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Abstract

 

To better understand the stage(s) of differentiation reached
by B-type chronic lymphocytic leukemia (B-CLL) cells and
to gain insight into the potential role of antigenic stimula-
tion in the development and diversification of these cells, we

 

analyzed the rearranged V

 

H

 

 genes expressed by 83 B-CLL

 

cells (64 IgM

 

1

 

 and 19 non-IgM

 

1

 

). Our results confirm and
extend the observations of a bias in the use of certain V

 

H

 

, D,
and J

 

H

 

 genes among B-CLL cells. In addition, they indicate

 

that the V

 

H

 

 genes of 

 

z 

 

50% of the IgM

 

1

 

 B-CLL cells and

 

z 

 

75% of the non-IgM

 

1

 

 B-CLL cells can exhibit somatic
mutations. The presence of mutation varies according to the
V

 

H

 

 family expressed by the B-CLL cell (V

 

H

 

3 expressers dis-
playing more mutation than V

 

H

 

1 and V

 

H

 

4 expressers). In
addition, the extent of mutation can be sizeable with 

 

z 

 

32%
of the IgM

 

1

 

 cases and 

 

z 

 

68% of the non-IgM

 

1

 

 cases differ-

 

ing by

 

 .

 

 5% from the most similar germline gene. Approxi-
mately 20% of the mutated V

 

H

 

 genes display replacement
mutations in a pattern consistent with antigen selection.
However, CDR3 characteristics (D and J

 

H

 

 gene use and as-
sociation and HCDR3 length, composition, and charge)
suggest that selection for distinct B cell receptors (BCR) oc-
curs in many more B-CLL cells. Based on these data, we
suggest three prototypic BCR, representing the V

 

H

 

 genes
most frequently encountered in our study. These data sug-
gest that many B-CLL cells have been previously stimu-
lated, placing them in the “experienced” or “memory”

 

CD5

 

1

 

 

 

B cell subset. (

 

J

 

. 

 

Clin. Invest.

 

 1998. 102:1515–1525.)
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Introduction

 

Over the past decade, there has been considerable interest and
controversy about the immunobiology of the B cell clone that

is overexpanded in B-type chronic lymphocytic leukemia
(B-CLL).

 

1

 

 In particular, two questions have been stressed:
whether B-CLL cells have experienced antigenic stimulation
and whether antigenic experience, if encountered, influences
the development and diversification of these cells and their Ig
variable region (V) genes.

Several groups, including our own, have attempted to ad-
dress these questions by analyzing the expressed V gene rep-
ertoire of B-CLL cells. Because V gene repertoires are influ-
enced by apparent combinatorial, expression, and selection
biases (1–4) that occur at various stages of B cell differentia-
tion and in distinct B cell subsets (5–7), it is best to compare V
gene analyses with B cells of a similar subset. In this regard, as
B-CLL cells almost invariably express the CD5 antigen, it has
been presumed that their V gene use and mutation frequency

 

would resemble those of human CD5

 

1

 

 B cells (8) and their
mouse homologues (9). Specifically, it has been assumed that
B-CLL cells would accumulate little, if any, somatic mutation.
This notion has been supported by several studies (10–17) and
challenged by others (18–22).

In the present study, we have analyzed the V

 

H

 

 gene se-
quences of a large cohort of IgM-expressing and non-IgM–
expressing B-CLL cases. The results of these studies confirm
that V

 

H

 

 gene use among B-CLL cells is not random. They also
indicate that these V

 

H

 

 genes frequently undergo somatic muta-
tion, although mutation frequencies vary according to the V

 

H

 

family expressed by the B-CLL cell. Furthermore, although
only a small subset of these somatically mutated V

 

H

 

 gene se-
quences display replacement mutations in a pattern typical of
antigen selection, other findings (e.g., complementarity-deter-
mining region[CDR]3 characteristics) suggest that selection
for distinct subsets of surface membrane Ig receptors has oc-
curred in many of these cells. These findings indicate that
many B-CLL cells are derived from previously stimulated
CD5

 

1

 

 B cells.

 

Methods

 

CLL samples. 

 

From a large cohort of patients with clinical and labo-

 

ratory features of B-CLL, 69 patients with expansions of IgM

 

1

 

/CD5

 

1

 

/
CD19

 

1

 

 B cells were chosen randomly for study. From the same co-
hort, 19 patients with expansions of CD5

 

1

 

/CD19

 

1

 

 B cells expressing
IgG or IgA were also analyzed; some of these sequences were de-
scribed previously (22). PBMC from these patients, obtained from
anticoagulated venous blood by density gradient centrifugation (Fi-
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coll-Paque; Pharmacia LKB Biotechnology, Piscataway, NJ), were
used either immediately or after thawing samples that had been cryo-
preserved with a programmable cell freezing machine (CryoMed, Mt.
Clemens, MI).

cDNA prepared from these B-CLL samples were screened for ex-
pression of a dominant V

 

H

 

 family (representing that of the B-CLL
clone) by standard PCR and, in some cases, by ELISA–PCR. In five
of the IgM-expressing cases, the ELISA–PCR revealed equal expres-
sion of two different V

 

H

 

 families and, therefore, these samples were
not analyzed further. These cases may represent B-CLL cells that
lack allelic exclusion, as recently reported by Rassenti et al (23).

 

Preparation of RNA and cDNA synthesis. 

 

Total RNA was iso-
lated from PBMC using Ultraspec RNA (Biotecx Laboratories,
Houston, TX) according to the manufacturer’s instructions. 1 

 

m

 

g of
RNA was reverse transcribed to cDNA using 200 U of M-MLV re-
verse transcriptase (GIBCO BRL, Life Technologies, Grand Island,
NY), 1 U of RNase inhibitor (5 Prime 3 Prime, Boulder, CO) and 20
pmol of oligo dT primer in a total volume of 20 

 

m

 

l. Reactions were
carried out at 42

 

8

 

C for 1 h, heated at 65

 

8

 

C for 10 min to stop the reac-
tions, and then diluted to a final volume of 100 

 

m

 

l.

 

PCR conditions for V

 

H

 

 family assignment and cDNA sequencing.

 

To determine the V

 

H

 

 gene family used by the B-CLL cells, 2 

 

m

 

l of
cDNA were amplified using a sense V

 

H

 

 family–specific framework re-
gion (FR) primer in conjunction with the appropriate antisense C

 

H

 

primer (Table I). The reactions were carried out in 50 

 

m

 

l using 20
pmol of each primer and cycled with a 9600 GeneAmp System (Per-
kin Elmer Cetus, Emeryville, CA) as follows: denaturation at 94

 

8

 

C
for 45 s; annealing at 65

 

8

 

C for 45 s; and extension at 72

 

8

 

C for 45 s. Af-
ter 35 cycles, extension was continued for an additional 10 min. In
certain instances, the V

 

H

 

 family expressed by the B-CLL cells was
confirmed by ELISA–PCR as previously described (24).

V

 

H

 

 gene DNA sequences were determined by reamplifying 5 

 

m

 

l
of the original cDNA using the appropriate V

 

H

 

 leader and C

 

H

 

 primers
(Table I). These reactions were carried out as follows: denaturation
at 94

 

8

 

C for 45 s; annealing at 62

 

8

 

C for 30 s; and extension at 72

 

8

 

C for
45 s. After 30–32 cycles, extension was continued for an additional 10
min. PCR products were sequenced directly after purification with
Wizard PCR Preps (Promega, Madison, WI) using an automated se-
quenator (Applied Biosystems, Foster City, CA). In some instances

 

where mutations were detected, an independent PCR product was
generated. This product was then either sequenced directly or cloned
into TA vector (Invitrogen, San Diego, CA), processed using Wizard
minipreps (Promega), and sequenced using M13 forward and reverse
primers.

 

Analyses of V

 

H

 

, D, and J

 

H

 

 sequences. 

 

Sequences were compared
with those in the V BASE sequence directory (25) using MacVector
software, version 6.0 (Eastern Kodak Co., New Haven, CT). In those
instances where a

 

 .

 

 1% deviation from a germline sequence was
found in an expressed V

 

H

 

 gene, the algorithm of Chang and Casali
(26) was used to determine whether “antigen selection” of the re-
placement (R) mutations had occurred, taking into account the inher-
ent susceptibility of CDR to R mutations. Thus, the expected number
of R mutations in CDR and FR was calculated using the formula R 

 

5

 

n 

 

3 

 

CDR Rf

 

 (or 

 

FR Rf

 

) 

 

3 

 

CDRrel

 

 (or 

 

FRrel

 

). Where

 

 n 

 

is the total
number of observed mutations, 

 

Rf

 

 is the replacement frequency in-
herent to the CDR or FR, and 

 

CDRrel

 

 and 

 

FRrel

 

 are the relative
sizes of the segments. A binomial probability model was used to eval-
uate whether the excess of R mutations in CDR or the scarcity in FR
was due to chance (26).

The criteria of Corbett et al. (i.e., the requirement for 10 consecu-
tive nucleotides of identity [27]) were used to assign members of the
longer D gene families (D2 and D3); for members of the shorter D
families (D1, D3, D4, D5, D6, D7), a requirement for seven consecu-
tive nucleotides and no more than two differences was used. The DIR
segments and the “minor” D segments were eliminated from these
analyses as suggested (27). Reading frames of the D segments were
categorized as yielding either a stop codon, a hydrophilic segment, or
a hydrophobic segment (27, 28).

 

Analyses of HCDR3 rearrangements. 

 

HCDR3 length was deter-
mined by counting the number of amino acids (aa) between position
94 at the end of FR3 (usually two aa downstream of the conserved
cystine) and position 102 at the beginning of FR4 (a conserved tryp-
tophan in all J

 

H

 

 segments). Acidic and basic aa and HCDR3 charge,
as defined by an estimated pI, were determined using the MacVector
software programs.

 

Results

 

V

 

H

 

 gene use. 

 

The characteristics of the IgH chain variable re-
gion gene cDNA sequences of the 64 IgM

 

1

 

 B-CLL cells and
the 19 non-IgM

 

1

 

 (17 IgG

 

1

 

 

 

and 2 IgA

 

1

 

) B-CLL cells are listed
in Tables II and III. These data indicate that the V

 

H 

 

genes used
by these 81 leukemias were derived from each of the seven hu-
man V

 

H

 

 gene families in the following distribution: V

 

H

 

1:
24.1%, V

 

H

 

2: 1.2%, V

 

H

 

3: 38.6%, V

 

H

 

4: 30.1%, V

 

H

 

5: 2.4%, V

 

H

 

6:
2.4%, and V

 

H

 

7: 1.2%. When divided into IgM

 

1

 

 and non-IgM

 

1

 

categories, the V

 

H

 

 family distributions were different. For the
IgM

 

1

 

 samples, the percentages of the major families were V

 

H

 

1:
28.1%, V

 

H

 

3: 37.5%, and V

 

H

 

4: 26.6%, whereas for the non-
IgM

 

1

 

 cases, they were V

 

H

 

1: 10.5%, V

 

H

 

3: 42.1%, and V

 

H

 

4:
42.1%.

Overall, the most frequently encountered gene was V

 

H 

 

4-34
(

 

n

 

 

 

5

 

 15), which represented 18.1% of all the genes detected
and 60% of the V

 

H

 

4 genes (Tables II and III). The distribution
of 4-34 among the V

 

H

 

4 genes of the IgM

 

1

 

 group was 52.9%
and of the non-IgM

 

1

 

 group, 75%. The next two most fre-
quently found genes were V

 

H 

 

3-07 (

 

n

 

 

 

5 10) and VH 1-69 (n 5 6),
which comprised 12.1 and 7.2% of the total and 31.3 and
30.0% of their respective families. These two genes were
found almost exclusively in the IgM-expressing group. Several
other genes were found in multiple cases: 1-02 (n 5 5), 1-18
(n 5 4), 1-03 (n 5 3), 3-23 (n 5 4), 3-30 (n 5 3), 4-39 (n 5 4),
and 4-59 (n 5 3). Each of these was represented in both the
IgM1 and the non-IgM1 groups, except for 4-59 which was

Table I. Oligonucleotide Primers Used for VH
Gene Amplification

VH Leader primers
VH1 and VH7: ATGGACTGGACCTGGAGG
VH2: CAC(GA)CTCCTGCTGCTGACCA
VH3a: GCTGGGTTTTCCTTGTTGC
VH3b: ATGGAGTT(TG)GG(AG)CTGAGCTG
VH4: GCTCCCAGATGGGGTCCTG
VH5: CTCCTCCTGGCTGTTCTCC
VH6: CTGTCTCCTTCCTCATCTTCC

VH Family–specific FR1 primers
VH1: GT(GA)CAGTCTGG(GA)(GC)CTGAGG
VH2: AAACCCACA(CG)AGACCCTCAC
VH3: GGTCCCT(GT)AGACTCTCCTGT
VH4: (CG)ACCCTGTCCCTCACCTGC
VH5: AAAGCCCGGGGAGTCTCTG
VH6: CCCTCGCAGACCCTCTCAC
VH7: GGTGCAATCTGGGTCTGAGTT

CH Isotype-specific primers
IgM: CAGGAGAAAGTGATGGAGTCG
IgG: GGGGAAGTAGTCCTTGACCAG
IgA: GAGGCTCAGCGGGAAGACCTT
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present only in the IgM1 group and 3-30 which was found only
in the non-IgM1 group.

VH gene mutations. A significant level of somatic muta-
tion was found in both the IgM1 and the non-IgM1 groups
(Tables II and III). Approximately half (51.6%; 33/64) of the
IgM-expressing B-CLL cells differed by 2.0% or more from

the most similar germline counterpart and 32.8% (21/64) dif-
fered by . 5.0%. Among the isotype class switched B-CLL
cells, even more extensive mutation was detected with 73.7%
(14/19) differing by 2.0% or more and 68.4% (13/19) differing
by . 5.0%.

Mutations detected in the leukemic cells varied according

Table II. Molecular Genetic Characteristics of the IgM1 CD51 B-CLL Cases

IgM
CLL
No.

Most
similar

germline
VH gene*

Percent
VH gene

difference

Probability that
R mutations

occurred by chance‡
Likely

D segment
and

reading frame* JH

HCDR3
length

HCDR3 sequence and
charged residuesi

Number of charged
residues and
estimated pI
in HCDR3¶

GenBank/
EMBL/DDBJ

accession
numberCDR FR 1 2 pI

008 1-69 0.0 — — 3-10; -philic 5b 14 VWGGSGSY YIWFDP 0 1 3.43 AF021950
011 1-02 0.0 — — 6-19; stop 4b 12 EQWLVLEH YFDY 1 3 3.88 U71104
014 1-69 0.0 — — 3-3; -philic 6c 21 KNDFWSGYYEG YYYYYYMDV 1 3 3.77 AF021951
017 1-69 0.0 — — 3-3; -philic 4b 10 NYDFWSGYP Y 0 1 3.43 AF021952
020 1-58 0.0 — — 1-26; -phobic 4b 11 PPLVGATTIG Y 0 0 5.50 AF021955
021 1-03 10.8 0.1427 §0.0004 N.A.; — 3b 14 GYIYGDYTWGTL DI 0 2 3.22 AF021956
042 1-18 0.0 — — 3-3; -philic 4b 19 DRTPRYYDFWSGYYN HFDY 3 3 5.20 AF021967
047 1-18 0.1 — — 3-3; -philic 6b 17 DYDFWSG YYPYYYGMDV 0 3 3.10 AF021968
048 1-02 2.7 0.3571 0.1412 6-13; -philic 3b 15 VDWTGYSSSWA AFDI 0 2 3.22 AF021969
051 1-69 0.0 — — 3-3; -phobic 6c 18 VEIFGVVNLN YYYYYMDV 0 2 3.32 AF021970
063 1-46 0.0 — — N.A.; — 6b 21 MGNSGYSSSLGVD YYYYGMDV 0 2 3.22 AF021974
099 1-03 5.7 0.2349 §2 E-05 6-19; -phobic 4b 13 EDITVTGTG GFDY 0 3 3.16 AF021984
110 1-02 4.3 0.2406 0.1091 N.A.; — 4b 17 DLRVYYYHNLGH YFLDF 3 2 6.00 AF021988
112 1-69 0.0 — — N.A.; — 6c 20 YGGGYNLFSYQL YYYYYMDV 0 1 3.43 U71105
118 1-69 4.1 0.0997 0.1976 N.A.; — 3b 15 DAEKTAGTYSS AFDI 1 3 3.77 AF021992
130 1-03 0.0 — — 5-12; -philic 6b 15 MYSGYSY YYYYGMDV 0 1 3.43 AF022000
152 1-02 0.0 — — N.A.; — 5b 16 GGESRAPIVTY NWFDP 1 2 4.12 AF022007
154 1-18 2.4 0.2560 0.2135 6-19; stop 4b 11 EQWLVLSH FDY 1 2 4.11 AF022009

15.5 ave. 3.85 ave.

113 2-05 7.0 0.1678 §0.0051 N.A.; — 4b 15 RRHQGDTWSYG AFDY 3 2 7.00 AF021989
003 DP58 4.4 0.0521 §0.0367 4-23; -philic 6a 16 GDYGGNG YFYYYAMDV 0 2 3.22 AF021949
018 3-07 5.7 0.1969 §0.0040 N.A.; — 4b 7 GA YYFGY 0 0 5.50 AF021953
027 3-30.3 0.0 — — 3.3; -philic 6b 22 GGADYDFWSGYY HPLEKGGMDV 2 3 3.99 AF021960
035 3-07 6.1 0.2059 0.1525 N.A.; — 4b 13 GCGAASCR YYFDY 1 1 5.95 AF021961
038 3-07 7.8 0.1850 §0.0362 N.A.; — 4b 11 DGGPPD YGMDV 0 3 3.10 AF021962
056 3-30.3 0.0 — — 3-9; stop 6b 20 DGYEGYFDWLYN YYYYGMDV 0 4 3.06 AF021971
058 3-15 0.0 — — 3-9; stop 4b 16 LLRYFDWLLSP YYFDY 1 2 4.00 AF021972
059 VH3-8 0.7 — — 4-17; -phobic 6b 22 DPETTVTTEGYARN YYYYGMDV 1 4 3.66 AF021973
065 3-73 7.3 0.1854 §0.0236 N.A.; — 3a 9 LYYD GSPNC 0 1 3.43 AF021976
066 3-48 8.1 §0.0400 §0.0486 N.A.; — 6b 13 ARSSSSWYND MDV 1 2 3.95 AF021977
081 3-48 4.4 0.2343 0.0861 N.A.; — 6b 13 GG YLRDYYGMDV 1 2 3.95 AF021979
085 3-74 2.4 §0.0028 0.1035 N.A.; — 4b 16 GAPGYDRSGSL YYFDY 1 2 3.95 AF021981
105 3-23 1.7 §0.0365 0.3432 2-21; -philic 4b 16 DQCGGDCPRLGG YFDY 1 3 3.67 AF021986
108 3-07 6.8 §0.0333 §0.0048 N.A.; — 4b 13 TLAVQEEAG YFNY 0 2 3.44 AF021987
119 3-23 7.1 0.2133 §0.0054 N.A.; — 4d 9 DGTYD YSTS 0 2 3.22 AF021993
121 3-07 9.0 0.1634 0.1292 3-22; -philic 4b 20 GVEKHYYDSRGLNWV YYFDW 3 3 5.28 AF021994
122 3-07 1.7 0.4084 0.3431 3-3; -phobic 4b 19 VRDPRWVTIFGVVIT YFDY 2 2 6.09 AF021995
123 3-11 1.0 — — 3-22; -philic 6b 23 DHYYDSSGYYHRLG YYYYYGMDV 3 3 5.04 AF021996
126 3-07 5.4 0.1348 0.1971 N.A.; — 4d 9 AVLRR TFHI 3 0 12.48 AF021998
135 3-07 4.1 0.2356 §0.0362 N.A.; — 4b 8 VRFGV FDS 1 1 5.96 AF022001
138 3-33 9.7 0.1239 §0.0071 N.A.; — 4b 12 DERPLGPIP FDY 1 3 3.77 AF022003
153 3-66 4.4 0.1130 §0.0330 N.A.; — 3b 11 DRNADGST FDI 1 3 3.67 AF022008
200 3-07 8.8 0.1928 §0.0013 N.A.; — 1 13 DLYVNMAFTRE H 2 2 5.22 AF022010
201 3-23 0.3 — — N.A.; — 3b 10 DRAVAH AFDI 2 2 5.11 AF022011

(Continued)
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to VH family and specific VH gene use (Tables II and III).
These differences were most obvious among the IgM1 sam-
ples. Thus, 66.7% of the VH3 genes displayed 2.0% or more
mutations, whereas only 33.3% of the VH1 genes differed by
. 2% (P , 0.005; Mann Whitney Test). Furthermore, 45.8%
of the VH3 genes displayed . 5% difference in contrast to only
11.1% of the VH1 genes. This difference was more striking
when the two most frequently encountered genes in these two
families (3-07 and 1-69) were compared. Thus, 88.9% of the
3-07 genes differed by 2%, whereas only 16.7% of the 1–69
genes had this level of difference (P , 0.005; Mann Whitney
test). Similarly, 77.8% of the 3-07 genes differed by . 5%,
whereas none of the 1-69 genes had . 5% mutations. 41% of
the VH4 genes of the IgM1 group displayed 2% or more muta-
tion, and the most frequently encountered gene, 4-34, was mu-
tated in 55.6% of the cases.

Differences in the level of mutations among the various VH

families were also seen in the non-IgM1 group, although it was
less obvious due to the lower number of cases studied. Thus,
87.5% (7/8) of the VH3- and 75% (6/8) of the VH4-expressing
cases exhibited 2% or greater difference from their germline
counterparts (Tables II and III). Indeed, in every case but one

(CLL No. 183), these B cells displayed $ 5% difference. Fur-
thermore, in 100% of the non-IgM1 cases, the 4-34 gene was
mutated. Remarkably, the VH 4-39–expressing cases exhibited
virtually no mutations in both the IgM1 and the non-IgM1 set-
tings.

D segment use and reading frame. We were able to iden-
tify D genes in 50.6% (42/83) of the B-CLL cases examined
(Tables II and III). Gene assignments were made more readily
for the IgM-expressing B-CLL cells than for the isotype-
switched, non-IgM1 cases; indeed, in only seven of the latter
cases was D segment identification possible.

Among the 35 IgM1 cases with identifiable D segments,
genes of the D3 family were found most frequently (47.6%),
followed by D6 (16.7%) and D2 (14.3%) family genes. Among
the non-IgM1 cases, genes of these three D families were used
in similar proportions. D3 gene use was most frequent among
the VH3-expressing cells (66.7%) and was similar among the
VH1- and VH4-expressing cases (46.2% and 41.2%, respec-
tively). The most frequently used D3 segment was D3-3 (previ-
ously called DXP4), which was found in 26.2% of the identifi-
able D genes (11/42 cases) and in 50% of those cases
expressing the VH 1-69 gene. In general, D segments were ex-

Table II (Continued)

IgM
CLL
No.

Most
similar

germline
VH gene*

Percent
VH gene

difference

Probability that
R mutations
occurred by 

chance‡
Likely

D segment
and

reading frame* JH

HCDR3
length

HCDR3 sequence and
charged residuesi

Number of charged
residues and
estimated pI
in HCDR3¶

GenBank/
EMBL/DDBJ

accession
numberCDR FR 1 2 pI

14.2 ave. 4.61 ave.

002 4-34 0.0 — — 3-3; -philic 6c 21 VTLYYDFWSGYSP YYYYYMDV 0 2 3.22 U71103
019 4-31 0.0 — — 4-17; -phobic 4b 9 GATVTH FDY 1 1 4.96 AF021954
023 4-34 0.0 — — 3-3; -philic 6c 17 CGFWSGYYTGIP YYMDV 0 1 3.43 AF021957
025 4-39 0.0 — — 3-3; -philic 6b 23 HPAQYAYYDFWSGYYEGV YGMDV 1 3 3.77 AF021958
041 4-59 0.3 — — 3-3; -philic 6b 24 VDPGDYDFWSGYLGRR YYYYGMDV 2 4 3.91 AF021963
064 4-39 0.0 — — 3-22; -philic 2 16 PLIYYDSSGPD WYFDL 0 3 3.10 AF021975
067 4-34 0.0 — — 2-15; -philic 4b 20 VFGGYCSGGSCEGQE YYFDY 0 3 3.24 AF021990
071 4-34 4.8 0.2753 0.1170 1-26; -philic 4b 11 RSGNYWGE VDY 1 2 4.12 AF021991
079 4-30.2 0.0 — — N.A.; — 4b 11 GGWDLNY YFDY 0 2 3.22 AF021978
083 4-59 7.2 §0.0422 §8 E-06 N.A.; — 5b 15 LSTHRGGRNLD WFDP 3 2 7.00 AF021980
093 4-34 6.6 0.2380 §0.0048 N.A.; — 1 13 GQTSSLPSG YFLY 0 0 5.50 AF021983
125 4-34 5.1 0.0744 0.1933 1-26; -philic 4b 11 EGLSGSYF VDY 0 2 3.32 AF021997
129 4-31 0.0 — — 3-22; -philic 4b 18 LHYYDSSGYYPVP YYFDY 1 2 3.94 U71106
136 4-34 6.2 §0.0014 §0.0004 N.A.; — 6b 23 GHKTAIREPPTIGPI YYSYDMDV 3 3 5.28 AF022002
139 4-34 4.8 0.2753 0.1170 N.A.; — 6b 18 DFSPSPPGHYDARND MDV 2 4 3.90 AF022004
141 4-34 0.0 — — 2-2(4-b); -phobic 5b 23 GDWRIVVVPAAVDTAMAAN WFDP 1 3 3.67 AF022005
147 4-59 6.5 0.0673 §0.0171 2-15; -philic 3b 17 LHRYCSGASCYS DAFDI 2 2 5.11 AF022006

17.1 ave. 4.16 ave.

026 VHVMW 0.0 — — 6-19; stop 4b 11 QQWLGGD YFDY 0 2 3.22 AF021998
088 5-51 9.9 0.1815 0.0113 N.A.; — 4b 13 SGYYNAWYGSL DS 0 1 3.43 AF021982
100 6-1 2.0 0.3948 0.2815 5-24; -philic 4b 11 STRDGYNG FDY 1 2 3.67 AF021985
127 6-1 8.5 0.1724 §0.0248 N.A.; — 6b 9 DRADYGM DV 1 3 3.67 AF021999

*Genes identified by two-number code with first number indicating the family, and, the second, the relative position in the locus from VH to JH (27,
29). N.A.: not assignable. ‡Calculated according to Chang and Casali using a binomial probability model to evaluate whether the excess of R muta-
tions in CDR or the scarcity in FR was due to chance (26). §Denotes statistically significant difference (P , 0.05). iAmino acids on left contributed by
D segment; those on right by JH. Positively charged aa are italicized and underlined; negatively charged residues are represented in bold type. ¶Calcu-
lated from the deduced aa sequence using MacVector software, version 6.0.
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pressed in their hydrophilic reading frames (71.4%; 30/42
cases; Tables II and III).

JH gene use. JH use differed between the IgM1 and the
non-IgM1 B-CLL cases (Tables II and III). Among the IgM1

group, JH4, JH6, and JH3 genes predominated with an overall
distribution as follows: JH1: 3.1%, JH2: 1.6%, JH3: 10.8%, JH4:
46.9%, JH5: 6.3%, and JH6: 31.3%. In contrast, among the non-
IgM1 group, JH4 and JH3 use was less (26.3 and 0%, respec-
tively), with an increase in JH5 (26.3%) and JH6 (42.1%) use.

The pattern of JH use differed among the various VH fami-
lies and among the most frequently encountered members of
the VH1, 3, and 4 families. Thus, 88.9% of the 3-07 genes used
a JH4 gene segment compared to 16.7% of those expressing a
1-69 gene (P , 0.05; Fisher Exact test). Furthermore, 50% of
the 1-69 genes used a JH6 segment compared to none for 3-07
(P , 0.05). Finally, 33.3% of the 4-34 genes used a JH4 seg-
ment and 46.7% used a JH6 segment.

CDR3 length. The average HCDR3 length for all samples
was 15.12 aa (Tables II and III). This value did not differ sig-
nificantly between the IgM1 (15.14) and non-IgM1 (15.05)
samples. When CDR3 length was analyzed in relation to the
VH family incorporated into the rearranged gene, some differ-
ences were seen (VH4: 16.84; VH1: 15.3; VH3: 14.31). However,
when CDR3 length was compared among the most frequently
used genes in these families, these differences were more strik-
ing. Thus, the 3-07 gene had an average length of 12.80, consid-
erably shorter than the composite average of 15.11 aa. In con-

trast, the average length among the 4-34-expressing B-CLL
cells was longer (17.0 aa). Furthermore, these 4-34–expressing
cells could be divided into two categories: those with CDR3
lengths longer than the average (20.11; n 5 9) that usually con-
tained a JH6 or JH5 segment, and those shorter than the aver-
age (12.33; n 5 6) that usually contained a JH4 segment. Fi-
nally, the CDR3 lengths among the 1-69–expressing B-CLL
cells were longer than the average (16.33 versus 15.11).

CDR3 composition and charge. The HCDR3 of the IgM1

group frequently contained relatively long stretches of ty-
rosines at their 39 ends coded for by the JH6 segment (Table
II). Among the B cells expressing VH1 genes, these germline
residues were altered only negligibly by somatic events. In
contrast, these JH6 sequences were altered appreciably in three
of seven B-CLL cells using VH3 genes (Nos. 027, 066, and 081),
and three of six using VH4 genes (Nos. 023, 025, and 139). This
was also reflected in two of the five non-IgM1 B-CLL cells us-
ing VH3 genes (Nos. 040 and 075) and all of those using VH4
genes (Table III).

In the absence of charged residues, rearranged HCDR3
usually have estimated pI values of 5.50 (e.g., CLL Nos. 020,
018, and 093; Table II). However, due to the presence of D and
JH segments that code for negatively charged residues (e.g., as-
partic acid: D), most of the IgM1 B-CLL HCDR3 segments
were more acidic with estimated pI values as low as 3.06 (e.g.,
CLL Nos. 047, 038, 056, and 064; Table II). In only rare in-
stances did positively charged residues offset this bias and re-

Table III. Molecular Genetic Characteristics of the Non-IgM1 CD51 B-CLL Cases

Non-IgM
CLL No.

Most
similar

germline
VH gene

Percent
VH gene

difference

Probability that
R mutations

occurred by chance‡
Likely

D segment
and

reading frame JH

HCDR3
length

HCDR3 sequence and
charged residues

Number of charged
residues and
estimated pI
in HCDR3¶

GenBank/
EMBL/DDBJ

accession
numberCDR FR 1 2 pI

109 (g2) 1-18 7.7 0.0685 §0.0009 N.A.; — 4b 10 GGVQVWAN DY 0 1 3.43 AF021944
158 (a) 1-02 0.0 — — 2-2; -philic 5b 17 GYCSSTSCYKGY NWFDP 1 0 8.67 AF021941
005 (g1) 3-30 8.4 0.0803 §0.0109 N.A.; — 2 11 EQAHDL WFFDL 1 3 3.77 AF021964
030 (g1) H11 6.0 §0.0171 0.2442 N.A.; — 5b 12 AHSPHGSH YPS 3 0 7.26 X84334
040 (g1) 3-30 0.3 — — N.A.; — 6c 13 DRGIGGWQN YMDV 1 2 3.95 AF021965
075 (g3) 3-33 10.2 0.1502 §0.0012 N.A.; — 6b 20 GKVRSLDWLISGSRS YSLDL 3 2 8.80 AF021966
078 (g1) 3-30 5.3 §0.0077 0.0621 N.A.; — 6c 17 DGHDYTWGD YYYYMDV 1 4 3.51 AF021942
087 (g1) 3-73 6.3 §0.0481 0.0011 N.A.; — 4b 11 YDNDGNY YYNY 0 2 3.22 AF078551
089 (g1) 3-23 6.1 §0.0313 §0.0238 N.A.; — 6a 18 LRSSSRLPGR YYHYYSMDV 4 1 9.63 AF021943
111 (g1) 3-07 6.1 0.1851 §0.0231 N.A.; — 6b 15 EQTKVWLK YYYGMDV 2 2 6.20 AF021945

14.6 ave. 5.79 ave.

001 (g1) 4-34 5.0 0.2436 §0.0125 3-22; -philic 6c 19 WYYFDTSGYYPRNF YYMDV 1 2 3.95 X84333
033 (g1) 4-34 8.0 0.2109 §0.0098 2-15; -philic 6b 22 RFYCSGETCHSSQ FYYYHGLDA 3 2 6.01 X84335
039 (g3) 4-39 0.3 — — 6-13; -philic 5b 16 SRGYSSSWWSS NWFDP 1 1 5.96 X84336
055 (g1) 4-34 9.0 0.1824 §0.0010 N.A.; — 5b 15 APLGGGAGLY NWFDP 0 1 3.43 X84338
057 (g3) 4-39 0.7 — — 6-13; -philic 5b 17 HLGYSSSWYGAA NWFDP 1 1 4.96 X84339
128 (g1) 4-34 8.1 0.1345 §0.0006 N.A.; — 4b 12 EGDGSLLNS FDY 0 3 3.16 AF021946
132 (g2) 4-34 5.4 0.2459 0.1090 5-24; -philic 4b 12 SGRDAYNY YFDS 1 2 3.95 AF021947
183 (g2) 4-34 3.1 0.2884 §0.0335 N.A.; — 6b 18 GYGDTPTIRR YYYYGMDV 2 2 6.09 AF021948

16.4 ave. 4.69 ave.

097 (a) 7-04.1 0.0 — — 3-10; stop 4b 11 VQWFGEYF FDY 0 2 3.32 AF021940

See legend to Table II.
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sult in pI . 5.50 (6/63 for IgM1; CLL Nos. 110, 113, 122, 126,
083, and 135). The IgM1 B-CLL cells using VH1 genes had the
least of these residues and, therefore, as a group had the lowest
average estimated pI (3.85). In contrast, those B-CLL cells us-
ing VH3 genes had more of these positively charged residues
and had an average estimated pI of 4.61. The VH4-expressing
B-CLL cells had an intermediate phenotype with an average
estimated pI of 4.16. In concert with this principle, the VH

1-69–expressing B-CLL cells had an average pI of 3.53; those
expressing 4-34 an average pI of 4.37; and those using 3-07 a pI
of 5.89.

Among the non-IgM1 group, HCDR3 charge was more
heterogeneous (Table III). In 42.1% of cases, the estimated pI
exceeded 5.50. Indeed, in 14/19 instances (73.7%), at least one
positively charged residue was present in the CDR3 segment
and, in those cases where the pI exceeded 5.50, there was an
average of 2.4 positively charged residues/CDR3. Similar to
the IgM1 B-CLL cells, the non-IgM1 cells that expressed VH3
genes had the highest estimated pI (5.79).

Discussion

The non-random use of gene segments, the presence and ex-
tent of mutation, and the apparent constraints in HCDR3
structure observed in these cases provide further insights into
the stage of maturation and the potential role of antigen stimu-
lation in the evolution of these leukemic cells.

Gene use. To improve the power of these comparisons, we
combined our findings for IgM1 B-CLL cells with those from
other B-CLL studies (21, 30–38) and then compared these data
with those for normal adult CD51 blood B cells (39). With this
approach, it became apparent that VH gene family use was not
comparable to that in the normal repertoire; rather, there was
a statistically significant increase in VH1 gene expression and a
statistically significant decrease in VH3 expression in B-CLL
(Fig. 1). JH family use among the pooled IgM1 B-CLL cells
was not different from that of the normal CD51 B cell reper-
toire (data not shown).

VH 4-34, 3-07, and 1-69 were the most commonly expressed
VH genes in our B-CLL patients. Although neither 4-34 nor
3-07 were identified as dominant genes in several previous sur-
veys of CLL patients (17, 40; reviewed in reference 41), the
4-34 gene has been found in virtually all cases of cold aggluti-

nin disease (42–44), frequently in diffuse large cell lymphoma
(45) and autoimmune disorders (46), and virtually never in
multiple myeloma (40, 47). Interestingly, when we combine
our B-CLL cases with those in the literature (21, 30–38), the
frequency of VH 4-34 and 3-07 expression matches that in the
normal adult CD51 repertoire, although there is a statistically
significant overrepresentation of the VH 1-69 gene (Fig. 2).
This latter finding confirms studies of Kipps, Carson, and co-
workers, who have indicated the prominence of the 1-69 gene
(31) and some of its alleles (48) in B-CLL. Although several
other VH1 and VH3 genes (e.g., 1-02, 1-18, and 3-23) were
found often in the combined B-CLL repertoire, their expres-
sion did not differ significantly from the normal. Significant
underrepresentations were found for the VH 3-30, VH 3-30.3,
and VH 3-33 genes (Fig. 2), which may be responsible for the
decreased use of VH3 genes illustrated in Fig. 1.

However, all of these comparisons need to be evaluated
with caution because of the limited numbers of normal CD51

and CD52 blood B cell sequences that are presently available
in the literature for comparison. Indeed, because of this rela-
tive dearth of data, we have used the VH sequences of 144 indi-
vidual CD51 blood B cells from two normal adults (39). In ad-
dition, genetic differences in gene copy numbers may be
important factors in determining gene expression. This may be
especially relevant as it has been reported that copies of the
VH 1-69 and 3-23 genes, which are frequently found in B-CLL
cells, and the VH 3-30 genes, which we have found underrepre-
sented in this study, vary among individuals (49–51).

JH segment use differed among the three most frequently
encountered genes in that z 90% of the VH 3-07 genes were
associated with a JH4 segment, whereas z 50% of the VH 1-69
and VH 4-34 genes were associated with a JH6 segment. D3
family genes were found most frequently in B-CLL cells
(47.6%), followed by D6 (16.7%) and D2 (14.3%) family
genes. These percentages are very similar to those recently
identified in 451 rearranged HCDR3 from antibodies in the
databases (27). The individual D segment used most fre-
quently in our cohort of B-CLL cells was D3-3 which was
present in z 26% of the identifiable D segments, a frequency
that is almost threefold more than that found in the 451 nor-
mal sequences mentioned above (26.2 versus 9.6%). It has
been reported (48) that VH 1-691 B-CLL cells frequently use
the D3-3 (DXP4) segment. In our cases, 50% of the 1–69 genes

Figure 1. Comparison of VH gene use between 
IgM1 B-CLL cases and normal blood B cells. The 
IgM1 B-CLL cases represent a pool of those 
reported in this study and those compiled by 
Schroeder and Dighiero (21), and available in 
other studies (30–38) and/or in GenBank/EMBL/
DDBJ. Normal IgM1 CD51 blood B cell se-
quences were derived from single B cells of two 
healthy adult males as reported by Brezinschek et 
al (39). Statistical comparisons were performed 
using the Fisher’s Exact test.
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were linked with this D gene. Finally, D segment expression
was markedly biased in favor of hydrophilic reading frames,
especially in the non-IgM1 group. This finding is consistent
with the normal adult B cell repertoire (27, 28).

Somatic mutation. Approximately 57% of the B-CLL VH

gene sequences determined in this study were mutated. In-
deed, we found mutations $ 2% in 50.8% of the IgM1 B-CLL
cells and mutations . 5% in 31.8% of these patients. An even
higher percentage of the isotype-switched B-CLL cells exhib-
ited these levels of mutation (72.2 and 66.7%, respectively).

Although the percentage of IgM1 B-CLL cells expressing mu-
tations in the 2–5% range was similar to that reported for nor-
mal CD51 blood B cells (18.1 versus 19.1%; [39]), the percent-
age of B-CLL cells expressing mutations in the . 5% range
was significantly different (P , 0.000001) from these normal
CD51 B cells. Indeed, there were ten times as many cases of
IgM1 CD51 B-CLL with mutations . 5% than in the normal
(31.8 versus 3.5%). Surprisingly, this frequency even exceeded
that reported for circulating CD52 B cells (31.8 versus 17.6%).
These latter comparisons are presented graphically in Fig. 3.

Figure 2. Comparison of specific VH gene use between IgM1 B-CLL cases and normal blood B cells. Statistical comparisons were performed us-
ing the Fisher’s Exact test: (1) P 5 0.0011; (2) P 5 0.0394; (3) P 5 0.0230; and (4) P 5 0.0397.

Figure 3. Comparison of extent of VH gene 
mutation between normal peripheral blood 
IgM1 CD51 and IgM1 CD52 B cells, and 
the IgM1 CD51 B-CLL cells in this study. 
The IgM1 CD51 blood B cells (n 5 144) 
and the IgM1 CD52 B cells (n 5 206) are 
from reference 39; the IgM1 CD51 B-CLL 
cells (n 5 63) are from this study. Statisti-
cally significant differences (Fisher’s Exact 
test) were found in the , 2% group be-
tween the CD51 and the CD52 normal B 
cells (regular triangle) and between the 
CD51 normal cells and the B-CLL cells 
(inverted triangle) with P values for both 

, 0.00005. Similarly, within the . 5% 
group, statistically significant differences 
were found in the same two comparisons 
(closed and open circles, respectively) with 
P values for both , 0.000001.
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However, these mutations did not occur uniformly among
the various VH gene families. Indeed, there was a VH family–
related hierarchy of mutation (VH3 . VH4 . VH1). This was
most obvious when comparing the 3-07 (90% of cases mu-
tated), 4-34 (73.3%), and 1-69 (16.7%) genes. The observation
that 1-69–expressing B-CLL cells have a lower frequency of
mutation is supported by the study of Johnson et al. (48) that
found that only 1 of 26 VH 1-691 B-CLL cells had , 99% simi-
larity to a VH 1-69 allele. This VH family–related difference in
mutation may explain, in part, the discrepancies about VH

gene mutation reported in other B-CLL studies, as cohorts
with disproportionate numbers of either VH1- or VH3-express-
ing cases would likely yield conflicting results. A further con-
founding issue may be the fact that certain B-CLL cells can
productively express two VH genes, which can differ in the
presence and extent of mutation (23).

B cells with receptors that have been selected by antigen
often display a higher frequency of R mutations in the CDR
than in the FR (52, 53). However, when assessing the possibil-
ity of antigen selection, the inherent susceptibility of the pro-
genitor germline gene to aa replacement needs to be consid-
ered. Based on the algorithm of Chang and Casali that
incorporates these considerations (26), 20% of our B-CLL
cells demonstrate antigen selection of R mutations (noted by §
in Tables II and III).

However, it is important to recognize that such algorithms
are statistical approaches that are unable to account for all as-
pects of “selection biology” and, therefore, may not always ac-
curately reflect the influences of antigen. For example, in some
instances, high affinity antigen binding may depend on only
one or a few critical amino acids (54–56). In these instances,
the occurrence of an “advantageous” mutation would permit
survival and positive selection of the mutating B cells. If, how-
ever, some of these positively selected, mutated B cells subse-
quently accumulate additional mutations outside of the CDR
that do not alter selection by antigen, these “neutral” muta-
tions might then result in an algorithmic determination that
suggests statistical insignificance, albeit in the setting of defi-
nite biological significance. Furthermore, recent studies sug-
gest that R mutations located outside of the CDR can enhance
antigen binding (57), a fact that these algorithms by design
cannot consider. Conversely, antigen selection could favor the
preservation of certain residues. For example, certain portions
of the FR are important for superantigen binding (58, 59) and
these need to be preserved to permit superantigen-mediated
selection and rescue. Indeed, in this study, 61.7% (29/47) of the
cases exhibited statistically significant preservations of FR se-
quences (Tables II and III, marked with §). Preservation of FR
integrity is consistent with the necessity for B cells to maintain
an intact B cell receptor (60). Finally, these algorithms cannot
take into account the structure of the H and L CDR3, the re-
gions which have the most intimate contact with antigen.

CDR3 characteristics. We were able to define three HCDR3
categories among our B-CLL cases based on differences in
length, aa composition, and charge. Each of these varied in a VH

family–related manner. First, the CDR3 length of VH4-express-
ing B-CLL cells was greater than in VH1-expressing B cells and
this was in turn greater than in VH3-expressing cells. This was
most obvious when comparing the 3-07 (12.56 aa), 1-69 (16.33
aa), and 4-34 (17.0 aa) genes. The 4-34 genes, furthermore,
could be divided into two categories: those with CDR3 lengths
longer than average (20.11) and those shorter than average

(12.33). When our IgM1 cases were pooled with those avail-
able in GenBank/EMBL/DDBJ, these VH family–related hier-
archies of CDR3 length were just as apparent and, in some in-
stances, reached statistical significance (e.g., 3-07 versus 1-69:
P , 0.05). In most cases, the short CDR3 segments of the VH3
group and the shorter VH 4-34 subgroup contained a JH4 seg-
ment, whereas the VH1 group and the longer 4-34 subgroup
contained a JH6 or JH5 segment.

Second, members of the VH1 family frequently contained
long stretches of tyrosines coded for by the JH6 segment that
were only minimally somatically altered. This was in contrast
to most B-CLL cells using VH3 genes and certain B-CLL cells
using VH4 genes, which had shorter CDR3 that frequently
used a significantly altered JH4 gene.

Finally, these differences in JH gene association resulted in
a VH family–related hierarchy in charge (VH1, VH4, and VH3)
that, again, was most easily recognized by inspecting the VH

1-69 (pI: 3.53), 4-34 (pI: 4.37), and 3-07 (pI: 5.89) genes of the
IgM1 group. Among the non-IgM1 group, CDR3 charge was
much less acidic, often exceeding a value of 5.50.

We believe that these VH family– and gene-related differ-
ences in HCDR3 reflect selection for specific structural motifs
that facilitate antigen binding. If so, many more than 20% of
the IgM1 B-CLL cells would have been selected for antigen
binding. However, the stage(s) of B cell development at which
these selections occur is not clear at this point.

Receptor prototypes. Taken together, these studies sug-
gest prototypic rearranged H chain variable region genes in
B-CLL cells (Fig. 4). Thus, VH1 sequences, exemplified by the
1-69–expressing B-CLL cells, remain predominantly unmu-
tated and frequently associated with D3 (3-3) and JH6 seg-
ments. This results in a highly acidic HCDR3 that is slightly
longer than the average. VH3 sequences, exemplified by the
3-07–expressing B-CLLs, frequently accumulate numerous
mutations and associate with D3 and JH4 genes. These recep-
tors have a CDR3 that is shorter and considerably less acidic
than the VH1 prototype. Finally, VH4 sequences, exemplified
by the 4-34–expressing CLLs, accumulate mutations in z 50%
of the cases. Because these receptors use either a JH4 or JH6
gene, their CDR3 are either shorter, like the VH3 group, or
longer, like the VH1 group. In addition, they tend to be slightly
less acidic than the VH1 group.

It is unclear at this juncture whether these prototypes rep-
resent features unique to B-CLL cells or are shared with B
cells of the normal adult or aging repertoire. Although we
have been able to collect data on 188 B-CLL cases by combin-
ing our data with those in published articles and in GenBank/
EMBL/DDBJ (21, 30–38), a coordinated compilation of both
B-CLL gene sequences and normal B cell subset sequences
will permit more definitive answers to these questions.

Maturation stage(s) of B-CLL cells. Finally, based on the
presence of somatic mutations, it seems incontrovertible that
z 50% of IgM1 B-CLL cells and z 75% of non-IgM1 cells have
been previously stimulated by antigen. Therefore, these cells
should be considered “experienced” or “memory” CD51 B cell
progeny. This conclusion is in line with those of Schroeder and
Dighiero, who previously compared the sequences of a series of
B-CLL cases (21), and with the observations that IgM1 B-CLL
cells can undergo intraclonal isotype class switching (61–64), a
process that suggests clonal maturation.

However, what about those B-CLL cells that do not display
VH gene mutations? Should these be considered virgin B cells
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or B cells driven by antigens that cannot induce somatic muta-
tions (e.g., autoantigens) or antigens that select for unmutated
VH sequences (e.g., superantigens) and/or distinct CDR3 char-
acteristics (certain exo- or autoantigens)? Based on the over-
use of specific VH, D, and JH genes, and the apparent con-
straints on HCDR3 structure, we favor the hypothesis that
these cells also have been antigen driven and represent mem-
ory cells. However, we cannot eliminate the possibility that
these receptor restrictions are developmental and represent
selections that have occurred before exiting the bone marrow,
thus making these virgin B cells with albeit developmentally
restricted receptor structures.
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