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cell chronic lymphocytic leukemia (B-CLL), the most
common adult leukemia in the Western world, is problematic for patients and clinicians because it has a heterogeneous
clinical course and lacks a curative therapy (1). Some patients
live for decades, dying with the disease and not because of it,
whereas others have a much more aggressive course and shorter
survival despite repeated efforts at providing beneficial relief.
Accordingly, the management of patients is often relegated to a
‘‘wait and watch’’ mode, because initiating therapy early in the
illness, before it becomes clear which clinical course an individual patient will follow, has not led to therapeutic advantage (2).
Significant advances in our understanding of this disease have
come from studying the leukemic B cell’s antigen receptor (BCR;
refs. 3–5). For example, these observations enabled the categorization of B-CLL patients into subgroups based on the presence or
absence of Ig VH gene mutations (6, 7), termed ‘‘unmutated
B-CLL’’ (U-CLL) and ‘‘mutated B-CLL,’’ that presage and influence disease heterogeneity and severity. Patients with U-CLL
follow the more aggressive clinical course with shorter survival (8,
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0604564103

9). In addition, BCRs with remarkable structural similarity can be
found between patients (10–17), and these patients can have poor
outcomes, regardless of mutation status (11, 12). This striking
similarity in BCR structure among different patients led to the
conclusion that antigen selection and drive are major factors
promoting B-CLL (3, 5). Nevertheless, the specific factors initiating
the disease remain undefined (18).
Several challenges have thwarted defining the transforming event
giving rise to B-CLL: B-CLL cells are resistant to immortalization
in vitro and xenogeneic transfer in vivo, and an animal model that
reproducibly replicates abnormalities occurring in the human disease, particularly the aggressive, treatment-resistant form, is lacking. Although prior attempts at producing mouse models [e.g., NZB
mice, and TRAFDN兾Bcl-2 double transgenic (Tg) animals; refs. 19
and 20] successfully reproduced some of the phenotypic features of
the human disease, none demonstrate the detailed BCR features
that are a hallmark of B-CLL. Recently, Bichi et al. (21) reported
that overexpression of TCL1, a gene implicated in a number of
human lymphoid malignancies (22, 23) that correlates with proliferative potential in B-CLL (24), leads to a murine disease with many
of the characteristics of the human leukemia. These animals
spontaneously develop B cell hyperplasia of the CD5⫹ lineage,
initially in the peritoneal cavity and then in lymph nodes, spleen,
bone marrow, and blood, that becomes oligoclonal and eventually
monoclonal with age (8–16 months). Affected animals ultimately
succumb because of the consequences of massive B cell clonal
expansion. However, detailed information regarding the structure
and mutation status of the BCR in the model has been unavailable.
The present study was designed to determine the extent to which
VHDJH and VLJL rearrangements from a series of lethal TCL1derived leukemias resemble those found in patients with B-CLL.
Our findings indicate that the molecular features of the BCRs of
TCL1 Tg mice resemble those from human B-CLL patients with the
more aggressive form of the disease (U-CLL). Specifically, (i)
somatic hypermutation has not significantly altered the structure of
Ig VL and VH, (ii) biases exist in IgV gene use, D and J segment
association, and CDR3 characteristics, (iii) sets of leukemic clones
display remarkably similar BCRs, (iv) the structures of the leukemic
Igs resemble those of antibodies to autoantigens and microbes, and
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B cell chronic lymphocytic leukemia (B-CLL) is a clonal overgrowth
of CD5ⴙ B lymphocytes. In this disease, the B cell antigen receptor
(BCR) is intimately linked to disease severity, because patients with
BCRs, comprised of unmutated VH genes, follow a much more
aggressive course. This and related observations suggest that
B-CLL derives from a B cell subset comprised of restricted BCR
structural diversity and that antigen-selection and drive are major
factors promoting the disease. Nevertheless, the initiating event(s)
that lead to the development of B-CLL are still unclear, in part
because of the lack of an animal model that spontaneously evolves
the molecular abnormalities that occur in the human disease.
Because overexpression of the TCL1 gene in murine B cells leads to
a CD5ⴙ B cell lymphoproliferative disorder with many of the
features of human B-CLL, we studied leukemias emerging in these
mice to examine the extent to which their BCRs resemble those in
B-CLL. Our data indicate that the immunoglobulin heavy and light
chain rearrangements in TCL1 mice display minimal levels of
somatic mutations and exhibit several molecular features found in
the human disease. Like human B-CLL, TCL1 leukemic rearrangements from different mice can be very similar structurally and
closely resemble autoantibodies and antibodies reactive with microbial antigens. Antigen-binding analyses confirm that selected
TCL1 clones react with glycerophospholipid, lipoprotein, and polysaccharides that can be autoantigens and be expressed by microbes. This (auto)antigen-driven mouse model reliably captures
the BCR characteristics of aggressive, treatment-resistant human
B-CLL.

Table 1. IgVH and IgVL use and mutation status of TCL1 leukemic clones
VH genes
Animal no.
TCL1-001
TCL1-002
TCL1-003
TCL1-004
TCL1-005
TCL1-006
TCL1-007
TCL1-008
TCL1-009
TCL1-010
TCL1-011
TCL1-012
TCL1-013
TCL1-014
TCL1-015
TCL1-016
TCL1-017
TCL1-018
TCL1-019
TCL1-020
TCL1-021

VH
family
12
12
4
4
11
11
1
1
1
1
1
1
1
1
1
1
3
5
6
7

VH gene

VL genes
% difference
from germ line

NC1-A7
NCl-A7
V4S1
V4S1
V11S1
V11S1
V165.1
V1S61
V165.1
V165.1
V165.1
XE1⫹
V1S16
VMU-3.2
XE3⫹
J558.51
XE2⫹
VH7183.3b
V6S1
V7S1
11 different clones

0.0
0.0
0.3
0.3
0.7
0.7
0.0
0.3
0.0
0.0
0.0
0.7
1.0
0.3
1.7
0.3
1.0
0.3
1.4
0.0

Animal no.
TCL1-001
TCL1-002
TCL1-003
TCL1-004
TCL1-005
TCL1-006
TCL1-007
TCL1-008
TCL1-009
TCL1-010
TCL1-011
TCL1-012
TCL1-013
TCL1-014
TCL1-015
TCL1-016
TCL1-017
TCL1-018
TCL1-019
TCL1-020
TCL1-021

V
family
V 4
V 4
V 6
V 6
V 6
V 3
V12
V 1
V 3
V12
V17
V 8
V10
V 4
V 8
V 5
V10

V gene

% difference
from germ line

V4-91
V4-91
V6-32
V6-32
V6-17
V3-5
V12-89
V1-135
V3-12
V12-89
Not available
V17-121
V8-27
V10-96
V4-80
V8-28
V5-39
V10-96
Not available
Not available
13 different clones

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.7
0.0

⫹, New germ-line Ig VH genes that were identified in this study. See Materials and Methods for details about
the approach. XE1, GenBank accession no. DQ093183; XE2, accession no. DQ093184; XE3, accession no. DQ093185.

(v) these Igs react with autoantigens and antigens found in bacterial
cell membranes.
Results
(i) Characteristics of BCRs Expressed by Leukemic B Cells of TCL1 Tg
Mice. Ig V gene mutation status. Patients with B-CLL segregate into

two groups based on the presence or absence of significant numbers
of Ig VH mutations (6, 7), and those patients with U-CLL have a
radically worse clinical course (8, 9). In this study, 20 of 21 TCL1
mice showed a dominant VHDJH rearrangement, which we designated the major clone. Animal TCL1-021 died of a nonlymphoid
malignancy (histiocytic sarcoma), which occasionally occurs in
TCL1 mice (25), and the spleen of this animal exhibited 11 distinct
B cell clones of approximately equal frequency that were not
analyzed further.
Analysis of Ig VH mutation status requires knowledge of the
number of germ-line segments and their DNA sequences. For
humans, such analyses are robust because the number of functional
germ-line VH genes is relatively few (⬇43 and 51 for IMGT and
VBase databases, respectively), and the corresponding loci have
been sequenced (26–29). However, for mice, these analyses are less
precise because the germ-line IgV repertoire is much larger (⬇300
VH genes; refs. 30–32) and not completely defined (32). Therefore,
in these murine studies we considered a level of somatic difference
of ⬍2.0% to be ‘‘unmutated,’’ an approach that was taken in human
B-CLL studies, allowing for unknown polymorphisms or germ-line
genes (6). Although our initial DNA sequence analyses indicated
that 17 of 20 clones from the TCL1 leukemias expressed VH genes
that were either identical or differed only minimally (⬍2%) from
their most similar germ-line genes, three samples (TCL1-012, -015,
and -017) exhibited sequences that were very different from those
in the public databases. Therefore, we searched genomic DNA
from non-Tg syngeneic mice for previously undescribed polymorphic variants of known genes or previously undefined germ-line
genes that might have greater homology with the three apparently
mutated clones. In each instance, we identified VH gene sequences
that were not recorded in the public databases, indicating that the
DNA sequences of TCL1-012, -015, and -017 differed by ⬍2% from
these previously undescribed germ-line genes (Table 1, VH genes).
In the final analysis, all major leukemic clones expressed VH genes
11714 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0604564103

that are identical or only slightly divergent from those in the germ
line (0.0–1.7%; mean ⫽ 0.5%).
The expressed VL genes from these cases were even more similar
to their germ-line counterparts (Table 1, VL genes). Only 1 of the
17 TCL1 clones for which we defined an L chain sequence (no. 017)
exhibited any somatic changes (0.7% difference; mean for all
animals ⫽ 0.1%). Because the murine V locus has been sequenced
(31, 33, 34), these data may be more informative than those for VH
regarding B cell exposure to the somatic hypermutation process.
Thus, both VH and VL genes of the TCL1-derived leukemias are
identical and minimally divergent from the germ line, similar to
U-CLL.
Ig V gene segment use. In human B-CLL, Ig VH expression differs
from that of normal circulating B cells (3–5). The major clones from
50% (10 of 20) of the animals expressed a VH1 family gene, which
is similar to the representation of VH1 genes in the known murine
germ-line repertoire (⬇67% as per IMGT and NCBI databases).
However, four of the VH1⫹ clones (nos. 007, 009, 010, and 011)
expressed V165.1, a frequency four times that of normal murine B
cells (⬇10%; ref. 35). In the remaining 10 mice, three pairs
expressed the same VH gene: TCL1-001 and -002 expressed
NC1-A7, the sole member of the VH12 family; TCL1-005 and -006
expressed V11S1, the only member of the VH11 family; and
TCL1-003 and -004 expressed V4S1, one of only two members in
the VH4 family (Table 1, VH genes).
The 20 TCL1 clones used four D segment families (Table 2,
HCDR3): DFL (40%), DSP (25%), DQ52 (25%), and DST (10%).
In addition, 50% of the clones expressed JH1. Because in normal
murine B cells the DSP, DQ52, and DST families and the JH1
segment are expressed at different frequencies (DSP, ⬇50%;
DQ52, 4–10%; DST, ⬍2%; and JH1, 16%; ref. 36), a D and JH
segment bias appears to exist among TCL1 leukemias.
Although not analyzed to as great an extent as Ig VH, the VL
repertoire in human B-CLL also appears to differ from that of the
normal adult B cells (37). All of the major TCL1-derived leukemic
clones used V genes and four genes, V10-96, V4-91, V6-32, and
V12-89, were found twice in the 17 clones for which L chain
sequences were available (Table 1). Thus, like human B-CLL, the
use of specific IgV gene segments in TCL1 mice diverges from that
of the normal B cell repertoire.
Yan et al.

Table 2. H and L CDR3 rearrangements in TCL1 leukemic clones

CDR3 features. H and L CDR3s of human B-CLL cells can be
distinctive in length, amino acid composition and charge, and D and
JH segment pairing (7, 38, 39). The details of these differences vary
between aggressive U-CLL and indolent mutated B-CLL.
Long HCDR3s are often found in VH unmutated, poor outcome
B-CLL (7, 38), because of the use of longer human germ-line JH
segments (e.g., JH6) and the insertion of nontemplated nucleotides
at the VH–D and D–JH junctions. In normal adult murine B cells,
mean HCDR3 length is ⬇12 aa (ref. 40). HCDR3s of 4 of the 20
TCL1-derived major clones (Table 2, HCDR3) comprised 14 or
more aa (nos. 007, 008, 010 and 012) and 4 others comprised 13 aa
(nos. 009, 014, 016, and 020). For TCL1-007 and -008, this increase
in HCDR3 length is due to the use of JH4, the longest JH segment
in the murine repertoire. However, for the other leukemic clones,
except no. 012, use of a long JH segment (JH1; Table 1, VH genes)
and the addition of N nucleotides (Fig. 1, which is published as
supporting information on the PNAS web site) were responsible for
the longer HCDR3s. TCL1-012 is interesting because despite the
use of DQ52, the shortest murine D segment, and JH3, one of the
shorter JH segments, its HCDR3 is 15 aa, owing to extensive N
insertions (Table 2, HCDR3). Indeed, 9 of the 20 TCL1-derived
clones exhibit insertions of nontemplated nucleotides at the VH–D
and, to a much lesser extent, at the D–JH junctions.
Nine leukemic clones had HCDR3s containing three or more
charged amino acids, e.g., Arg (R), Lys (K), and Asp (D; Table 2,
HCDR3). Germ-line segments coded some of these charged residues (e.g., Asp in JH1), whereas others were created by somatic
events (e.g., Asp and Arg in TCL1-001, Arg in TCL1-009, Lys in
TCL1-016, and Asp in TCL1-008). It is noteworthy that the net
charge of each HCDR3兾LCDR3 pair was relatively neutral, either
because of the pairing of two segments with pI values at different
Yan et al.

ends of the isoelectric spectrum or with similar, more neutral pI
values (Table 2). The presence of charged amino acids in HCDR3
is seen more often in treatment-resistant U-CLL.
Finally, nine HCDR3s were enriched in Tyr (Y), Gly (G), and Ser
(S) primarily due to the use of DFL segments (Table 2, HCDR3).
This clustering of uncharged amino acids is reminiscent of human
B-CLL where these amino acids are seen in rearrangements by
using VH1-69 (38) and VH4-39 (13), genes associated with aggressive U-CLL.
Stereotypic VHDJH rearrangements. Leukemic clones of some patients
with B-CLL have HCDR3s with strikingly homologous amino acid
sequences and, in many cases, these HCDR3 associate with identical VH and occasionally VL segments, thereby creating sets of
patients with quasi-identical antigen-binding sites (7, 10, 13–17, 41).
Furthermore, when protein databases are searched for antibodies
with HCDR3s of appreciable amino acid sequence similarity
(ⱖ60%) with B-CLL mAb, virtually only rearrangements from
B-CLL patients are found, with rearrangements from other B cell
lymphoproliferative disorders, autoantibody-expressing B cells, and
normal B cells identified much less frequently.
Among our 20 TCL1-derived leukemias, we found 10 that
comprise five sets of clones defined by ⱖ80% amino acid similarity
in HCDR3 (set I, TCL1-001 and -002; II, TCL1-003 and -004; III,
TCL1-005 and -006; IV, TCL1-007 and -008; and V, TCL1-009 and
-010; Table 2, HCDR3). The members of set II have identical
HCDR3 sequences. Furthermore, the members of set I differ by
only 1 aa, and those of sets II, IV, and V by 2 aa. For sets I, II, III,
and V, the same VH gene is associated with structurally very similar
HCDR3s. Furthermore, the members of set II that have identical
VHDJH segments also use the same V and J segments to create
LCDR3s that differ by only 1 aa. Finally, the VHDJH rearrangePNAS 兩 August 1, 2006 兩 vol. 103 兩 no. 31 兩 11715
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Red letters indicate basic, positively charged amino acids; green letters indicate acidic, negatively charged amino acids.
RF, D segment reading frame. RF no. 1 starts from the first nucleotide of germ-line gene, no. 2 starts from the second,
and no. 3 starts from the third nucleotide.

Table 3. Amino acid sequence comparison of TCL1 clones with other clones of known specificity having >75%
HCDR3 similarity
Heavy chain

TCL1-001
TCL1-002
X53339*
X53338†
X53348‡
U54362§
U64364¶
U64367*
M22439**

Light chain

VH NC1-A7

HCDR3

FR4

TAMYYC
......
......
......
......
......
......
......
......

AGDRRGYWYFDV
.....T......
.....D......
.....S......
.....D......
.....Y......
.....Y......
... YY......
... YD......

WG
..
..
..
..
..
..
..
..

TCL1-001
TCL1-002
X53348*
X53349†
X53350‡
U54505§
U54507¶
U54509*
M34591**

V4-91

LCDR3

FR4

VATYYC
......
......
......
......
......
......
......
......

QQGGGIPLT
.......R.
.......R.
.........
.X.......
.......R.
.......R.
.X.....R.
.......R.

PG
..
..
..
..
..
..
..
..

Specificity

Anti-PtC
Anti-PtC
Anti-PtC
Anti-PtC
Anti-PtC
Anti-PtC
Anti-BrMRBC
from B-1 cells

The IMGT and VBase databases of Ig V region sequences were searched for HCDR3 and VHDJH rearrangements exhibiting ⱖ75%
similarity with the TCL-1 HCDR3s. Fifteen were found, 7 with comparison VLJL rearrangements very similar to those of TCL1 mAb and 8
with VLJL using different gene segments. HCDR3 and LCDR3 of the four mAb are shown; these CDR3s are also identical in nucleotide
sequence in both VH and VL. The eight antibodies that used different VL genes were AY172889, an antibody from B-1 cells; AF118985,
AF118934, AF118992, U64382, U64371, and AF119029, anti-phosphatidylcholine antibodies; and AY437060, an anti-nuclear antibody.
䡠, sequence identity; x, unknown amino acid.
*Sequences for anti-PtC antibody clone NC5-A11 (42).
†Sequences for anti-PtC antibody clone NC1-A7 (42).
‡Sequences for anti-PtC antibody clone NC6-C12 (42).
§Sequences for anti-PtC antibody clone AE0017 (42).
¶Sequences for anti-PtC antibody clone AE0022 (42).
㛳Sequences for anti-PtC antibody clone AE0045 (42).
**Sequences for anti-BrMRBC from B-1 cells (43).

ments of set I pair with the same V (Table 2, LCDR3). Thus, the
presence of stereotypic H and L chain rearrangements seen in
human B-CLL, and most often in unmutated cases, is replicated in
these TCL1-derived leukemias.
(ii) Comparison of Rearranged VHDJH Segments with Those Present in
Public Databases. Amino acid sequences of H and L chain rear-

rangements in human B-CLL cells often resemble autoantigenreactive human and murine mAb (13, 14). To check for possible
autoreactivity, we compared the amino acid sequences of the TCL1
HCDR3s with those found in the GenBank and IMGT databases.
Significant similarity was found for two TCL-1 sequences. The
sequences of TCL1-001 and -002 (Set I), which are comprised of
identical VH, D, JH, V, and J segments of almost complete amino
acid identity, were virtually identical to the rearranged H and L
chain sequences previously determined from murine autoantibodies reactive with phosphatidylcholine (PtC) and with erythrocytes
digested by bromelain, a process that makes PtC determinants more
accessible to antibody binding (Table 3). In addition, TCL1-007 and
-008 were very similar in HCDR3 (but not in VH) to anti-microbial
(anti-Brucella abortus and anti-phosphocholine) antibodies (Fig. 2,
which is published as supporting information on the PNAS web
site). Human B-CLL cases with markedly similar HCDR3s associated with different VH genes belonging to the same VH clan have
been reported (14).
(iii) Confirmation That Sequence Similarity Extends to Antigen Binding. To confirm that the amino acid sequence similarity between the

TCL1 mAb and anti-autoantigen and anti-microbial mAb identified
above translated to binding of similar antigens, we produced
hybridomas from selected TCL1 clones to generate soluble mAb
and test their binding with a number of antigens. Because the
database similarities mentioned above indicated that the TCL1
mAb resembled those made by murine B-1 cells that often bind
phospholipids, nucleic acids, and cell surface antigens, we included
phosphorylcholine, dextran, low-density lipoprotein (LDL), ss- and
dsDNA, cardiolipin, bacterial lipopolysaccharide, pneumococcal
polysaccharide, mouse IgG2a mAb, and mouse erythrocytes digested with bromelain in the test panel. Also, because many B-1
11716 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0604564103

cells react with carbohydrate epitopes, the Consortium for Functional Genomics screened all mAb for reactivity with an extensive
array of glycans.
Monoclonal antibody from TCL1-002 was poly- and autoreactive, binding in a dose-dependent manner to low-density lipoprotein
(LDL) and Br-treated erythrocytes (Fig. 3 A and B, which is
published as supporting information on the PNAS web site). The
TCL1-020 mAb also bound Br-treated RBCs, albeit to a lesser
degree (Fig. 3B). Finally, mAb from nos. 003 and 004 (Set II) that
share VHDJH兾VLJL rearrangements with only 1-aa difference in
LCDR3 (Tables 1 and 2) also bound blood group H type 1 antigens,
based on reactivity with the following polysaccharides: Fuc␣12Galb1-3GalNAcb1-3Gala1-4Galb1-4Glcb-Sp9, Fuc␣1-2Gal␤13GalNAc ␣ -Sp8, Fuc ␣ 1-2Galb1-3GalNAcb1-4(Neu5Aca2-3)
Galb1-4Glcb-Sp0, and Fuc␣ 1-2Gal␤1-3GalNAc␤1-4(Neu5Ac␣
2-3)Gal␤1-4Glc␤-Sp9 (Fig. 3 C and D; detailed data accessible at
www.functionalglycomics.org兾static兾consortium兾main.shtml).
Thus, all of the mAb selected for analysis were poly- and兾or
autoreactive, binding to a glycerophospholipid (PtC based on
reactivity with Br-treated RBCs), a lipoprotein (low-density lipoprotein), or polysaccharides (Fuc␣1-linkages). Although reactivity of human B-CLL cells with nonprotein antigens has been
suggested (3, 5, 13, 14), formal proof of this hypothesis has yet to
be obtained.
Discussion
Our data indicate that the TCL1 Tg mouse model replicates the
Ig V-region rearrangements characteristic of the aggressive,
treatment-resistant form of human B-CLL. BCRs comprised of
genes differing minimally, if at all, from the germ-line sequence
are a hallmark of poor-outcome human B-CLL, and the BCRs
in the TCL1-mediated B cell lymphoproliferative disease display
this feature (Table 1).
Another cardinal feature of human B-CLL is nonstochastic use
and association of individual V region segments, with biases differing between U-CLL and mutated B-CLL (3–5). Based on the
presently known numbers of murine segments, certain VH, D, JH,
and VL genes appear overexpressed in the TCL1-derived B cell
leukemias. This assumption applies particularly for rearrangements
Yan et al.
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minor B cell clones over time in vivo (Fig. 4 A and B, which is
published as supporting information on the PNAS web site). Thus,
the murine leukemia may develop from a selective B cell pool with
unmutated BCRs, driven by repetitive interactions with (auto)antigens and stimulated by the overexpression of TCL1 that enhances
activation of the Akt kinase, a key survival molecule in the
BCR-signaling pathway in human B-CLL (50), that can protect
from apoptosis (51–53) and augment surface receptor-mediated
signaling.
Based on the apparent biases in VH (VH11, 12, and 4) and JH
(JH1) gene use and association and the antigen specificities described herein, the TCL1 clones likely derive from the B-1a subset
(54), consistent with finding the initial, preleukemic clonal expansions in the peritoneal cavity (21, 55). The paucity of N nucleotide
insertion also favors a B-1a lineage (Fig. 1).
A key unanswered question in human B-CLL is finding the
normal B cell counterpart of the leukemic cell. Because B-CLL cells
uniformly express CD5, a human B cell equivalent for the murine
B-1a cell is considered the most likely candidate for the leukemic
precursor (56–58). However, it has been difficult to identify a B-1
counterpart in man, because the poor response to T cell independent antigens of circulating and follicular mantle resident human
CD5⫹ B cells (59) and their dearth of poly- and autoreactivity (41)
suggest that these CD5⫹ cells are not the human B-1a equivalent.
It has been proposed that U-CLL cells might derive from marginal
zone (MZ) B cells because of the similarity between human B-CLL
mAb and mAb reactive with autoantigens and, to a lesser degree,
to microbial antigens (3, 5). Because the murine B-1 and MZ
compartments may intersect (60, 61) and both compartments
contain autoreactive B cells (62–64), if the overexpression of TCL1
causes the human disease, the present data, in particular the
poly兾autoreactivity of TCL1 clones with lipoprotein, phospholipid,
and polysaccharides could support a derivation of human B-CLL
from a B-1a equivalent or from an MZ equivalent.
Materials and Methods
Animals. Spleens, lymph nodes, and blood were collected from
E-TCL1 Tg mice when they developed extensive B-CLL-like
disease (Table 6, which is published as supporting information on
the PNAS web site). In compliance with Federal and Institutional
Animal Care and Use Committee requirements, animals were
euthanized when symptoms became disabling.
Isolation of DNA and RNA and Synthesis of cDNA. DNA was purified
from cell lysates by using DNeasy spin columns by following the
manufacturer’s protocol (DNeasy Tissue Kit; Qiagen, Valencia,
CA). RNA was extracted by using TRIzol Reagent (Invitrogen,
Carlsbad, CA). One microgram of RNA was reverse transcribed to
cDNA with 200 units of SuperScript II Reverse Transcriptase
(Invitrogen)兾1 unit of RNase inhibitor (Eppendorf, Hamburg,
Germany)兾20 pmol oligo dT primer (Roche Applied Science,
Indianapolis) in a 20-l volume. Reactants were incubated at 42°C
for 1 h, heated at 65°C for 10 min, and then diluted to a final volume
of 100 l.
PCR Amplification of VH and V Transcripts. VHDJH and V J

cDNAs were amplified by using consensus sense and antisense
primers (Data Set 1, which is published as supporting information
on the PNAS web site) and Platinum TaqDNA Polymerase High
Fidelity (Invitrogen) for 35 cycles, each consisting of 1-min denaturation at 94°C, 1-min annealing at 52°C, and 1-min extension at
68°C. Amplification was completed by an additional 10-min extension at 68°C. To determine isotypes, antisense primers specific for
murine , ␥, and ␣ CH or  CL regions were paired with appropriate
sense VH or VL family primers.
cDNA Sequencing and Mutational Analysis. PCR products were
ligated into pCRII vectors and cloned into Top10 cells (Invitrogen).
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involving VH11, VH12, and VH4, because these VH families contain
only one (VH11 and 12) or two (VH4) genes, a very minor fraction
of the entire murine VH repertoire. More extensive studies of TCL1
leukemias will need to confirm the apparent overuse of these and
other VH (V165.1) genes and certain D, JH, and VL segments
(Tables 1 and 2).
Human B-CLL cells also exhibit unique HCDR3 features that
characterize and differentiate aggressive U-CLL from indolent
mutated B-CLL. Specifically, unmutated poor outcome cases frequently exhibit long HCDR3s containing multiple neutral tyrosine
and serine residues (7, 38) that may confer CDR3 flexibility and
favor polyreactivity. This characteristic is especially true for human
leukemic rearrangements using VH1-69 and 4-39, two genes virtually always associated with rapid downhill clinical courses (8, 9, 13).
The HCDR3s in TCL1 mice also contain many of these same amino
acids (Table 2). Furthermore, HCDR3s of human B-CLL cells
often contain charged amino acids, frequently not coded by germline D and JH segments. In the TCL1 leukemias, positively and
negatively charged residues are seen frequently (55%) at or adjacent to the VH–D and D–JH junctions, deriving from simple and
complex rearrangement events including insertion of nontemplated
nucleotides (Table 2; see also Table 4, which is published as
supporting information on the PNAS web site).
The startling discovery in human B-CLL of sets of patients with
remarkably similar BCRs comprised of identical V[D]J segments
(7, 10–14, 16, 17, 38), seen more often in poor outcome U-CLL, is
also found in the TCL1 model. Although the cohort of leukemias
we studied is modest (n ⫽ 20), half of these clones fit into five
distinct sets defined by ⬎80% HCRD3 amino acid similarity (Table
2). Furthermore, the members of four of these groups express
identical VH genes. Finally, for two of the sets, the associated V is
identical and, in one set, has recombined with the same J (Tables
1 and 2); for the other set where the expressed JL segment differs
(J 5 vs. J 2), the LCDR3 amino acid sequences remain 92%
similar.
In the human disease, findings such as these led to the hypothesis
that B-CLL derives from a subset of B cells with BCRs of restricted
structure (13) that is selected by specific antigen(s) or a class of
antigens, in particular, a combination of autoantigens and microbial
antigens, for clonal expansion and eventual transformation (3–5).
Human B-CLL BCR sequences resembling closely those of known
autoantibodies (13, 14) and auto- and poly-reactive antigen-binding
(41, 44–46), enriched in aggressive U-CLL (41), further support this
model. The TCL1 leukemias also display these two properties,
because our comparisons with murine antibodies of known structure and antigen-binding specificity indicate. In particular, TCL1001 and -002, which are virtually identical to a series of mAb from
B-1 cells reactive with PtC and Br-treated erythrocytes (Table 3),
and TCL1-020 bind PtC displayed on Br-treated RBCs (Fig. 3B). In
addition, TCL1-005 and -006 exhibit VHDJH rearrangements comprised of VH11 and distinct D and JH segments typical of anti-PtC
antibodies (Fig. 2 A; refs. 47–49), although the TCL1 mAb do not
use a V 9 gene. Finally, two mAb from nos. 003 and 004 that share
VHDJH兾VLJL rearrangements bind polysaccharides found in blood
group H type 1 antigens. The identification of these specific
antigens in the TCL1 model, in particular one that is a component
of all mammalian and certain bacterial membranes, may provide
valuable clues for the human disease.
The model of ongoing autoantigen-mediated leukemogenesis
predicts a growth and survival advantage for clones with BCRs
reactive with antigens frequently encountered in vivo. In this regard,
we noted nine animals that concomitantly displayed minor B cell
expansions in their spleens (Table 4 and Table 5, which are
published as supporting information on the PNAS web site). These
clones expressed VH or VL genes with significant levels of V gene
mutations (3.1%, 3.5%, and 2.1%). The clonal evolution that
occurred in two of these TCL1 spleen cell suspensions (nos. 001 and
012) favored unmutated clones, which outstripped the mutated,

cDNAs were amplified with M13 forward and reverse primers, and
their DNA sequences were determined on both strands by using an
automated sequenator (PerkinElmer Instruments, Norwalk, CT).
To confirm that nucleotide differences identified by database
comparisons were true somatic mutations and not polymorphic or
previously undescribed VH germ-line genes, DNA from splenocytes
of non-Tg mice was amplified by using primer pairs specific for the
intron 5⬘ of FR1 of the most similar VH gene and for 3⬘ recombination signal sequence (Data Set 2, which is published as supporting
information on the PNAS web site). PCR products were cloned into
TOPO TA vectors (Invitrogen) and up to 60 individual colonies
sequenced. Three previously undescribed germ-line genes were
identified and reported to GenBank (accession nos. DQ093183,
XE1; DQ093184, XE2; DQ093185, XE3).
Sequence Comparison to Germ-Line Genes in Public Databases. Nucleotide and aa sequences of V region segments from all major and
minor clones were compared with each other and to those contained in public databases by using Ig-BLAST and IMGT兾VQUEST. HCDR3 was considered as the region immediately after
the 3⬘ VH-encoded conserved Cys (C; TGT) and the 5⬘ JH-encoded
Trp (TGG). LCDR3 was considered as the region after the 3⬘
VL-encoded conserved Cys and the 5⬘JH-encoded Phe (F; TTC).

RT-PCR and nucleotide sequence analyses. The mAb concentration in supernatants from cultured clones ranged from 40 to 120
g兾ml. Reactivity with NP-BSA, NP-Ficoll, phosphorylcholinehydroxyphenylacetic-BSA (Biosearch Technologies, Novato, CA),
cardiolipin, LPS, calf thymus DNA (Sigma–Aldrich, St. Louis,
MO), low-density lipoprotein (Biomedical Technologies, Stoughton, MA), pneumococcal polysaccharide (Statens Serum Institut,
Copenhagen, Denmark), dextran (Amersham Pharmacia), and
murine IgG2a mAb was tested by ELISA by using antigen-coated
plates and anti-mouse IgM-HRP (Southern Biotechnology Associates) for detection. Reactivity with bromelain-treated RBCs was
investigated as described in ref. 65. Data ⱖ10 times the negative
controls were considered positive. The Consortium for Functional
Glycomics, Protein–Carbohydrate Interaction Core H (Richard
Alvarez, Director, and Angela Lee, Glycan Specialist) screened the
TCL1 mAb for reactivity with a large battery of carbohydrate
epitopes by using a glycan array (www.functionalglycomics.org兾
static兾consortium兾main.shtml).

TCL1 mAb were produced by fusion of leukemic cells with SP2.0
myeloma cells and cloned by limiting dilution; those clones expressing the appropriate leukemic Ig rearrangements were identified by
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