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To the Editor:

The B cell receptor (BCR) is an immunoglobulin (Ig)
expressed on the membrane surface of mature B cells [1].
The IgBCR has two heavy and two light chains, each one
made by a constant and a variable region. The variable
sequences of the IgBCR are generated during B-cell dif-
ferentiation through somatic recombination, so called
VDJ recombination, and somatic hypermutation [2]. Once
assembled on the B-cell surface, the IgBCR recognizes a
specific antigen through its binding to the variable
regions. This event triggers the B-cell immune response
against the antigen. Since the variable regions are B cell
specific, the sequence of IgBCR allows the identification
of single B-cell clones [3]. In B-lymphoproliferative dis-
orders, the IgBCR plays a key role in the development,
proliferation, and survival of tumor B cells [4], by an
antigen-driven process that triggers a molecular cascade

of events that lead to transcriptional activation of pro-
liferative and antiapoptotic genes [5–7].

Chronic lymphocytic leukemia (CLL) is a B-
proliferative disorder characterized by a clonal expan-
sion and accumulation of neoplastic CD19/CD5/CD23/
CD20-positive B-lymphocytes in blood, bone marrow,
and other tissues [8]. Several studies support the
hypothesis that a common pool of environmental antigens
or self-antigens drives the selection of tumor B cells
through the persistent triggering of IgBCR [9, 10]. Con-
sistently, the sequence analysis of VDJ rearrangement of
tumor IgBCRs revealed a high level of homology in more
than 30% of CLL patients, defined as stereotyped IgBCR,
with the prevalence of VH1, VH3, and VH4 families
[11, 12]. CLL are defined as mutated (M-CLL) or
unmutated (U-CLL) depending on the mutational rate of
the IgBCR variable regions, being more or less than 2%
respect to the germline, respectively [11, 12]. U-CLL cells
expressing the VH1-69 rearrangement usually have an
inducible IgBCR and show an aggressive behavior
[11, 12]. In this regard, it would be useful to develop new
molecular tools for rapid detection of aggressive CLL
clones in peripheral blood.

We previously used phage display for identifying
peptide ligands of B-lymphoma, multiple myeloma, and
CLL IgBCRs [3, 13–15]. In CLL patients, we documented
the co-existence of different CLL clones in a single
patient as detected by phage-expressed peptide ligands of
the tumor IgBCRs [3, 15]. In this study, we used the
phage display for identifying a peptide sequence that was
commonly recognized by VH1-69 U-CLL clones of two
CLL patients. These patients, named CLL#1 and CLL#5,
were randomly referred to the Hematology Unit—Uni-
versity Federico II of Naples and initially diagnosed as
CLL Binet stage A. At month 8, CLL#1 worsen to Binet
stage C and returned to Binet stage A after 6 months of
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therapy. CLL#5 was stably CLL Binet stage A for 2 years
of observation. In the course of disease, we analysed four
blood samples of patient CLL#1 (CLL#1 a–d) and three
blood samples of patient CLL#5 (CLL#5 a–c). Clinical
and laboratory data are reported in Supplementary Table
S1. Total RNA was extracted from purified B cells and
reverse transcribed in cDNA followed by nested RT-PCR
to amplify the heavy and light chains of the Ig variable
regions, as previously described [3] (Supplementary Fig.
S1). The PCR-amplified products were appropriately
digested and cloned in expression vectors for DNA
sequencing. The Ig nucleotide sequences were analysed
by the international ImMunoGeneTics information sys-
tem® (IMGT® http://www.imgt.org) in order to find a
match with the relative VH and VL families, according to
the classification of the stereotyped IgBCRs. In both CLL
patients, we observed the co-existence of variable VH
nucleotide sequences, both U-CLL and M-CLL, with a
unique VL nucleotide sequence at each time of collection
(Table 1) (GenBank accession numbers MT334403 to
MT334414).

Among the total CLL populations, an unmutated VH1-
69 CLL subpopulation persisted in the patient CLL#1
(VH1-69/D3-16*01/J6*02) and patient CLL#5 (VH1-69/
D7-27*01/J3*02) all time of observation, ranging between
30 and 80% of total CLL population. Other CLL clones
were either mutated or unmutated, appearing and dis-
appearing over time at a lower percentage (Table 1). In the
patient CLL#1, the VH1-69 clone peaked at 80% at passage
to Binet stage C and dropped to 30% after therapy with the
remission of disease (Table 1). This evidence indicated that
the VH1-69 U-CLL clone had an aggressive behavior as,
differently from the other CLL clones, it persisted elevated
during the time of observation.

We reasoned that a specific ligand could be a potential
tool to discriminate and monitor the VH1-69 U-CLL
subpopulation in peripheral blood. To this end, we pro-
duced the recombinant CLL IgBCRs, as previously
described [3] (Supplementary Fig. S2). The purified
VH1-69 U-CLL Ig of patient CLL#5 was used as bait to
screen an M13 phage-displayed random peptide library
(RPL) [3, 16]. The workflow of phage selection is shown
in Supplementary Fig. S3. Twenty-five phage colonies
were selected and subject to DNA sequencing to deter-
mine the amino acid sequence required for the binding to
the VH1-69 U-CLL Ig. Three amino acid sequences were
identified at different frequencies: p1 (48% phages), p2
(35% phages), and p3 (17% phages) (Fig. 1a). By
ELISA, the phage p1 showed higher affinity binding to
VH1-69 U-CLL Ig of patient CLL#5 compared with
phages p2 and p3 (Fig. 1b) (Supplementary Fig. S4).
Further, the phage p1 did not bind the other three CLL
clones of patient CLL#5, while phage p2 and p3 did

(Fig. 1b). We then analysed the binding of the three
phages to the CLL Igs of patient CLL#1. The phage p1
bound only the VH1-69 U-CLL Ig of CLL#1 with high
affinity (Fig. 1b). Differently, the phages p2 and p3 did
not bind VH1-69 U-CLL Ig of CLL#1 and showed a
weak binding to other Igs of patient CLL#1 (Fig. 1b).
These results indicated that the phage p1 exclusively
bound the VH1-69 U-CLL IgBCR of both patients
CLL#1 and CLL#5 (Fig. 1b).

Being the VH1-69 rearrangement of IgBCR often
associated with poor prognosis of CLL [12], we con-
sidered the possibility to detect the VH1-69 U-CLL
population in peripheral blood using phage p1 as specific
ligand. To this end, we analysed the immunophenotype
and phage binding profile of B cells collected from
patient CLL#5 at month 1. Consistently with clinical data
(Supplementary Table S1), B cells were 99.5% CD5-
positive and expressed the IgM isotype and the lambda
light chain (Fig. 1c–e). As control, the phage wild type
did not show any binding (Fig. 1f). The phage p1
detected 73.5% of CD5-positive cells, and the phage p2
and phage p3 detected 86.0% and 81.6%, respectively
(Fig. 1g–i). These results were consistent with the
occurrence of 75% VH1-69 U-CLL clones in the patient
CLL#5 as detected by VDJ sequence (Table 1) and the
specific binding of phage p1 to the relative VH1-69 U-
CLL IgBCR (Fig. 1b). The progressive dilution of B-CLL
cells with healthy PBMCs caused a parallel decrease of
phage p1-positivity, confirming the specific binding of
the phage p1 to the target tumor clones (Fig. 1l–p). Thus,
the phage p1 revealed to be a specific probe for detecting
the VH1-69 U-CLL population within a mix of
blood cells.

CLL harbors different tumor clones in a single CLL
patient, which can be identified by the IgBCR structure.
Sequencing the tumor IgBCRs determines the variability
of tumor clones but is not useful for flow cytometry of
tumor clones in real time. To date, the diagnosis of disease
is based on the evaluation of total number of CD5-positive
cells associated with the stage of lymphoid tissues infil-
tration. In this context, it would be relevant to have sen-
sitive molecular tools for monitoring the different tumor
clones based on IgBCR recognition. This would be pos-
sible by developing new reagents for flow cytometry in
order to detect and eventually isolate the most aggressive
CLL subpopulations for molecular characterization. Our
study opens to the possibility to monitor CLL clones in
the peripheral blood of patients by using phage ligands as
specific probes of CLL subpopulations. In perspective,
the validation of this experimental approach on a
large number of patients could provide a new method of
clusterization of CLL clones based on their epitopic
reactivity.
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109 PFU/μl). The phage binding was revealed by the anti-M13 HRP
conjugated antibody (Abcam—UK) and relative enzyme substrate.
Absorbance was calculated at 405 nm by the MultiskanTM GO Micro-
plate Spectrophotometer (Thermo Fisher Scientific—USA). Wild-type
phage and a human IgG were included as controls. Dark blue corre-
sponds to the highest absorbance (>8-fold respect to the blank);
decreasing shades of blue correspond to lower absorbance values, as
indicated at the bottom of the table. White squares indicate lack of
binding. c–p Phage-based flow cytometry of CLL clones. B cells of
patient CLL#5 collected at month 1 were analyzed by flow cytometry for
the expression of CD5, IgM, and the Igλ and Igκ light chains c–e. The
same B-cell sample was analyzed for CD5 expression and phage binding
by incubation with the phages wild type (wt) (f), p1 (g), p2 (h), and p3
(i). The B-CLL sample was serially diluted with healthy PBMCs (1:2,
1:4, 1:8, 1:16, 1:32) and analyzed for the binding of phage p1 (l–p). Data
were acquired by FACS Canto II (Miltenyi Biotec—Germany) and
analyzed by FlowJo Software.
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