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Abstract

We examined human tonsillar B cells for expression of autoan-
tibody heavy-chain or kappa light-chain cross-reactive idio-
types (CRIs), respectively defined by murine MAbs G6 or
17.109. We find 17.109 or G6 each specifically binds a sub-
population of B cells, respectively reacting with 3.8±3%
(mean±SD) or 2.0±1.2% of all tonsillar lymphocytes. Cells
reactive with both 17.109 and G6 comprise only 0.4±0.3% of
tonsillar lymphocytes. Although each tested specimen had
17.109-positive cells, 2 of 19 tonsils (11%) did not have any
G6-reactive cells. We find that CRI-positive cells and CD5 B
cells both co-express slgD but fail to bind peanut agglutinin or
MAbs specific for CD10, indicating that both cell types reside
in the mantle zones of secondary B cell follicles. However, less
than half of the B cells bearing one or both of these CRIs ex-
press detectable levels of CD5. Nevertheless, we find that G6-
reactive lymphocytes constitute a multiclonal population of
cells that express homologous heavy chain variable region
genes, each rearranged to one of several distinct and apparently
nonmutated D and JH gene segments. Collectively, these stud-
ies indicate that expression of nondiversified autoantibody-en-
coding variable region genes may not be an exclusive property
ofB cells that bear detectable levels ofthe CD5 surface antigen.
(J. Clin. Invest. 1991. 87:2087-2096.) Key words: autoanti-
body * CD5 B cell * cross-reactive idiotype - V gene expression

Introduction

Malignant B cells from patients with chronic lymphocytic leu-
kemia (CLL)' or small lymphocytic lymphoma (SLL) fre-
quently express antibodies bearing cross-reactive idiotypes
(CRIs) associated with IgM autoantibodies. In a study of over
30 CLL patients, one-fourth of the patients with kappa light
chain-expressing leukemia cells had malignant lymphocytes
that expressed a CRI defined by reactivity with a MAb, desig-
nated 17.109 (1). This antibody, prepared against an IgM rheu-
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1. Abbreviations used in this paper: APC, allophycocyanin; CD, cluster
ofdifferentiation antigen; CDR, complementarity determining region;
CLL, chronic lymphocytic leukemia; CRI, cross-reactive idiotype; D,
diversity; FR, antibody variable region framework; JH, heavy-chain
joining region; PCR, polymerase chain reaction; PE, phycoerythrin;
PNA, peanut agglutinin; RF, rheumatoid factor; VH gene, heavy chain
variable region gene; VK gene, kappa light chain variable region gene.

matoid factor (RF) recognizes a kappa light chain-associated
CRI present on many IgM paraproteins with RF activity (2, 3).
Furthermore, nearly one-fifth of all surface Ig-expressing CLL
were found to react with G6 (4). This MAb is specific for an Ig
heavy chain-associated CRI present on several RF parapro-
teins (5). Interestingly, nearly halfofthe CLL cases with leuke-
mia cells reactive with 17.109 also reacted with G6, reflecting a
biased co-expression of these CRIs (4, 6).

Evaluation of the molecular basis for these CRIs in CLL
revealed that each is a serologic marker for expression of a
conserved immunoglobulin V gene(s) with little or no somatic
mutation. The 17.109-reactive neoplastic B cells from unre-
lated patients express nearly identical kappa light chain vari-
able region genes (VK genes) that belong to the VKIIIb sub-sub-
group (7, 8). Finally, the sequences of the VK genes expressed
by 17.109-reactive leukemia cells share > 99% nucleic acid se-
quence homology with a germline VKIII gene isolated from
placental DNA, designated Humkv325 (9). Similarly, G6-reac-
tive leukemia cells from unrelated patients express homolo-
gous heavy chain variable region genes (VH genes) of the VH1
subgroup (10). Moreover, comparisons of the deduced amino
acid sequences of G6-reactive CLL and that of G6-negative
antibody heavy chains encoded by VH 1 genes suggest that the
G6-CRI in CLL is relatively resilient to substitutions within
complementarity determining region 3 (CDR3), but affected
by permutations within CDR1 and CDR2. Together these data
argue that the G6-CRI in CLL is a serologic marker for a con-
served VH 1 gene also expressed with little or no somatic muta-
tion.

Conceivably, the frequent expression of these autoanti-
body-associated CRIs in CLL or SLL may reflect the repertoire
ofthe presumed normal cell counterpart to these malignancies,
namely the cluster of differentiation antigen 5 (CD5) B cell.
CD5 B cells constitute a small subpopulation ofhuman B lym-
phocytes in lymphoid organs and peripheral blood of normal
adults ( 1-1 5). These cells comprise the majority of B cells in
the primary follicles ofhuman fetal spleen (16, 17), where high
proportions of cells express these CRIs (18). Finally, CD5 B
lymphocytes have been reported to include nearly all the cells
that spontaneously produce IgM autoantibodies (19, 20), in-
cluding RF. As noted, IgM autoantibodies frequently bear the
17.109 CRI or the G6 CRI (3, 5, 21). Also, IgM molecules
co-expressing both CRIs almost invariably have RF activity
(22). However, the relationship between CD5 B cells and non-
malignant B cells that co-express autoantibody-associated
CRIs has not been evaluated. Accordingly, we examined hu-
man tonsillar lymphocytes to determine the prevalence and
surface antigen phenotype of the B cells that bear the 17.109
and/or the G6 CRI.

Methods

Patient materials. We obtained fresh residual lymphoid material from
patients (ages 7-69, mean 26 yr) undergoing surgical tonsillectomy
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(Table I). Sections ofeach tonsil were frozen at -700C for immunohis- Chromaprobe Immunological) as described (1). Biotinylated antibod-
tochemical analyses as described (4, 23). A single-cell suspension was ies used to stain cells for three- or four-color immunofluorescence anal-
made from the remainder of each specimen. Mononuclear cells were yses were developed with Texas Red-avidin (Molecular Probes, Inc.).
isolated on density gradients ofFicoll-Hypaque, washed in Hanks' bal- Fluorescein-conjugated peanut agglutinin (FITC-PNA) was obtained
anced salt solution and then suspended in FCS containing 10% dimeth- from Vector Laboratories, Inc., Burlingame, CA. With the exception of
ylsufoxide (Sigma Chemical Co., St. Louis, MO), for storage in liquid PE or APC-labeled MAbs, all reagents were spun at 100,000 g for 15
nitrogen. Viability of recovered cells exceeded 90% before analyses. min before use.

Antibodies andfluorescence probes. G6, a murine IgG, MAb reac- Flow cytometric analyses. Three- and four-color flow cytometric
tive with a autoantibody heavy chain-associated CRI (5) was provided analyses were performed using a FACScan (Becton, Dickinson & Co.,
by Drs. Rizgar Mageed and Roy Jefferis (University of Birmingham, San Jose, CA) equipped with Consort30 (Hewlett-Packard Co., Palo
Birmingham, England). We obtained an IgG1 MAb specific for a Alto, CA) or a dual laser FACStarP` (Becton Dickinson & Co.)
VKIIIb subgroup determinant(s) (24), from Dr. George Abraham (Uni- equipped with a MicroVAX computer (Digital Equipment Corp.,
versity of Rochester, Rochester, NY). MAb 17.109 is as described (2). Marlboro, MA), as described (30). The latter allowed for use ofElectric
Fluorochrome-conjugated MAbs specific for CDIO (CALLA), and Desk software (Dr. R. Hardy, Fox Chase Cancer Center, Philadelphia,
CDl9 (Leu 12) were purchased from Becton-Dickinson Immunocy- PA). Unless otherwise indicated, cells were labeled with fluorochrome-
tometry Systems, San Jose, CA. Hybridomas obtained from the Ameri- conjugated MAbs and reagents in staining medium consisting of bio-
can Type Culture Collection, Rockville, MD were OKT3, an IgG2. tin-deficient RPMI-1640 (Irvine Scientific, Santa Ana, CA), 3% FCS
anti-CD3 (25), DA4-4, an IgG, anti-human mu heavy chain (26), (Gibco Laboratories, Grand Island, NY), and 50 mM Hepes (Irvine
dTA4- 1, an IgG3 anti-human delta heavy chain (27), and THB-5, an Scientific), pH 7.6. Although viability ofthe analyzed cell populations
IgG2, anti-CD21 (C3dR) (28). SC-l an IgG2, MAb reactive with hu- generally exceeded 90%, cells were stained also with propidium iodide
man CD5 (29), was provided by Dr. Robert Fox (Scripps Clinic and (1 ;&g/ml) to allow us to discriminate between living and dead cells
Research Foundation, La Jolla, CA). Anti-human kappa or anti-hu- during FACScan analysis (30).
man lambda MAb-producing hybridomas were as described (1, 7). An- Isolation ofG6-reactive cells. Tonsillar lymphocytes, 108, from ton-
tibodies were purified from ascites via precipitation with ammonium sil no. 7 (Table I), were incubated with FITC-conjugated G6 for 30 min
sulfate and either absorption with quartenary aminoethyl (Pharmacia at 4°C, washed, and then incubated with 1.6 x 107 anti-mouse IgG
Fine Chemicals, Uppsala, Sweden) or Protein A Sepharose column magnetic microspheres (Dynabeads, Dynal, Inc., Oslo, Norway) for 1 h
chromatography (BioRad Laboratories, Richmond, CA). Purified anti- at 4°C with gentle agitation. FACscan analyses of the G6-labeled cell
bodies were conjugated with either fluorescein isothiocyanate (FITC; population before addition of the magnetic beads demonstrated 4.1%
Molecular Probes, Inc., Eugene, OR), normal human serum-biotin ofthe cells displayed bright green fluorescence when excited at 488 nm
(Pierce Chemical Co., Rockford, IL), R-phycoerythrin (PE; Chroma- (Table I). Magnetic bead-bound cells were isolated by twice decanting
probe Immunological, Redwood City, CA), or allophycocyanin (APC; the cell suspension in the presence ofa strong magnetic field. FACScan

Table I. Lymphocyte Subpopulations in Human Tonsil

Sample no. Sex Dx Patient age CD3 CD5 CD19 CD5 B IgM IgD K L 17.109 VK3b G6 G6/17.109

yr %

I M CT 16 4 27 97 21 76 74 49 41 4.2 6.1 3.4 0.2
2 F CT 20 6 25 93 16 75 69 51 38 6.3 9.1 4.5 0.7
3 M AT 22 26 31 73 2 58 54 39 30 4.4 5.5 2.0 1.0
4 F AT 20 15 29 78 13 45 29 50 33 1.3 2.2 0.8 0.1
5 F AT 7 39 44 64 3 59 42 40 30 4.0 4.3 1.5 0.5
6 M CT 41 22 29 77 6 55 45 44 31 5.1 5.5 2.5 0.2
7 M CT 32 19 50 74 31 54 50 44 31 5.1 7.8 4.1 0.8
8 M OSA 69 34 40 64 5 33 30 34 28 2.9 3.0 1.6 0.2
9 F AT 19 49 55 45 10 24 19 20 19 3.3 ND 1.2 0.2
10 M CT 41 18 32 62 12 59 54 40 23 2.4 2.6 0.0 0.0
11 M CT 27 32 35 63 2 36 23 26 28 3.1 ND 2.2 0.2
12 F CT 17 52 55 44 6 22 19 21 17 2.9 3.1 2.2 0.3
13 M CT 24 14 26 87 11 48 36 42 38 3.7 ND 2.0 0.5
14 F AT 4 13 36 77 26 62 59 40 39 4.6 5.8 1.8 0.3
15 M CT 30 19 28 77 12 64 59 44 35 3.4 5.9 3.4 0.3
16 M OSA 42 11 29 91 18 69 71 51 37 6.0 ND 0.0 0.0
17 F CT 21 27 47 71 17 48 45 40 30 2.6 5.6 2.3 0.2
18 M AT 14 4 40 97 36 83 83 62 31 4.3 ND 2.7 0.3
19 M CT 21 38 44 55 8 31 28 30 22 3.9 5.0 3.3 0.7

Average 26 23 37 73 13 52 47 40 30 3.9 5.1 '2.2 0.4
SD 15 14 10 16 10 18 19 11 7 1.2 2.0 1.2 0.3

In the column labeled "Dx" are the diagnoses underlying the medical indication for tonsillectomy: AT, acute tonsillitis (history < 6 mo); CT,
chronic or recurrent tonsillitis; and OSA, obstructive sleep apnea. In the column labeled "patient age" are the ages of the patients from whom
biopsy specimens were obtained. Values in remaining columns indicate the percentages of cells that have the surface antigen phenotype listed
at the top ofeach column. Below each column are the mean percentages (average) and standard deviations of the mean (SD) ofthe values in each
column. ND, not done.
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analysis demonstrated the decanted cell population did not contain
any residual labeled cells. Cells adhering to the tube wall in the presence
ofthe magnet were recovered, washed in RPMI-1640, and then used as
the source of G6-positive cells. DNA was isolated from G6-positive
cells as described (8, 10), except that subsequent to digestion with Pro-
teinase-K, the magnetic beads were removed from the preparation by
1-min centrifugation at 13,000 g.

Polymerase chain reaction (PCR) amplification ofgenomic DNA.
PCR was performed on 1 Ag of DNA isolated from G6-positive cells
using Taq polymerase (31) (Cetus Corp., Emoryville, CA) and primers
that correspond to the sense strand ofa sequence common to the leader
sequence of all VHl genes [dGTTCHTCACCATGGACTGGACTG,
H=A/C/TJ and to the anti-sense strand of a JH consensus
[dCCTGAGGAGACMGTGACC, M=C/T], as described (10). At the
5' end of each primer, restriction sites for HindIll or EcoRI, respec-
tively, were added to facilitate cloning ofthe amplified gene fragments.
After 30 cycles of PCR, the amplified gene fragment was digested with
EcoRI and HindIII, purified via agarose gel electrophoresis, and then
cloned into a HindIII/EcoRI-digested pUC 19 vector (Bluescribe, Stra-
tagene, La Jolla, CA) for transformation into competent XL-1 Blue
(Stratagene). Colonies containing plasmids with recombinant inserts
were identified as described (7, 10). Plasmid DNA containing amplified
recombinant insert DNA was isolated for double-stranded DNA se-
quencing as described (32). In addition, 1/20th of the PCR reaction
mixture was analyzed by the method of Southern, as described (8).
Oligonucleotide probes corresponding to the anti-sense of a sequence
in the second complementarity determining region (G6-CDR2)
[dGCGTAGTTTGCTGTACC] or to the anti-sense of a sequence in
the second framework region (VHI-FR2) [dCCATCCACT-
CAAGCCCJ of the VHI gene expressed by G6-reactive CLL (10) were
used to probe the filter-immobilized DNA. Oligonucleotide synthesis,
labeling, hybridization, and washing conditions were as described (1),
with a final 1-min washing temperature of 490C. For DNA sequence
analyses, we used the Genetics Computer Group Sequence Analysis
Software Package on a VAX750 mainframe computer.

Results

Multiparameter flow cytometric analyses of tonsillar lympho-
cytes. We examined the lymphocytes from 19 tonsils using
multiparameter flow cytometric analyses. Although most speci-
mens were from young adults with acute or chronic tonsillitis,
two surgical specimens (nos. 8 and 16 in Table I) were from
patients with obstructive sleep apnea that required tonsillec-
tomy to ameliorate partial upper airway obstruction. We could
not discern any consistent phenotypic difference between these
two and the other lymphocyte populations (Table I). The pro-
portion ofCD I 9-positive B cells (73±16%; mean±standard de-
viation) generally exceeded the proportion of CD3-positive T
cells (23±14%) by twofold (Table I).

We readily detected CD5 B cells in each tonsil specimen
(Table I). The proportion ofCD5 B cells was calculated as the
percentage ofB cells labeled with a fluorochrome-labeled anti-
CD5 MAb minus the background percentage (< 0.5%) of B
cells stained with a fluorochrome-labeled anti-CD3 MAb of
the same mouse Ig isotype. Similar to the variation noted in the
proportions of B cells expressing CD5 in the peripheral blood
of young healthy adults (15), the proportions of tonsillar lym-
phocytes that co-expressed CD5 and pan-B lymphocyte surface
antigens ranged from 2% to 36% of the total lymphocytes or
from 3% to 42% of the total B cells (Table I).

We examined tonsillar lymphocytes for reactivity with
17.109 or G6. With few exceptions, each tonsil contained a
subpopulation of CRI-positive B cells that expressed the
17.109 and/or the G6 CRI (Table I). Cells bearing either CRI

uniformly expressed B cell differentiation antigens CDl 9 and
CD2 1 (data not shown). Lymphocytes that bound 17.109 com-
prised a subpopulation of B cells that expressed kappa light
chain of the VKIIIb subgroup. The proportion of 17.109-posi-
tive cells ranged from 1.3% to 6.3% (m = 3.9±1.2%) ofthe total
lymphocytes, from 3% to 16% (m = 10±3%) ofthe kappa light
chain-bearing cells, and from 46% to 97% (m = 77±16%) ofthe
cells expressing kappa light chains ofthe VKIIIb subgroup (Ta-
ble I). Except in tonsil specimens from two individuals, G6-pos-
itive cells expressed either kappa or lambda light chains and
comprised 0. 1-4.5% (m = 2.1±1.2%) ofthe total lymphocytes.
Cells expressing both the 17.109 and G6 CRI comprised a very
small subpopulation constituting < 0.1-1% (m = 0.4±0.3%) of
the total lymphocyte population (Table I). Tonsillar lympho-
cytes from two individuals (nos. 10 and 16 in Table I) did not
possess any cells that expressed detectable levels ofthe G6-CRI
(Table I). Immunohistochemical analysis of fresh frozen tissue
sections of these two tonsil specimens confirmed that these
tonsils lacked any G6-reactive lymphocytes (data not shown).

Four-color immunofluorescence analyses demonstrated
that CRI-positive tonsillar lymphocytes share with tonsillar
CD5 B cells the phenotype of mantle zone lymphocytes. Ton-
sillar B cells can be delineated into subpopulations based upon
the differential expression of sIgD, CD10 and receptors for
PNA (Fig. 1). Cells residing within the mantle zone bear sIgD
and fail to bind PNA or MAbs specific for CD1O (CALLA),
whereas B cells within the germinal center generally lack sub-
stantial sIgD, express low levels ofCDIO and avidly bind PNA
(33-35). We find that > 95% of tonsillar B cells reactive with
17.109 and/or G6 express sIgD and fail to bind PNA or MAbs
specific for CDI0 (Fig. 1, top). CD21-positive B cells that bind
anti-CD5 MAbs also have this phenotype (Fig. 1, middle).
However, we note that the gated CD2 1-positive B cell popula-
tions fail to bind anti-CD3 MAbs ofthe same mouse Ig isotype
(Fig. 1, bottom). These data indicate that tonsillar CD5 B cells
reside in the same anatomic sites as do CRI-positive B cells,
namely within the mantle zones encapsulating the germinal
centers of secondary B cell follicles.

Despite sharing the phenotype ofmantle zone B cells, CRI-
bearing lymphocytes, and CD5 B cells each appear to comprise
independent but partially overlapping B cell subsets. First, the
proportions ofCD5 B cells within the specimens apparently do
not correlate with the proportions of cells found to express
either one or both of the two CRIs. For example, in specimen
no. 3, MAbs 17.109 or G6 respectively reacted with 4.4% or
2.0% of the lymphocytes, whereas only 2% of this specimen's
cells expressed both pan-B cell surface antigens and detectable
levels of CD5 (Table I). In contrast, specimen no. 18 had a
much greater proportion ofCD5 B cells (36%) than tonsil no. 3,
but still had proportions ofCRI-bearing cells that were compa-
rable to that of specimen no. 3 (Table I). Secondly, over one
halfof the tonsillar B cells expressing 17.109 and/or G6 do not
express detectable levels ofthe CD5 surface antigen. For exam-
ple, cells staining with PE- 17.109 display brighter green fluores-
cence when co-stained with FITC-anti-CD5 than with FITC-
anti-CD3 (Fig. 2). However, a large fraction of the anti-CD5
stained CRI-positive cells (dashed line, Fig. 3, left panel) have a
green fluorescence intensity that is indistinguishable from that
of CRI-positive cells stained with a control anti-CD3 MAb of
the same mouse Ig isotype (solid line, Fig. 3, left panel). Less
than half of the tonsillar B cells that express both the 17.109
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and G6 CRIs also do not express detectable levels ofCD5 (Fig.
3, right panel).

Analyses of VH genes rearranged in G6-reactive tonsillar
lymphocytes. To examine the molecular basis for CRI expres-
sion in normal tonsil, we evaluated the VH genes rearranged in
G6-reactive lymphocytes using the PCR. Approximately 4
X 106 G6-reactive cells were isolated from tonsillar lympho-
cytes of tonsil no. 7 (Table I). Because all G6-reactive IgM
proteins ofknown sequence have heavy chain variable regions
of the VH I subgroup (10, 36), we performed PCR on genomic
DNA extracted from G6-positive cells using oligonucleotide

0)
0

0)
0

CD3

Figure 1. Probability distribution of tonsil-
lar B lymphocytes electronically gated to
depict only those cells staining positively
with APC-conjugated anti-CD21. Contour
plots describe the logarithmic red (ordi-
nate) or green (abscissa) fluorescence in-
tensity of cells stained with PE anti-CRI
MAb G6 (top row), PE anti-CD5 (middle
row), or PE anti-CD3 (bottom row) and
FITC anti-IgD (left column), FITC-PNA
(middle column), or FITC anti-CDIO (right
column).

primers designed to amplify any VHl that had undergone Ig
gene rearrangement with DJH gene segments (10). Southern
analyses of l/20th of the reaction product indicated that such
PCR generated fragments of - 600 bp that hybridized specifi-
cally with an oligonucleotide complementary to the second
framework region of all known VHl genes (VH1-FR2) (10)
(data not shown). Furthermore, PCR of 1 gg of DNA from
G6-reactive tonsillar lymphocytes generated amounts of VH1
gene product comparable to that ofPCR using 1 uig ofgenomic
DNA from G6-reactive CLL B cells (data not shown).

Nucleic acid sequence analyses ofthe cloned PCR products

... Figure 2. FACScan immunofluorescence
;--. . analyses of tonsillar lymphocytes labeled

with PE-conjugated 17.109 and fluores-
cein-conjugated anti-CD3 (left) or fluores-

2kit cein-conjugated anti-CD5 (right). Num-
bers correspond to the relative red (ordi-
nate) or green (abscissa) fluorescence
intensity of the cells when excited at 488

CD5 nm.
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reveal that G6-reactive tonsillar cells express homologous VH 1
genes. Independent colonies ofbacteria transformed with plas-
mids containing inserts derived from PCR of G6-reactive ton-
sillar lymphocyte DNA were screened by hybridization with
oligonucleotide "VHl-FR2" or an oligonucleotide specific for
the second CDR of VHl genes found to encode the G6-CRI
(G6-CDR2) (10). The DNA from all such colonies annealed
with either oligonucleotide probe under conditions of high
stringency (data not shown). 15 colonies were chosen at ran-
dom for nucleic acid sequence analyses. All clones have VH1
genes that are highly homologous to that ofL7, which in turn is
identical with that ofa VH l gene expressed in G6-reactive CLL
(10). The heterogeneity noted in the fifth base ofeach sequence
reflects the sequence of the VH 1 primer used to amplify the
rearranged VH genes (Fig. 4). This primer has an A/C/T wobble
at this position. Except for clone L8, all clones contain func-
tionally rearranged VH l genes. The VH gene of L8 is an appar-
ent pseudogene. This VH gene has a single point deletion in the
second base of codon 71 (Fig. 4) that produces downstream
termination codons in the third framework and complemen-
tarity determining region (Figs. 4 and 5). All other clones have
functional VH 1 genes without stop codons or gene rearrange-
ments that shift the reading frame of downstream gene seg-
ments.

Despite each clone having nearly identical VH regions,
there is great diversity among the various clones in the third
CDR (CDR3) and fourth framework regions. These regions are
encoded by the D and JH gene segments, that undergo recombi-
nation and amino-terminal nucleic acid base insertion immedi-
ately before VH gene rearrangement (42, 43). As such, the se-
quence ofthe CDR3 generally is idiosyncratic to each Ig V gene
rearrangement. Only two clones, L17 and L37, share identity
in the deduced CDR3 region, indicating that these two variable
region genes most likely were derived from the same B cell
clone (Fig. 5). All other clones have highly distinctive se-
quences in the deduced CDR3 region, indicating that each was
derived from an independent Ig V gene rearrangement (Fig. 5).
Most clones have a segment within CDR3 that has a high de-
gree ofsequence homology with a known germline D minigene
(37-41) (Fig. 5). Of the 14 distinct clones analyzed, at least 11
different germline D segments may be represented. In the re-
gion presumably encoded by a rearranged JH gene segment,
nearly half (6/13) of the 13 distinct and apparently functional
clones use JH4 (L17/37, L25, L34, L36, L39, and L41), three

17.109/G6+ Cells

Figure 3. Relative green fluorescence intensity of
tonsillar lymphocytes electronically gated to in-
clude only those cells staining positive for PE-
conjugated 17.109 (left) or PE-conjugated 17.109
and APC-conjugated G6 (right). Histograms

10o 1100 correspond to the logarithmic green fluorescence
intensity of such cells when co-stained with FITC-
conjugated anti-CD3 (solid line) or FITC-conju-
gated anti-CD5 (dashed line).

use JH5 (L22, L26, L42), four use JH6 (L7, L26, L30, and L33)
(Fig. 5). The VHl pseudogene, L8, apparently is juxtaposed
with JHl. In addition to the variety noted in the D and JH gene
segments, the lengths ofthe regions presumably encoded by the
DJH gene segments varies greatly among the various clones,
ranging from 18 codons for the shortest (L26) to 38 codons for
L30 (Fig. 5).

Discussion

This study examines the relationship between CD5 B cells and
tonsillar lymphocytes that express major autoantibody-asso-
ciated CRIs respectively defined by MAbs 17.109 or G6. The
former constitute a significant subpopulation of B cells that
readily is identified in each tonsil population (Table I). The
latter define significantly smaller proportions ofB cells, and for
G6-CRI-expressing cells, are not represented in all tonsils ex-
amined. Both populations have surface antigen phenotypes of
mantle zone lymphocytes. Although originally claimed to re-
side in the germinal centers of human tonsil (1 1), tonsillar B
cells expressing CD5 subsequently were noted to express low
levels ofLeu 16 (CD20) using multiparameter flow cytometric
analyses (34). In addition, we note that both tonsillar CD5 B
cells and CRI-positive B cells express surface IgD and lack de-
tectable binding affinity for anti-CD10 MAbs and PNA. These
phenotypic characteristics distinguish B cells located in the
mantle zone from lymphocytes residing within the germinal
center (34, 35). As such, these studies indicate that CD5 B cells
reside in the same anatomic location as do cells bearing the
17.109 or G6 CRI.

However, not all CRI-bearing B cells are "CD5-positive" B
cells. Despite sensitive immunofluorescence techniques, we
find that less than half ofthe B cells bearing the 17.109-CRI or
the G6-CRI express detectable levels of CD5. This also is true
for B lymphocytes co-expressing both CRIs. As indicated by
studies on isolated IgM paraproteins (22), such 17.109 and G6
reactive cells have a high probability of bearing sIg with RF
activity. This suggests that RF-bearing B cells may not express
detectable levels of CD5.

Conceivably, CD5-negative CRI-bearing B cells may have
differentiated from CD5 B cells. A recent study indicated that
human CD5 B cells may "differentiate" and thereby loose sur-
face expression ofCD5 upon in vitro culture with interleukins
(ILs), IL-l and IL-2 (44). Concomitant with the loss of CD5,
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these cells acquired phenotypic characteristics of germinal
center lymphocytes; i.e., they lost sIgD expression and became
positive for CD10. However, as noted, CRI-bearing B cells that
do not express CD5 have the phenotype of mantle zone lym-
phocytes. Thus, CD5-negative CRI-bearing B cells at least do
not represent such differentiated CD5 B cells.

Alternatively, CRI-bearing B lymphocytes may constitute a
B cell population with characteristics of the CD5 B cell. Al-
though used as a marker for a subpopulation ofB lymphocytes,
the expression ofCD5 has no known relationship to the appar-
ent physiology ofthe CD5 B cell, and may in fact be an epiphe-
nomenon (reviewed in reference 45). Furthermore, B cells can-
not be delineated readily into discrete subpopulations based on
the detectable level of CD5 surface antigen. Enumeration of
CD5 B cells requires subtraction methods, in which the percent
number of isotype-control-stained B cells that have fluores-
cence above a certain threshold is subtracted from percent num-
ber ofanti-CD5-MAb-stained cells that are detected above that
same threshold. Cells with extremely low levels of CD5 may
not fluoresce brightly enough to be scored as positive, even
when stained with the brightest of fluorochrome-labeled anti-
CD5 MAbs. As such, it may be argued that all CRI-bearing B
cells actually may express CD5, but at levels below detection
using flow cytometric analyses.

Finally, CRI-bearing "CD5-negative" B cells may be simi-
lar to the CD5-negative "sister" population ofB cells detected
in the mouse (46-48). In experiments aimed at characterizing
the CD5 B cell population and its progenitors in the mouse
peritoneum, peritoneal B cells were found that did not express
surface CD5 but apparently had other phenotypic traits pecu-
liar to CD5 B cells (46), such as the surface expression ofMAC-
1 (CDl lb) (49), extended longevity in vitro, or ability to gener-
ate spontaneous oligoclonal B cell expansions in vivo that re-
semble human B cell CLL (50). In transfer experiments, such
CD5-negative sister cells initially were found to reconstitute
mice only whenever the adoptive hosts were reconstituted with
CD5 B cells (46). More recent studies, however, suggest that
such cells may constitute a related but possibly independent
and self-renewing B cell subpopulation that may arise latter in
ontogeny than B cells that express detectable levels ofthe CD5
surface antigen (46, 48). By analogy, CD5-negative CRI-bear-
ing B cells may be generated at a later stage ofB cell develop-
ment than CRI-bearing CD5 B cells, but still express many of
the traits that are associated with the CD5 B cell.

One peculiar phenotypic characteristic proposed forCD5 B
cells is stable Ig V gene expression with little or no somatic
mutation. Independent clones of CD5 B cells may express
identical V genes without evidence for somatic mutation (51,
52). The antibodies encoded by such V genes frequently are
reactive with a variety of self antigens, i.e., proteolytically pro-
cessed erythrocyte membranes, denatured DNA, and/or the Fc
portion of self IgG (53-57). Stable expression of such V genes

with little or no somatic mutation may account for the finding
that CD5 B cells are enriched for cells that spontaneously pro-
duce IgM autoantibodies (19, 20).

In this light, it was important to examine the V genes ex-
pressed by CRI-bearing cells. Previous studies indicated that
the G6 CRI was found on Ig heavy chains ofthe VH1 subgroup
(58). In CLL, G6 reactive leukemia cells were found to express
identical VH 1 genes, indicating that the G6 CRI is a marker for
one VH1 gene(s) expressed with little or no somatic mutation
(10). However, it was not known whether this relationship is
valid for nonmalignant G6-reactive B cells. Conceivably, B
cells free to permute their expressed V genes through the pro-
cess of somatic mutation may express G6-reactive Ig encoded
by other VHl genes or VHl genes that have diversified from
those present in the germline DNA. Indeed, the VHl heavy
chains of a few IgM autoantibodies that share only modest
homology to the heavy chain expressed by G6-reactive CLL are
known to react with the G6 MAb (58). Particularly in light of
the finding that a large fraction of G6-reactive cells do not
express detectable levels of CD5, it was important to examine
the VH 1 genes used by cells expressing the G6-CRI.

Nucleic acid sequence analyses of the Ig VH1 genes
rearranged and presumably expressed in G6-reactive cells re-
vealed little evidence for somatic mutation. Other than clones
LI 7, L30, and L34, all other clones have VHl genes that were
identical to L7 (Fig. 4). The VH genes of clones LI 7 and L34,
that apparently are derived from the same B cell clone (LI 7/
L34), differ from L7 at only two sites (Fig. 4). LI 7 and L34,
moreover, share with an independent clone, L30, the same
nonconservative G -> A substitution in codon 74. Conceivably
the L17/L34 and the L30 VHl genes are derived from the same
allele. In this case, the common base substitution noted in these
clones may represent an allelic polymorphism in the VH1
gene(s) encoding G6-reactive heavy chains, rather than a so-
matic mutation event. In any case, in over 5,600 bases evalu-
ated for the VH genes of the 13 independent and functional
clones, we find only three base substitutions, representing a
fidelity in the DNA sequences of > 99.94%. The absence of
even nonconservative base changes indicates that the con-
served VH gene sequences are not the mere consequence of
selection for cells having reactivity for the G6 MAb. Rather,
these data indicate that G6-reactive tonsillar B cells express
homologous VH1 genes with little or no somatic mutations.

Even in the CDR3 region, much ofthe diversity apparently
is not the result of somatic mutation subsequent to Ig gene
rearrangement. Except at sites flanking the D region that may
be generated by amino-terminal sequence insertions, three-
fourths of the independent clones (1 1/15) have short stretches
of complete homology with known germline D segments (L7,
L8, L22, L24, L26, L30, L33, L34, L36, L39, L42). Also, ex-
cept for codons immediately contiguous to the D-JH junction,
all clones that use the same JH gene segment have sequences

Figure 4. Nucleic acid sequence comparison of rearranged Ig VH I genes amplified from G6-reactive tonsillar lymphocytes. The name of each
sequence is listed on the left. All sequences are compared with L7. A dot ( - ) indicates homology between the compared sequences and a letter
indicates a base difference. In L8, the site of the single base deletion is framed with brackets. Listed above the sequence of L7 are the amino acid
position numbers according to Kabat et al. (37), and descriptions indicating the location of the leader sequence, the CDR1 and CDR2. The 5'
end of the leader sequence that corresponds to the PCR primer is indicated by a double underline. The sequences recognized by the oligonucle-
otide probes "FR2" (aa positions 44-49) and "CDR2" (aa positions 55-60) are underlined. These sequence data are available from EMBL/
GenBank/DDBJ under accession numbers M65090-M65 104.
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D SEGMENT
GlyGlyLysGlyIleThrMetThrSer

L7 GGGGGCAAAGGAATTACTATGACTTCT
Dxp'1 T......... GT-CGGGGAGTTATTATAAC

LeuGlyGlyValEndGlnLeuValArgV
L8 GAGGGGGAGTATAGCAGCTCGTCCGCG

DN4 ..................

GlySerThrValThrThrGlyAsp
L17 GGGAGTACGGTGACTACGGGAGAT

DAl T--C . A--A-----

GluGlyTyrCysSerSerThrSerCysSer
L22 GAGGGATATTGTAGTAGTACCAGCTGCTCG

DLR4 A.........................ATGCCC

GluValValGlyCysSerSerThrSerCys
L24 GAGGTGGTTGGTTGTAGTAGTACCAGCTGC

DLR2 A-GATA...................TATGCCC

SerLeuArgArgTyrSerSerGlyTrpTyrGluGly
L25 TCCCTCCGGCGGTATAGCAGTGGCTGGTACGAGGGT

DN1 G. CA.

GlyAsp
L26 GGGGAC

Dq52 CTAACT.....

L30

Dxpl

JH SEGMENT
TyrCysTyrTyrTyrGlyMetAspValTrpGlyGlnGlyThrThrValThrValSerSer
TACTGCTACTACTACGGTATGGACGTCTGGGGCCAAGGGACCACGGTCACCGTCTCCTCA

A.............. JH6

alLeuProAlaLeuGlyProGlyHisProGlyHisArgLeuLeu
TACTTCCAGCACTGGGGCCAGGGCACCCTGGTCACCGTCTCCTCA

GCTGAA............................................. JH1

PheAspTyrTrpGlyGlnGlyThrLeuValThrValSerSer
TTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA

TAC.................A........................ JH4

AsnTrpPheAspProTrpGlyGlnGlyThrLeuValThrValSerSer
AACTGGTTCGACCCCTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA
. T.A. JH5

TyrTyrTyrTyrGlyMetAspValTrpGlyGlnGlyThrThrValThrValSerSer
TACTACTACTACGGTATGGACGTCTGGGGCCAAGGGACCACGGTCACCGTCTCCTCA

TAC.............................G........................... JH6

PheAspTyrTrpGlyGlnGlyThrLeuValThrValSerSer
TmTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA

TAC.................A........................ JH4

AsnTrpPheAspProTrpGlyGlnGlyThrLeuValThrValSerSer
AACTGGTTCGACCCCTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA
. T.A. JH5

GlyArgThrArgValSerValSerThrLeuTyrAspSerSerGlyTyrTyrAspPheSerGly TyrTyrGlyMetAspValTrpGlyGlnGlyThrThrValThrValSerSer
GGCCGGACCCGGGTATCGGTTTCGACCCTCTATGATAGTAGTGGTTATTACGACTTCTCCGGC TACTACGGTATGGACGTCTGGGGCCAAGGGACCACGGTCACCGTCTCCTCA

*TATTA-G--AT-TTG-C.........TA--

Gly
L33 GGA

DLR1 ... TATTGTACTGGTGGTGTATGCTATACC

GlySerSerTrpThr
L34 GGCAGCAGCTGGACC

DN1 A..........TA-

MetTyrAsnTrpAsnPhe
L36 ATGTATAACTGGAACTTT

DM1 G..............AC

GlySerThrValThrThrGlyAsp
L37 GGGAGTACGGTGACTACGGGAGAT

DAl T--C A--A----

AspThrSerSerGlyTyrTyrArg
L39 GATACTAGTAGTGGTTATTATCGC

Dxp4 GTATTAC .. TT-T-G............AC-

GlyGlyValAlaGlyArgProHis
L41 GGCGGAGTTGCTGGTAGGCCCCAT

DLR4 AGGATATT-TA-T-CCA----C--T,--

GlyGlyMetGlyTyrCysSerGlyGlySerCys
L42 GGGGGGATGGGATATTGTAGTGGTGGTAGCTGC

DLR2 A........................TACTCCC

TACTACTAC................. G........................... JH6

TyrTyrTyrTyrTyrGlyMetAspValTrpGlyGlnGlyThrThrValThrValSerSer
TACTACTACTACTACGGTATGGACGTCTGGGGCCAAGGGACCACGGTCACCGTCTCCTCA

G.-G---------------------------JH6
PheAspTyrTrpGlyGlnGlyThrLeuValThrValSerSer
TTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA

TAC.................A........................ JH4

PheAspTyrTrpGlyGlnGlyThrLeuValThrValSerSer
TLTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA

TAC................A........................ JH4

PheAspTyrTrpGlyGlnGlyThrLeuValThrValSerSer
TTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA

TAC.................A........................ JH4

LeuAspTyrTrpGlyGlnGlyThrLeuValThrValSerSer
CTTGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA

TACT...............A........................ JH4

PheAspTyrTrpGlyGlnGlyThrLeuValThrValSerSer
TTCGACTACTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA

TAC--T..............A........................ JH4

TyrTrpPheAspProTrpGlyGlnGlyThrLeuValThrValSerSer
TACTGGTTCGACCCCTGGGGCCAGGGAACCCTGGTCACCGTCTCCTCA
A.T .A. JH5

Figure 5. Deduced D and JH segments of the Ig heavy chain variable region sequences. Each sequence is compared to the known D and JH seg-
ments that have the greatest homology (37-41). Sequence comparisons are indicated as in Fig. 2. These sequence data are available from
EMBL/GenBank/DDBJ under accession numbers M65090-M65 104.

that differ from known germline JH gene segments at the same
site and with the same base substitution (Fig. 5). For example,
all clones with JH4 differ from published germline JH4 mini-
genes (59) with a A -- G substitution in the sixth codon of the
JH segment (Fig. 5). In addition, an A - G substitution at this
same location was noted in the deduced JH4 gene segment used
by G6-reactive leukemic cells (10) and 4B4, a human-human B
cell hybridoma expressing a VH4 gene with little or no somatic
mutation (56). It is unlikely that such substitutions would oc-

cur repeatedly in different clones that had undergone indepen-

dent gene rearrangements. As such, except at sites that may be
permuted during the process of Ig gene rearrangement, the dif-
ferences from published JH sequence may be secondary to ge-
netic polymorphisms, rather than to somatic mutations in the
rearranged JH gene segment.

It is unlikely that the methods used in this study skewed our
analyses to favor isolation of rearranged V genes that not un-
dergone somatic mutation. We used primers corresponding to
consensus sequences common to all JH gene segments and to a
sequence at the 5' region of all VH 1 leader sequences. Conceiv-

2094 T. J. Kipps and S. F. Duffy



ably, chance mutations in a rearranged VH 1 gene at the sites
recognized by these primers may disrupt the ability ofthat VH l
gene to be amplified by our methods. However, these same
primers have successfully amplified VHl genes other than those
found in this study, including VHl genes that have undergone
apparent somatic mutation subsequent to V gene rearrange-
ment. (T.J. Kipps, R. Kobayashi, and S. Duffy, unpublished
observations). Also, the amount ofVHl gene product produced
in PCR of G6-reactive tonsillar lymphocytes is comparable to
that produced in PCR of G6-reactive leukemia cell DNA.
Thus, it seems unlikely that the bias introduced by our meth-
ods could account for the results that we obtained in this study.
Rather, a more likely explanation is that G6-reactive tonsillar
B cells express homologous VH 1 genes with little or no somatic
mutations.

Consistent with this interpretation is our finding that some
of the tonsils tested did not have any cells reactive with G6. If
the G6 MAb could bind to heavy chains encoded by several
different VH I genes, then finding persons without any G6-posi-
tive cells would be unlikely. That over I10% ofthe tonsils exam-
ined did not have any cells reactive with the G6 MAb, indicates
that a fairly high proportion ofthe population may lack expres-
sion ofany VH genes that can encode Ig heavy chains with this
major CRI. Considering the conservation noted in the VHl
gene sequences of G6-reactive cells ([10] and this study), the
frequent expression of the VH 1 gene(s) encoding the G6-CRI
the fetal immune repertoire (18, 60), the association of the
G6-CRI with IgM autoantibodies (5, 61), and relative high-fre-
quency expression of this CRI in CLL and SLL (4, 6), the
absence ofG6 expression may reflect a polymorphism in VH 1
gene use that possibly has physiologic significance.

Finally, these studies indicate that a relatively high propor-
tion ofmantel zone lymphocytes expresses autoantibody-asso-
ciated CRIs. sIgD-bearing cells constitute only a fraction ofthe
total B cells, ranging from 37% to 87% of the CD19-positive
cells (Table I). As noted, the 17.109 CRI and/or the G6 CRI
predominantly is expressed by cells that co-express sIgD. Since
such sIgD bearing cells predominantly represent mantle zone
lymphocytes, the 17. 109-reactive, or G6-reactive cells, respec-
tively, may constitute 4-17% and 0-12% of the mantle zone
lymphocytes. These frequencies approach those noted for CRI
expression in CLL. Conceivably transformation of lympho-
cytes such as those found in the mantel zone may account for
the high frequency expression ofautoantibody-associated CRIs
in CLL and related malignancies. However, there is an appar-
ent bias for co-expression of both 17.109 and G6 by leukemia
cell populations that is not noted in most tonsillar lymphocyte
populations studied. Biased co-expression of the 17.109 CRI
and the G6 CRI by leukemia cell populations may reflect selec-
tion of CRI-bearing cells based upon the binding activities of
the expressed Ig. Further comparative analyses ofthe immuno-
globulins produced by malignant and normal B cells may help
resolve whether neoplastic CRI-bearing cells arise from a sub-
set of normal CRI-bearing B lymphocytes.
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