (R) at the IGKV-
IGK]J junction (position L96) in 3 of 6 of
the patients. A frequent presence of R in
this position is a characteristic feature of
Subset #8 CLL (15,24,29). Case GE146 ex-
hibited a second productive IGKV-IGK]
gene rearrangement which utilized an un-
mutated IGKV4-1 gene. Since this re-
arrangement was detected both in the
DNA and cDNA, these findings are sug-
gestive of lack of allelic exclusion at the
IGK locus (Table 1). Six out of seven of
our cases expressed IgG only as assessed
by both flow-cytometry for surface Ig iso-
types and cDNA studies, which is in-line
with the findings in all Subset #8 cases.
CLL BRO01 represented a remarkable ex-
ception, since IgM- and IgD-expressing
cells were detected in addition to IgG-
bearing cells (Figure 1A). IgM and IgD
were coexpressed on the same cells as as-
sessed by multicolor flow cytometry (Fig-
ure 1B). The presence of the same L chain
type and of the same IGKV-IGK] gene re-
arrangement clearly indicated that both
IgM-IgD- and IgG-bearing cells belonged
to the same neoplastic BR0O01 clone.
Another productive IGHV-IGHD-IGH]
rearrangement carrying the IGHV2-5,
IGHD3-3 and the IGHJ6 genes was de-
tected in BR0O1 cells (Table 1). This re-
arrangement was not somatically mu-
tated and was present in the cell DNA
and in ucDNA, but not in the y and
acDNA (Figure 1C) suggesting that the
IgM-IgD-bearing cells had two poten-
tially productive allelic rearrangements,
whereas only one rearrangement re-
mained in IgG-bearing cells. BR0O01 cells
were stained for CD19 , CD5 and surface
IgG and IgD and sorted (Figure 2). Both
the DNA and the ucDNA from IgM-IgD-
bearing cells had the two IGHV-IGHD-
IGH]J rearrangements observed in unfrac-
tionated cells, whereas IgG-bearing cells
had only the rearrangement carrying the
IGHV4-39 gene in both ycDNA and DNA
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Figure 2. /G gene expression by BROO1 CLL subclones. CLL cells were stained for CD19, CD5
and surface IgD and IgG. CD19-CDS positive cells were gated and IgD-positive and IgG-
positive cells were sorted (left). cDNA fragment analysis (middle) shows the presence of
two IGHV-IGHD-IGHJ rearrangements in IgD-expressing cells and of a single IGHV-IGHD-
IGHJ rearrangement in IgG-positive cells. Gel agarose analysis of PCR-amplified DNA dem-
onstrates a single rearrangement of IGHV4 gene subgroup in IgG-expressing cells (right).

(see Figure 2). All cell fractions exhibited
the same productive rearrangement car-
rying the IGKV1-39/IGKV1D-39 gene de-
tected in the unfractionated cells (data
not shown).

Collectively, the data indicate the fol-
lowing scenario: BR0OO1 clone was com-
prised initially of IgM-IgD-bearing cells
which were allelically included; because
of an isotype switch, an IgG-bearing sub-
clone subsequently was selected and ex-
panded. This subclone utilized solely the
rearranged IGHV4-39 gene, whereas the
rearranged sequence containing the
IGHV2-5 gene was deleted. The IgG-
expressing subclone became predomi-
nant, since the ratio of IgG- over IgM-
expressing cells ranged consistently
around 4:1 in the second year elapsed be-
tween diagnosis, at Binet Stage A, and
treatment, at Binet Stage C. The reasons
for this selective expansion of the IgG-
bearing subclone may be manifold and
generally imply the expression of the
products of both rearranged alleles at the
IGH locus by the IgM-IgD-bearing cells,
a fact that cannot be tested experimen-
tally at present. For example, the con-
comitant expression of two H chains
with different antibody-combining sites,
and the consequent BcR heterogeneity of
IgM-IgD-expressing cells, could have
prevented the optimal binding by the
stimulating antigen(s). This hypothesis is

sustained by recent findings showing the
presence of B cells capable of producing
two functional immunoglobulin mole-
cules (30,31). Indeed, the binding affinity
for the self antigens used in this mouse
model was reduced strongly in cells ex-
pressing heterogeneous BcRs at the sur-
face (30). In contrast, the homogeneity of
BcR on IgG-bearing cells and perhaps the
combination of an IGHV4-39 gene with a
y chain gene could have contributed to
the expression of a BcR endowed with a
higher binding affinity for the stimulat-
ing antigen(s). Indeed, Subset #8 CLL
cells utilize a BeR of the IgG isotype
which has the ability of recognizing non-
muscle myosin heavy chain IIA . This
antigen molecule is expressed by normal
and neoplastic cells following apoptosis
(20). A prerequisite for the hypothesis
that BcR stimulation plays a role in shap-
ing subclone composition is that the neo-
plastic cell BeR is capable of delivering
activating signals. This is particularly
true in the case of CLL cells, which ap-
pear anergic to BcR stimulation in many
patients (28,32). This issue was explored
by exposing BR001 cells to specific au or
ay mADbs in vitro for 1, 5 or 10 min and
measuring protein tyrosine phosphoryla-
tion. A substantial protein tyrosine phos-
phorylation in general, and of SYK in
particular, was consistently observed
after 1 min exposure to au or ay mAbs
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Figure 3. Protein tyrosine phosphorylation
following surface Ig cross-linking. (A) Tyro-
sine phosphorylation at 1 min following the
indicated stimuli (M,D and G indicate IgM,
IgD and IgG antibodies respectively) was
analyzed by Western blotting. Arrows indi-
cate the bands corresponding to LYN and
SYK proteins. (B) The pixel intensity of the
pooled bands at 120, 105, 75 and 55 kDa
was measured and plotted as the fold in-
crease observed following au-Ab (M), as-
Ab (D), au-Ab + as-Ab (M + D) or ay-Ab
(G) stimulation compared with that of the
nonstimulated cells.

(Figure 3) and this phosphorylation re-
mained high at later times (not shown).
The more efficient phosphorylation ob-
served following exposure of the unfrac-
tionated BROO1 cells to ay Ab compared
with that obtained with au Ab was most
likely related to the proportion of IgG-
versus IgM-IgD-bearing cells. Cell sepa-
ration according to isotype expression
was not feasible since exposure to mAb
would have resulted in cell preactivation,
creating difficulties for the interpretation
of the results.

FISH analyses of BROO1 cells at differ-
ent intervals consistently demonstrated
Del 17p13.1 and Del 13q14 in virtually
100% of the IgG-expressing cells and in
60% to 70% of the IgM-IgD-bearing cells.
In the latter cells, those having one dele-
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tion also exhibited the other (not shown).
No trisomy 12 or Del 11q22 were de-
tected. These findings again make BR001
different from the other cases utilizing
Subset #8 BcR characterized by trisomy
12 without additional chromosomal ab-
normalities (29). Trisomy 12 was ob-
served in all three patients with Subset
#8 BcR that we could investigate by FISH
in our cohort.

BR001 CLL provides evidence for
intraclonal selection occurring following
transformation which is likely to depend
at least in part on the cell BeR specificity
as discussed above. The presence of
shared chromosomal abnormalities in the
different subclones indicates that these
were not a major cause for subclonal se-
lection. However, it cannot be ruled out
that different cytogenetic abnormalities,
not detected by conventional FISH meth-
odologies, and distinguishing IgM-IgD-
expressing cells from those expressing
IgG could have contributed to subclonal
selection. It is of interest that the sub-
clone expressing IgM-IgD remained of
the same size throughout the course of
the disease, suggesting a selective pres-
sure to maintain the IgM-IgD-expressing
subclone, the nature of which is however
unknown.

In conclusion, the studies on IGHV
and IGKV gene expression of BRO01 cells
provides evidence for continuing stimu-
lation/selection of fully transformed
CLL cells. This is in agreement with
other observations on CLL clones charac-
terized by an intraclonal diversification
of IGHV genes and accumulation of so-
matic mutations (33,34). Although the
nature of the stimulating antigen(s) was
unknown, the analysis of such mutations
and of their location on the gene seg-
ments was clearly favoring the hypothe-
sis of a continuous selection by a stimu-
lating antigenic determinant probably
aimed at preserving the antigenic com-
bining site (35-37).
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