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Abstract

 

The factors controlling immunoglobulin (Ig) gene repertoire

formation are poorly understood. Studies on monozygotic

twins have helped discern the contributions of genetic ver-

sus environmental factors on expressed traits. In the present

experiments, we applied a novel anchored PCR-ELISA sys-

tem to compare the heavy chain V gene (V

 

H

 

) subgroup rep-

ertoires of 

 

m

 

 and 

 

g

 

 expressing B lymphocytes from ten pairs

of adult monozygotic twins, including eight pairs who are

concordant or discordant for rheumatoid arthritis. The re-

sults disclosed that the relative expression of each Ig V

 

H

 

gene subgroup is not precisely proportional to its relative

genomic size. The monozygotic twins had more similar IgM

V

 

H

 

 gene repertoires than did unrelated subjects. Moreover,

monozygotic twins who are discordant for RA also use

highly similar IgM V

 

H

 

 gene-subgroup repertoires. Finally,

the V

 

H

 

 gene repertoire remained stable over time. Collec-

tively, these data reveal that genetic factors predominantly

control V

 

H

 

 gene repertoire formation. (

 

J. Clin. Invest.

 

 1996.

98:2794–2800.) Key words: monozygotic twins 

 

•

 

 B cell 
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Introduction

 

B cells produce immunoglobulins (Ig) as effector molecules
and as antigen receptors. The mature Ig molecule is the prod-
uct of multiple non-contiguous gene segments. The variable
regions of Ig H chains are assembled from variable (V

 

H

 

), di-
versity (D

 

H

 

) and joining (J

 

H

 

) genes. The human V

 

H

 

 complex is
composed of approximately 100 gene segments per haploid ge-
nome, including at least 51 functional genes, as judged by suc-
cessful rearrangement in cloned cDNA. The remainder are ei-
ther pseudogenes or potentially functional genes never found
productively rearranged. On the basis of nucleic acid sequence
homology, the V

 

H

 

 genes have been grouped into 6–7 families.
Among the seven families, the V

 

H

 

3 family is the largest, and

consists of 22 functional genes. The V

 

H

 

1 and V

 

H

 

4 families each
contain approximately a dozen functional genes, and V

 

H

 

2,
V

 

H

 

5, V

 

H

 

6, and V

 

H

 

7 families contain 3, 2, 1, and 1 functional
genes, respectively (1).

Although human fetal B lymphocytes rearrange and ex-
press a highly restricted set of V

 

H

 

 genes (2–6), the frequency of
Ig V

 

H

 

 gene rearrangement in cord blood lymphocytes is
roughly proportional to V

 

H

 

 family size (7). In adults, some
genes such as V

 

H

 

 18/2, and V

 

H

 

 4.21 are expressed in high fre-
quency (8–10). Deletions or duplications of individual V

 

H

 

genes may partially explain their relative expression through a
gene dosage effect (11). However, inherited differences in reg-
ulatory or coding sequences and/or environmental stimuli
could also influence V

 

H

 

 gene expression. 
Previous studies on T cell receptor variable region gene

(TCRV) alleles revealed that apparently minor sequence poly-
morphisms can affect gene expression in the periphery (12–
14). By analyzing monozygotic adult twins, we disclosed that
the TCRV gene repertoires of 

 

ab

 

 T lymphocytes are con-
trolled mainly by genetic factors. In contrast, the repertoire of

 

gd

 

 lymphocytes depends principally on environmental stimuli
(15). HLA is the predominant genetic factor in TCRBV reper-
toire formation, whereas polymorphisms of TCRV genes
probably play a lesser role (16–18).

The goals of the present investigations were to ascertain
the genetic regulation and stability of human Ig V

 

H

 

 gene ex-
pression, and to determine if a chronic immunologic disease,
rheumatoid arthritis (RA), could unbalance the repertoire.
Both 

 

m

 

 and 

 

g

 

 transcripts were analyzed from 10 pairs of
monozygotic twins, including two normal pairs, four pairs dis-
cordant, and four pairs concordant for RA. The problem of Ig
V

 

H

 

 gene diversity was avoided by application of a quantitative
anchored PCR-ELISA technology (19, 20). The results showed
that the expression of V

 

H

 

 genes in adults was not proportional
to V

 

H

 

 gene family size. The V

 

H

 

3 and V

 

H

 

4 gene families were
dominant in 

 

m

 

 and 

 

g

 

 transcripts, while the large V

 

H

 

1 gene fam-
ily was underrepresented. Regardless of the presence or ab-
sence of RA, the peripheral B cells from monozygotic twins
had homologous and distinctive patterns of V

 

H

 

 family gene ex-
pression. Also, the V

 

H

 

 gene-subgroup expression pattern for
each individual remained stable, over 6 month period of obser-
vation. Thus, genetic factors primarily control V

 

H

 

 family gene
repertoire formation in humans. The inherited pattern of V

 

H

 

expression is not grossly altered by time, or chronic systemic
autoimmune disease.

 

Methods

 

Clinical samples.

 

Monozygotic twins with RA were identified in the
course of epidemiological investigations on RA in the United King-
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dom (21). Two normal pairs were identified in Tokyo and San Diego.
They were all Caucasians except for one pair of Japanese twins.
Monozygosity of the studied twins was confirmed by genotype analy-
sis using anonymous probes. RA was diagnosed according to the
American College of Rheumatology criteria (22). The affected twins
were seropositive for rheumatoid factors. The clinical profiles of the
RA monozygotic twins are shown in Table I. The patients had active
disease when their blood samples were collected. Peripheral blood
mononuclear cells (PBMC) were isolated with density gradient sedi-
mentation.

 

Oligonucleotides.

 

PCR primers, C

 

m

 

1 (5

 

9

 

-GGA ATT TCT CAC
AGG AGA CGA) and BTNC

 

m

 

2 (5

 

9

 

-biotin- AAA AGG GTT GGG
GCG GAT GCA CT) were specific for the human IgC

 

m

 

 gene.
BTNC

 

m

 

2 was reacted with biotinylated phosphoramadite (Clontech,
Palo Alto, CA). PCR Primers, C

 

g

 

1 (5

 

9

 

-CCT GAG TTC CAC GAC
ACC GT) and BTNC

 

g

 

2 (5

 

9

 

-biotin-GTA GTC CTT GAC CAG
GCA) were specific for the human IgC

 

g

 

 gene, and BTNC

 

g

 

2 was bi-
otinylated likewise. The C

 

m

 

1 and C

 

g

 

1 were used for primary APCR;
BTNC

 

m

 

2 and BTNC

 

g

 

2 were used for nested PCR amplification of
V

 

H

 

 domain cDNA of IgM and IgG heavy chains, respectively. An-
chor primers, ANC and AN were the same ones used previously for
APCR of TCR cDNA (23). The Ig V

 

H

 

 genes were classified into V

 

H

 

1-6
families. A small, recently identified V

 

H

 

7 family was included in V

 

H

 

1
family, which is related most closely. Based on all V

 

H

 

 gene sequences
published in the literature and data bases (24), 6 sense-strand oligo-
nucleotides were designed to specify the leader sequences of the V

 

H

 

1-
V

 

H

 

6 gene families (V

 

H

 

1 probe: 5

 

9

 

-ATG GAC TGG ACC TGG
AGG, V

 

H

 

2 probe: 5

 

9

 

-ATA CTT TGT TCC ACG CTC CT, V

 

H

 

3
probe: 5

 

9

 

-GAG TTT GGG CTG AGC TGG, V

 

H

 

4 probe: 5

 

9

 

-CTG
GTG GCA GCT CCC AGA, V

 

H

 

5 probe: 5

 

9

 

-ATC CTC GCC CTC
CTC CTG, V

 

H

 

6 probe: 5

 

9

 

-TGT CTC CTT CCT CAT CTT CC). The
theoretical dissociation temperatures of all oligonucleotides to their
target Ig leader sequences were 58

 

8

 

C.

 

Anchored PCR followed by nested PCR.

 

The DNA templates for
PCR amplification of Ig V domain gene from PBMC were prepared
as described previously (23). In brief, total RNAs were isolated from
the PBMC and converted to single stranded cDNA. After size selec-

tion (0.5–3 kb) and hydrolysis of the remaining RNA, they were poly-G
tailed with dGTP and terminal deoxytransferase. Subsequently, free
dGTP was removed by two sequential sodium acetate precipitation
steps. The dG-tailed first strand cDNA were subjected to primary
APCR amplification in 100 

 

m

 

l of 10 mM Tris-HCl (pH 8.3), 50 mM
KCl, 1.5 mM MgCl

 

2

 

, 0.001% gelatin, 200 

 

m

 

M dNTPs, 1 U Perfect
Match Polymerase Enhancer (Stratagene, La Jolla, CA), 2.5 U Taq
DNA polymerase (Boehringer Mannheim, Indianapolis, IN). The
primers consisted of anchor primers (9:1 mixture of AN and ANC
primers) and C

 

m

 

1 for IgM heavy chain V domain cDNA amplifica-
tion, or C

 

g

 

1 for IgG heavy chain V domain cDNA amplification, at a
concentration of 0.5 

 

m

 

M. The amplification consisted of 20 cycles of
95

 

8

 

C for 30 s, 42

 

8

 

C for 30 s, and 72

 

8

 

C for 1 min followed by final ex-
tension for 7 min. The products were size selected (500–750 bp) on
agarose gels and one third was removed for nested PCR. The reaction
mixture was same as that of the primary anchored PCR except for the
primers; 0.5 

 

m

 

M each of an AN primer and a BTNC

 

m

 

2 or BTNC

 

g

 

2
primer were used. The biotinylated primers specified upstream re-
gions of the C

 

m

 

1 or C

 

g

 

1 priming sequence. Twenty-five cycles of
nested PCR were carried out at an annealing temperature of 53

 

8

 

C,
and the products were purified on mini-columns (Wizard PCR preps;
Promega, Madison, WI). Nested PCR reactions with the biotinylated
primer were performed not only to increase the specificity of the am-
plification but also to put a biotin molecule at the 5

 

9

 

 end of the anti-
sense strand of the PCR product.

 

Construction of 

 

V

 

H

 

1-6 leader DNA.

 

To standardize hybridization
efficiencies of the six probes, a 124-bp DNA fragment which con-
tained tandemly aligned leader specific sequences of each of six Ig V

 

H

 

gene subgroups was generated. A pool of the six V

 

H

 

-family specific
oligonucleotides and bridging oligonucleotides (V

 

H

 

1/2: 5

 

9

 

- ACA
AAG TAT CCT CCA GGT, V

 

H

 

2/3: 5

 

9

 

- CAA ACT CAG GAG CCT
GGA, V

 

H

 

3/4: 5

 

9

 

- GCC ACC AGC CAG CTC AGC C, V

 

H

 

4/5: 5

 

9

 

- GCG
AGG ATT CTG GGA GCT, V

 

H

 

5/6: 5

 

9

 

- AGG AGA CAC AGG
AGG AGG. V

 

H

 

6/H; 5

 

9

 

- ACC AAG CTT GGA AGA TGA GGA
[underlined is a HindIII restriction site]) were mixed, phosphorylated
and ligated. The ligated DNA fragment was amplified with an E/V

 

H

 

1
primer (5

 

9

 

- CCA GTC CAT GAA TTC AGA [underlined is a EcoRI
restriction site]) and a V

 

H

 

6/H primer using Pfu DNA polymerase
(Stratagene), and subcloned into pBluescript II SK

 

1

 

 plasmid (Strat-
agene). The plasmid was linearized with PvuII enzymatic digestion,
before amplification of the insert DNA with a T3 primer (5

 

9

 

- ATT
AAC CCT CAC TAA AG) and a BTN T7 primer (5

 

9

 

- biotin-AAT
ACG ACT CAC TAT AG). Two primers flanked the pBluescript II
SK

 

1

 

 multicloning site, and the BTN T7 primer was biotinylated at
the 5

 

9

 

 end. The anti-sense strands of the PCR products had comple-
mentary sequences to the six V

 

H

 

 probes, and had biotin molecules at
the 5

 

9

 

 ends.
PCR-ELISA. 200-ml aliquots of 8 mg/ml 1-ethyl-3(3-dimeth-

ylaminopropyl) carbodiimide hydrochloride (Pierce, Rockford, IL)
and N-hydroxysulfosuccinimide (Pierce) in ME buffer (50 mM MES
[2-{N-morpholino} ethanesulfonic acid, pH 5.5], 1 mM EDTA) were
freshly prepared and incubated in the wells of polystyrene plates with
carboxylated surfaces (Covalent EIA plate, Costar, Cambridge, MA)
for 15 min. Incubation of the plates with streptavidin and subsequent
washing was carried out as described previously (23). Each of the oli-
gonucleotide probes was labeled with a single molecule of digoxige-
nin using terminal transferase.

DNA hybridization in microtiter wells. Appropriate amounts of
each PCR product, resuspended in 100 ml of 63 SSC, 0.1% Tween-
20, were distributed among six streptavidin-bound wells. Incubation
with 0.1 N NaOH stripped away the sense strands, leaving the anti-
sense strands captured on the plates at their biotinylated 59 ends.
Then, 150 ml of a 25 pM solution of each digoxigenin labeled sense-
strand VH specific probe was placed for hybridization at 428C.

ELISA of bound probes. After the wells were washed three
times, they were incubated with peroxidase-conjugated anti-digoxige-
nin antibodies (Boehringer Mannheim), and subsequently with tet-
ramethylbenzidine microwell peroxidase substrate (Kirkegaard &

Table I. RA Monozygotic Twins Studied

Twin Age Sex
Duration
of disease HLA DR

Discordant twins

A1 65 F 25 yr 4/10

A2 65 F No disease 4/10

B1 44 F 9 yr 3/7

B2 44 F No disease 3/7

C1 47 M No disease 2

C2 47 M 1 yr 2

D1 64 F No disease 2/11

D2 64 F 14 yr 2/11

Concordant twins

E1 55 F 19 yr 1/6

E2 55 F 11 yr 1/6

F1 39 F 19 yr 4

F2 39 F 19 yr 4

G1 57 F 27 yr 1/6

G2 57 F 22 yr 1/6

H1 42 F 19 yr 1/4

H2 42 F 24 yr 1/4

All affected twins were seropositive. Homozygosity for HLA-DRB

shared epitope was a potent risk factor for disease concordance (38).
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Perry Laboratories, Gaithersburg, MD). The reaction was stopped
with 1M o-phosphoric acid after 30–60 min and OD values were re-
corded at 450 nm with a microplate reader (Molecular Devices,
Menlo Park, CA).

The PCR products derived from the standard VH1-6 leader DNA
generated 6 standard curves for individual VH probes. Six sets of 100
ml of 1:2 serial dilutions of the amplified VH1-6 leader DNA, ranging
from 480 fM to 1 nM, were applied onto the streptavidin-bound wells,
hybridized with the VH leader probes. They were then reacted with
peroxidase-conjugated anti-digoxigenin antibodies and its substrate
at the same time as the PCR products from the sample cDNA were
processed.

The optical densities were transformed to concentrations accord-
ing to the standard curves using the Deltasoft II software program
(Biometallics, Princeton, NJ). Separate standard curves were gener-
ated for each experiment to control for potential differences of hy-
bridization efficiencies of the six VH probes. The frequency of each
VH gene use was calculated by dividing the concentration of each VH

gene product by the total concentration of VH genes.
Conventional library screening with DNA dot blot hybridization

and nucleotide sequence analysis of the amplified Ig genes. The prod-
ucts of the initial anchored PCR were further amplified with a Cg3
primer (59-AAT CGT CGA CGT AGT CCT TGA CCA GGC A:
underlined is a Sal I recognition site) and an AN primer (which con-
tained a Not I site). The Cg3 and Cg1 primers have the same priming
sequence, and the Cg3 has an additional linker sequence at 59 end.
The products were subcloned into pBluescript II SK1 plasmids. Re-
combinant clones were randomly selected for plasmid DNA dot blot-
ting. An internal Cg4 probe (59- ATC GGT CTT CCC CCT GGC), a
VH3 probe, a VH4 probe and a mixture of VH1, VH2, VH5 and VH6
probes were labeled, and used for hybridization to calculate frequen-
cies of VH3 and VH4 family genes (15). The extracted DNA were also
used for nucleic acid sequence determination.

Statistical analyses. To compare the VH gene repertoires of two
subsets of donors, the Euclidean distance was calculated by determin-
ing the square root of the sum of the squares of the difference of each
VH gene frequency. In statistics, the distance represents the linear dis-
tance between pairs of land marks in a multiple dimension space. This
value was used in the present study, as an indicator of the discordance
of two VH gene repertoires. P-values were determined with the
Mann-Whitney U test, using StatView 4.11 (Abacus Concepts Inc.,
Berkeley, CA).

Results

Hybridization. To verify the specificity of the designed oligo-
nucleotide probes for the leader sequences of the VH family
genes, we tested them for cross-hybridization to unrelated VH

genes. Plasmids with rearranged Ig heavy chain V domain
cDNA clones belonging to the six Ig VH families were ampli-
fied by conventional PCR with a T3 primer and a 59 biotiny-
lated BTN T7 primer. The PCR products were distributed
equally, captured onto streptavidin-coated ELISA plates, and
hybridized with each digoxigenin-labeled leader-specific VH

probe. Each probe hybridized specifically to the PCR products
of plasmids corresponding to the appropriate Ig VH gene fam-
ily. With the hybridization conditions described in the Materi-
als and Methods, no cross-hybridization was observed between
a probe and a PCR product derived from an irrelevant Ig VH

family gene (data not shown).
Reproducibility of APCR-ELISA and comparison with

conventional methods. IgM heavy chain m transcripts from pe-
ripheral lymphocytes of a single healthy donor were amplified
with two independent amplifications. The VH gene frequencies
in m transcripts from the two experiments are shown in Fig. 1

A. The VH gene frequencies of g transcripts from the same do-
nor are also shown for comparison. Compared to IgM express-
ing B cells, the IgG used more VH3 family genes and less VH4
family genes.

To confirm that the anchored PCR-ELISA data reflect the
real frequency of each VH family’s gene expression, we ampli-
fied IgG VH region cDNA from the same cDNA, cloned the
products into pBluescript II, and randomly selected 56 recom-
binants for DNA dot blot hybridization with individually la-
beled Cg4, VH3, VH4 probes or with a mixture of VH1, 2, 5, and
6 probes. The frequencies of VH3 and VH4 family genes were
55% and 16%, respectively. They corresponded well to the
data obtained by the APCR-ELISA method (63% and 18%).
Sequence analyses showed that all clones positive with the Cg4
probe had leader sequences homologous to one of the VH

leader sequence probes.
To compare the mutation frequencies within the probing

sequences of the VH3 and VH4 genes, we sequenced 24 VH3
clones and 13 VH4 clones. Among the 24 VH3 gene transcripts,

Figure 1. Expressed VH m and g gene repertoires from a single donor. 
(A) m gene repertoire data were generated with two different amplifi-
cations of PBMC cDNA. Each of the results is shown separately 
(IgM1-1, 2). g gene repertoire is shown for comparison (IgG1). (B) m 
and g gene repertoires (IgM2, IgG2) of the same donor six months 
later.
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12 clones had no mutations, six had one, four had two, and two
had three nucleotide replacement mutations. On the other
hand, among the 13 VH4 gene transcripts, 9 clones had no mu-
tations, two had one, and two had two mutations. Those tran-
scripts with only a single mutation hybridized well to the
probes (with 70% or more efficiency), while transcripts with
two or more mutations did less efficiently (with 10–40% effi-
ciency). The leader genes of VH4 g transcripts had no more
mutations than those of VH3 g transcripts.

Chronological analysis of VH gene repertoires. Six months
after analyses of the m and g VH gene repertoires of a single
healthy donor, PBMC were collected again for repeat VH rep-
ertoire analysis (Fig. 1 B). The overall VH gene family expres-
sion patterns by both IgM and IgG B cells were remarkably
stable over time.

Comparison of m and g VH gene repertoires. To determine
how genetic factors control VH gene expression, PBMC from
10 pairs of monozygotic twins were studied. The twin pairs in-
cluded two healthy pairs, four pairs discordant, and four pairs
concordant for RA (Table I). As is shown in Fig. 2 A, the VH3
family genes were predominant in the m transcripts (range
22.0–62.0%, mean 45.6%), followed by the VH4 family genes
(range 22.4–54.5%, mean 40.8%). The large VH1 gene family
was underrepresented (range 1.6–17.7%, mean 8.9%), fol-
lowed by VH5 (mean 2.2%), VH2 (mean 1.3%), and VH6
(mean 1.2%). 

Amplification of g transcripts from two twin pairs did not
yield sufficient PCR products for analysis. The VH gene reper-
toires of the other eight twin pairs are shown in Fig. 2 B.
Again, Ig VH3 family genes were expressed predominantly
(range 47.3 –74.1%, mean 60.5%), followed by VH4 family
genes (range 14.0–30.8%, mean 20.3%). However, VH4 gene
expression was 20.5% lower in g than m transcripts. The third
most frequently expressed gene family was VH1 (range 5.4–
21.5%, mean 11.7%), followed by VH5 (mean 5.5%), VH6
(mean 1.2%), and VH2 (mean 0.8%).

Comparison of the peripheral B cell repertoires from

monozygotic twins. To investigate genetic and environmental
effects on the VH gene repertoires, the m and g repertoires of
the monozygotic twins were compared. Representative results
of two pairs each from RA discordant (pairs A and B), concor-

dant (pairs E and F), and normal (pairs M and N) twin pairs
are shown in Fig. 3. The m and g VH repertoires were remark-
ably similar between monozygotic twins. The VH family gene
use in m and g transcripts from RA patients and control sub-
jects were not distinguishable, despite the chronic immune
stimulation and hypergammaglobulinemia characteristic of
this disease.

To assess numerically the similarity of two given VH gene
repertoires of the same isotype (either m or g), we calculated
the Euclidean distance between repertoires of each combina-
tion of two individuals. The Euclidean distances of the m VH

transcripts were significantly smaller in the monozygotic twins
than in unrelated individuals (P 5 0.02, by Mann-Whitney U
test, Fig. 4). The data show that identical twins have more sim-
ilar m repertoires than do unrelated subjects. The distances for
the g transcripts did not reach statistical significance because
of the smaller sample size.

Discussion

Quantitative analysis of m and g transcripts in peripheral blood
lymphocytes from 10 pairs of adult monozygotic twins re-
vealed that VH gene family expression was controlled by ge-
netic factors, often could distinguish one individual from an-
other, and remained stable despite time and disease. 

The probe sequences within the leader regions of the six Ig
1–6 VH gene families were designed such that somatic hyper-
mutation would not interfere with hybridization. PCR amplifi-
cation of the Ig transcripts does not depend on VH region se-
quences, and potential differences of hybridization efficiencies
of the probes were normalized using the VH1–6 leader DNA.
Sequence analyses of cloned VH cDNAs confirmed that the
leader sequence primers could hybridize to nearly all Ig VH

genes. Although somatic mutations in the leader regions po-
tentially could influence the efficiency of probe hybridization,
these occurred at random positions and not preferentially on
specific VH family genes and, thus, did not hinder the fre-
quency analysis. Indeed, the PCR-ELISA method, and con-
ventional cloning and hybridization, yielded equivalent VH

gene frequencies.
Although the VH1 and VH4 families each contain similar

Figure 2. Expressed VH m and g 
gene repertoires from monozy-
gotic twins. (A) m repertoires of 
20 twins. (B) g repertoires of 16 
twins. The whiskers include 10–
90 percentiles, and the boxes 
include the 25–75 percentile 
values. The horizontal bars 
indicate median values.
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numbers of functional VH genes, VH1 genes account for fewer
transcripts than VH4 in the expressed VH gene repertoire. This
provides further support for the concept that functional Ig VH

genes are not used randomly in the normal adult B cell reper-
toire.

IgG B cells derive from IgM B cells by class switching after
antigenic stimulation. One would expect, therefore, that the
expressed IgG would depend upon environmental stimuli,
while the expressed IgM would depend upon genetic and de-
velopmental factors. However, the m and g VH gene expression
patterns were similar in all subjects. Thus, exogenous antigens
do not normally skew the basic inherited pattern of Ig VH gene
expression by peripheral B lymphocytes. The VH family gene
expression pattern does not necessarily correlate with immu-

noglobulin specificity. However, VH gene usage may be re-
lated, to some extent, to the specificity of the repertoire, since
it has been reported that the VH gene usage by rheumatoid fac-
tor B cells was also conserved by RA discordant monozygotic
twins (25).

The fetal Ig gene repertoire is enriched in B cells with po-
tentially self-reactive Ig receptors (2-6). These findings imply
that heterogeneity of self antigens may potentially expand or
delete particular naive B cell populations. Many different hu-
man autoantibodies use genes from the VH4 family. Positive
selection by autoantigen (26) is one possible explanation for
the predominance of VH4 genes in m transcripts and to a lesser
degree in g transcripts, which was also observed in previous
studies of a single donor (27).

Figure 3. Representative data of 
the VH gene repertoires of differ-
ent twin pairs. To better clarify 
similarity of the twins’ reper-
toires, the proportions of VH1 to 
VH6 were connected by the lines. 
(M and N) Normal monozygotic 
twins; (A and B) monozygotic 
twins discordant for RA; (E and 
F) monozygotic twins concor-
dant for the disease (Table I).
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The immunological experience of monozygotic twins should
be more similar than that of unrelated individuals. However,
the twins studied were all more than 39 yr old, and lived at dif-
ferent locations. Moreover, RA is a systemic autoimmune dis-
ease often associated with increased Ig turnover, and with cir-
culating autoantibodies against self IgG (rheumatoid factor).
The genes encoding rheumatoid factor derive from a restricted
pool (28, 29). We expected that the affected RA twins would
have different Ig VH gene repertoires from those from the un-
affected, but direct analysis refuted this supposition. There
were no unique biases in VH family gene usage attributable to
the disease. The genetically regulated VH family gene reper-
toires were not grossly altered as a consequence of RA. The
homogeneity of Ig V gene expression over 6 months in a nor-
mal individual also indicated that antigen exposure does not
alter the inherited pattern of VH gene use.

The anchored PCR approach determines the relative fre-
quencies of VH genes in a cDNA pool, but does not enumerate
numbers of B cells expressing specific Ig VH family gene prod-
ucts. Transcription of Ig VH genes expands severalfold after
humoral immune activation by antigen, and thus should vary
over time. Nonetheless, the VH gene family expression pat-
terns of peripheral B cells were very similar in monozygotic
twins and remained stable over at least 6 months.

What are the genetic factors that control VH gene family
usage? Human VH genes are polymorphic both in haploid
number and in structure. Three insertions of multiple VH gene
segments have been reported (30–34). One insertion resulted
in a gain of five functional VH genes, while the second and
third led to gains of two, and one functional gene segments.
The VH insertions occur in 73, 50, and 27% of normal individu-

als, respectively. Allelic sequence polymorphisms in VH genes
usually involve relatively few nucleotide substitutions (35, 36).
Duplicate VH gene polymorphism also dictates expression fre-
quency of the corresponding gene (11). Thus, differences in VH

gene family expression among individuals could derive from
insertion/deletion and duplicate polymorphisms, and allelic se-
quence polymorphisms. In mice, regulation of VHJ558 family
gene expression in neonatal, but not adult, peripheral B cells
maps to the IgH gene locus (37). Family studies are under way
in our laboratory to define more precisely the genetic loci that
regulate VH gene expression.
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