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Abstract

Expression of Ig and Ig-related genes has been studied in bone
marrow cells from two patients with severe form of X-linked
agammaglobulinemia (XLA). Phenotypic analysis revealed
the presence of pre-B cells, in the absence of mature B cell
markers. The pre-B-specific genes, X-like and V pre-B, were

normally transcribed. Sequence analysis of 48 distinct V-D-J
cDNA clones directly derived from XLA bone marrow cells
indicated that they had characteristics of an early fetal pre-B
repertoire. All VH families were identified, with a strong bias
in the gene usage: a few VHgenes were largely overexpressed,
either germline or slightly mutated; most genes had been lo-
cated 3' of the VHlocus and were also used in fetal liver (8-13
wk of gestation). Short D regions, (resulting from D-D fusion,
making usage of all Dgenes in both orientations with utilization
of the three reading frames), restricted N diversity, and a fetal
JH usage pattern were also observed. Taken together, our data
suggest that the XLA defect does not alter V-D-J rearrange-
ments nor the expression of u, X-like, and V pre-B transcripts
and most likely results in a poor efficiency of some critical steps
of the B cell maturation. (J. Clin. Invest. 1993.91:1616-1629.)
Key words: immunoglobulin - immunoglobulin-related gene ex-

pression- primary immune deficiency

Introduction

X-linked agammaglobulinemia (XLA)' is a primary immune
deficiency characterized by a severe impairment of immuno-
globulin synthesis correlated with a low number of mIgM-posi-
tive B lymphocytes and by the lack of plasma cells (reviewed in
references and 2). Analysis of the X chromosome inactiva-
tion in XLA carrier women has shown that the defect was

specific to the B cell lineage (3-7). The exact nature of the
defect is, however, not known. B precursors characterized by
early markers such as TdT, CD10, and CD19 ( 8) are present in
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the bone marrow. Although truncated heavy chains have been
identified earlier (9), the recombinases that direct Ig and T cell
receptor (TCR) gene rearrangement do not seem to be affected
by the XLA gene since the T cell compartment appears to be
normal (8). More recent reports have shown that the IGH
locus could recombine, and that some Epstein-Barr virus
(EBV)-transformed cell lines could be derived from XLA pa-
tients, suggesting that block of the B cell maturation was leaky
(3, 10-13).

Ig gene expression necessitates rearrangements that occur
according to an apparently strict ordered program H - K X
( 14). Studies using transgenic mice ( 15) and gene targeting
( 16) have clearly shown that each step is controlled by the
successive Ig gene products in their membrane form. Expres-
sion of the g chain at the surface of pre-B cells has been shown
to take place through the so-called A- 4'L complex in which the
regular L chain is replaced by the product of two genes, specifi-
cally expressed in pre-B cells, termed V pre-B and X-like ( 17-
22). Because the XLA defect seems largely characterized by an
impairment of the early steps of B cell differentiation, we have
studied the expression of Ig and Ig-related genes in non trans-
formed bone marrow cells isolated from XLA patients. Our
results indicate that there is no major impairment at the pre-B
stage. The X-like and V pre-B genes are expressed, and the H
chain repertoire makes use of all VHfamilies, with a pattern of
expression that resembles that of the fetal tissues. This observa-
tion, taken together with the fact that some level of light chain
rearrangement takes place, suggests that the XLA defect most
likely resides in a poor efficiency of a critical step of the B
cell maturation, independent of the Ig gene recombination
machinery.

Methods

Cases report. Bone marrow from two XLA patients was used in this
study. Patient L.E. was a 3-yr-old boy with recurrent otitis and gas-
troenteritis from the age of 3 mo. Blood cell counts showed neutro-
penia and normal amount of lymphocytes. Serum immunoglobulin
levels were below detection threshold (0.07 mg/ml for IgG, IgM, and
IgA). No B cell, as appreciated from the lack of mIgM positive cells,
was found. Diagnosis of XLA was confirmed by the X inactivation
pattern analysis of the mother cells using methylation sensitive enzyme
and restriction fragment length polymorphism (RFLP) study (5). A
skewed pattern of X inactivation was observed in the mother EBV-de-
rived B cell lines while T lymphocytes and polymorphonuclear cells
displayed the expected random pattern. Patient R.S. was a 20-yr-old
manwith recurrent upper and lower respiratory tract infection. Serum
immunoglobulin levels were below detection threshold and no mIgM-
positive cells were detected in blood samples.

Surface marker analysis. Cells were isolated from freshly drawn
heparinized bone marrow by means of Ficoll-Hypaque (Pharmacia
Fine Chemicals, Uppsala, Sweden) density gradient centrifugation. Flu-
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orescence staining was performed using the following antibodies:
CD19 (IOB4, IgGI), CD21 (IOBla, IgGl), CD22 (IOB22, IgGl),
CD24 (IOB3, IgG I), CD34 (IOM34, IgGi ), from Immunotech, Mar-
seille, France and anti-mIgM (Caltag, San Francisco, CA). Direct fluo-
rescence staining was performed using PE- or FITC-conjugated mAb
(CDl9, CD34). Indirect immunofluorescence staining (CD21, CD22,
CD24) was performed using a FITC- or PE-conjugated goat anti-
mouse Ig (Gamig, Nordic, Tilburg, The Netherlands). The analysis
was performed using a FACSCAN(Becton, Dickinson & Co., Moun-
tain View, CA), on cells gated to exclude myeloid cells.

Preparation of cDNAs. Extraction of RNA from 2 X 106 bone
marrow XLA or normal cells was performed by the guanidinium thio-
cyanate method followed by centrifugation in cesium chloride solu-
tion, according to Sambrooke et al. (23), as indicated in detail else-
where (24). cDNAwas prepared from 2 ,g of total RNA, using 0.8 ,g
of oligo dT as primer and the reverse transcriptase of Bethesda Re-
search Laboratories (Cergy-Pontoise, France) used according to the
manufacturer's instructions.

PCRanalysis. PCRwas performed in a Perkin-Elmer Cetus (Nor-
walk, CT) apparatus, following the manufacturer's instructions, and
using 500 ng of cDNA with 50 pmol of the appropriate oligonucleo-
tides. Amplified products were run in agarose gel made 2%in l x 0.089
MTris, 0.089 MBorate, and 2.5 mMEDTA(TBE) and transferred on
Hybond N membrane in 20X SSCand characterized upon hybridiza-
tion with specific probes.

Experimental conditions used for the analysis of the pre-B-specific
gene expression were previously described using non saturating sub-
strate concentrations, i.e., between 100 and 500 ng of RNA(24) and
led to the identification of specific fragments of 210 and 190 bp for V
Pre-B and X-like amplification products, respectively. Normalization
by reference to normal bone marrow cells was introduced using ampli-
fication of actin RNA. In addition, for each series of PCR, control
samples of RNAfrom one positive cell (Nalm-6, a pre-B cell line) and
two negative cells ( 1SP3, an EBV-derived cell clone and Jurkat, a T-cell
line) were run in parallel. A blank containing no input RNAwas also
included.

Analysis of the K transcripts was performed following the same con-
ditions, using in separate experiments oligonucleotides corresponding
to the four different family-specific VK segments (25) and to the 5'
terminal section of the CK coding sequence (linker sequences are itali-
cized):

VK1: (5'A TCCGCGGACATCCAGATGACCCAGTC3')

VK2: (5'A TCCGCGGATATTGTGATGACTCAGTC3')

VK3: (5'ATCCGCGGAAATTGTGTTGACGCAGTC3')

VK4: (5'A TCCGCGGACATCGTGATGACCCAGTC3')

CK: (5'ATGCGGCCGCGGGAAGATGAAGACAGATG3')

The amplified products were checked with a JK probe. A blank
containing no input RNAwas also included.

Construction of cDNA libraries and identification of the cDNA
clones. VH transcripts from patient R.S. were cloned after anchored
PCR. cDNAbetween 0.5 and 2 kb were purified by electrophoresis on
0.8% low melting point agarose in 1 x TBE and oligo dG tailing was
performed as described by Loh et al. (26) with TdT (Bethesda Re-
search Laboratories) for 20 min at 37°C. Amplification was performed
with 2.5 units of Taq polymerase (PROMEGA)in 100 ,g of the stan-
dard buffer and 50 pmol of each oligomer (linkers are italicized):

linker-oligo dC:

(5'A TGCATGCCGCGGCCGCCCCCCCCCCCCC3')

Cu linker:

(5'A TCCGCGGCCGCGGAATTCTCACAGGAGACGA3')

for 30 cycles in a Perkin Elmer Cetus apparatus with the following

program: first cycle 94°C, 3 min; 50°C, 4 min; 72°C, 2 min; 10 cycles
94°C, 1.5 min; 50°C, 4 min; 72°C, 2 min; 19 cycles 94°C, 1.5 min;
55°C, 4 min; 72°C, 2 min except for the last cycle for which the final
extension at 72°C proceeded for 10 min. The amplified material was
separated on 1% low melting point agarose gel and the fraction con-
tained within the 0.3- and 0.6-kb range was isolated. One-tenth of this
material was amplified with the same primers for 40 cycles at 58°C.
Amplified products were precipitated and the resulting DNAwas di-
gested with NotI, ligated in NotI-treated and dephosphorylated blue-
script vector (Stratagene, Inc., La Jolla, CA). Transformation was per-
formed in JM 101 by electroporation (27). Resulting colonies were
screened with the JH probe.

VH transcripts from patient L.E. were cloned by PCRusing, in
separate experiments, oligonucleotides corresponding to the different
family specific VHleader segments and to the 5' terminal section of the
C, coding sequence (linkers are italicized):

VH1:

(5'AAAGCGGCCGCATGGACTGGACCTGGAGGGTC3')

VH2/VH4:

(5'ATCCGCGGCCGCATGAAACACCTGTGGTTCTT3')

VH3:

(5'AAAGCGGCCGCATGGAGTTTGGGCTGAGCTGG3')

VH5:

(5'AAAGCGGCCGCATGGGGTCAACCGCCATCCTC3')

VH6:

(5'AAAGCGGCCGCATGTCTGTCTCCTTCCTCATC3')

CM:

(5'ATCCGCGGCCGCGGAATTCTCACAGGAGACGA3').

for 30 cycles in a Perkin-Elmer Cetus apparatus with the following
programme: first cycle: 94°C, 3 min; 600, 3 min; 720, 3 min; 29 cycles:
940, 1.5 min; 600, 3 min; 720, 3 min except for the last cycle for which
the final extension at 72°C proceeded for 10 min. The amplified mate-
rial was separated on 1% low melting point agarose gel and the fraction
at 0.45 kb was isolated. One-tenth of this material was amplified with
the same primers for 30 cycles at 60°C. Amplified products were di-
gested with NotI, and cloned as above. Resulting colonies were
screened with the VH-specific probes.

DNAsequencing. DNAsequencing was performed by the dideoxy
chain termination protocol (28) using 35SdATP and a DNAsequenc-
ing system-T7 DNA polymerase (Amersham International, Amer-
sham, UK). Inserts were sequenced using T3 and T7 oligonucleotides.

DNAprobes. IgCX is a genomic 0.7-kb EcoRI-HindIII fragment
containing the CX3 gene (29) obtained from Dr. M.-P. Lefranc (Mont-
pellier II University, Montpellier, France) and was used to identify the
cross-reactive X-like gene product. V pre-B is an amplified product
from amino acid residues 50-120 of the coding region (22). JH (0.5 kb
SacI) (30) and JK (2 kb SstI) (31) genomic probes were gifts from Dr.
P. Leder (Harvard Medical School, Boston, MA). VHl (0.3 kb PstI-
EcoRI from pVE3-D1O) and VH2 (1.2 kb EcoRI-EcoRV from pVCE-
1) genomic probes were obtained from Dr. T. Honjo, Faculty of Medi-
cine, Kyoto, Japan (32). VH3 (0.32 kb EcoRI-HaeIII from y F9
cDNA (33), VH4 (0.33 kb PstI from 1-911), VH5 (0.38 kb HincIl-
PstI from 5-1 R1), and VH6 (0.3 kb EcoRI-Stul from 6- 1 R1) genomic
probes were given by Drs. J. Berman and F. Alt, Howard Hughes Medi-
cal Institute, Boston, MA(34).

Results

Phenotypic characterization of bone marrow XLA cells. FACS
analysis of bone marrow cells from one patient (L.E.) is given
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a Normal b XLA

in Fig. 1. No mIgM was detected, whereas - 33% of the cells
was found positive for CD19 and/or CD22. From these, 66%
were found double-positive with respect to the CD34 marker,
as opposed to 14%in normal bone marrow cells. By contrast all

Figure 1. FACSanalysis of
(a) normal and (b) XLA
bone marrow cells. CD19,
CD34, mIgM were identified
respectively with PE-conju-
gated IOB4, FHTC-conju-
gated IOM34, and anti-IgM
by direct immunofluores-
cence. CD22 was tested with
1OB22 by indirect immuno-
fluorescence using a FITC-
conjugated GAMIG. Fluo-
rescence intensity was ex-

pressed on a log scale.
Analysis was performed on

cell gate to exclude myeloid
cells.

XLA cells were negative for CD21 and CD24 (33% and 37% in
the controls, respectively, data not shown). In addition, immu-
nofluorescence revealed some cells with intracytoplasmic 4
chains (9/500 mononuclear cells) whereas no intracytoplas-
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mic light chain (K + A) was detected. Cells from patient R.S.
were checked only for mIgM, and were all found negative.

Expression of the A-like and Vpre-B genes. To normalize
the amount of RNAused for A-like and V pre-B amplification
from both XLA and normal bone marrow cells, we first per-
formed a PCRanalysis using serial dilutions of RNAand actin-
specific oligonucleotides (data not shown). Ranges covering
500-100 ng from both RNAswere then amplified with A-like
or V pre-B specific oligonucleotides. In Fig. 2 a is reported the
A-like PCRpattern obtained for 500, 400, and 300 ng of both
cDNAs. Specific bands were identified at 190 bp with the same
decrease in intensity for the two samples. No signal was recov-
ered at lower concentrations, as already reported (24). V pre-B
and A-like PCRpatterns obtained with 500 ng of normal and
XLA bone marrow cells are given in Fig. 2 b. The 2 10-bp
(VpreB) and 190-bp (A-like) specific bands have similar inten-
sities, whichever their origin. Similar results were obtained for
the two XLA patients clearly suggesting that the two pre-B
specific genes were normally expressed on a quantitative basis
in XLA patients.

Analysis of the V-D-J repertoire in XLA bone marrow cells.
RNAfrom Ficoll purified bone marrow cells from patient R.S.
was amplified by anchored PCRusing a 5'CQ-specific oligonu-
cleotide, yielding nine different sequences, of which six were of
the V-D-J type with variable VH lengths, one was of the D-J-
Cju form (RS 54), and two (RS 39 and RS51 ) for which pres-
ence of VHresidues could not be determined due to the limited
size of the transcripts (Table I). In order to select for complete
transcripts, RNAfrom patient L.E. was amplified using 5'C'4
and each of the leader VH-specific oligonucleotides. 143 clones
were sequenced, from which 39 different V-D-J sequences were
identified and are listed according to the VH family grouping
in Table I. Most sequences were obtained several times from
different clones (between two and nine), with identical results.
The complete sequences have been deposited at the EMBL
data bank (accession nos. X65883-X65920).

It can be observed that all VH families are used except
VH2, which was earlier shown to be poorly expressed in the
normal Ig repertoire (38). Within each family, all transcripts
were assigned to one of the known germline genes, taken from

a
A.-like

EMBLdata bank or from recently published data (36) as indi-
cated in Table I. The number of nucleotide substitutions neces-
sary to derive the cDNAsequences from the known germline
genes is also indicated. In most cases, fewer than 10 mutations,
that occurred randomly all along the VHsegment, were suffi-
cient to derive most expressed sequences from the germline
genes. 40% of the transcripts had two mutations or fewer, in-
cluding six sequences that were completely germline. Alterna-
tively, minor nucleotide substitutions may be due to allelic
polymorphism as illustrated by comparison with the data of
Shin et al. (35). On the basis so defined, gene usage within each
family clearly appears restricted. For instance, in the VHI fam-
ily, six different germline genes accounted for the 13 reported
sequences, of which gene 1-3b (35) was encountered six times.
Four genes were used in a total of 11 VH4 sequences, V 79
being present seven times (37).

Sequences encompassing the CDR3regions are presented
in Fig. 3 according to the JH usage. Assignment of Dsegments
was defined using homology with direct and reverse D (40-42)
and DIR (DH gene containing irregular spacer signals [431)
germline sequences on the basis of a minimal length of six
identical nucleotides or seven nucleotides with no more than
one mismatch. It can be seen on Fig. 4 that the expressed D
segments could be derived from one single germline gene (47%
of the sequences) to up to four Dgenes resulting from multiple
fusions. Both direct and reverse sequences were identified, with
occasional usage of DIR genes. Three sequences did not match
any of the known Dgenes. Most Dgenes were expressed (Table
II), of which 27% in the reverse orientation. The DXPfamily
accounted for 38% of the total. The three reading frames were
used, although reading frame 2 was used more frequently.

Detailed organization of the CDR3regions is given in Fig.
3. Nsequences were introduced whenever no nucleotide coun-
terpart could be identified on either of the V, D, or JH germline
segments. Finally, whenever nucleotides could undifferently fit
with 3V or 5'D and/or with 31D or 5'J, they were arbitrarily
assigned to V or to J, respectively. On these grounds, N diver-
sity, with possible P diversity (39), appeared very limited, since
it was absent in over 40% of either the V-D and the D-J junc-
tions. When present, the N diversity segment averaged four

bp bp

190

210 -

1 2 3 1 2 3 NBM XLA NBMXLA

NBM XLA

Figure 2. Expression of the X-like and V
pre-B genes in XLA and normal bone

190 marrow cells (NBM), by PCRanalysis. (a)
A-like amplification using 500 (1), 400 (2),
and 300 ng (3) of RNA. (b) V pre-B and
X-like amplification using 500 ng of RNA.
PCRproducts were detected after electro-
phoresis on 2%agarose gel by ethidium
bromide staining. Sizes were estimated
from the 4X174 -Hae III fragments.

X-linked Agammaglobulinemia Pre-B Cells Express Normal Immunoglobulin 1619

b
Vpre-B /-like



Table I. Main Characteristics of XLA g Transcripts

Length Length
VH N DH N JH N-D-N CDR3 I/O

D23/7
DIR#
DHFL16
DHFL16
DHFL16
DHFL16
DHFL16

8"1 DHQ52
2 DK4**-DM2*t
3 DIR 1-DLR4#
6 DK1

DIR1-D23/7-DKl-DXPl
deleted
unknown
unknown
DK1

2 DK4-D21/7
2 D21/7#-DHQ52

D21/7-DIR1#
6 DN1-D21/05
6 DNI-D21/05
4 DXP4

11 D21/9
1 DHFL16
3 DHFL19

unknown
3 D21/9
3 DIR1#
3 D21/9

D21/7-D23/7
3 D21/9
2 D21/05
9 DN4-DXP1
3 DLR2
1 DLR5#-DLR2
2 DXP4-DHFL16
4 **DK4*t-DK4
5 D21/10-DM1
4 DMI#
4 DN1
1 D21/9-D21/7

DLR2$$-DN1-D22/12
3 D21/7
2 DMI-DLR3#

DHQ52-DLR3
D21/9-DM2

12 DLRl-DKl

6
3
3

5 3
5 3
5 3
5 4
6 4
2 3

6
4
6
4

deleted
6
6

1 6
4

6 4
4

3 4
3 4
1 4
5 3

6

3
3

1 4
4 3
1 4
4 3
5 5
7 3
9 6
1 4

6
1 4
7 3

4
6 6
1 4

6
5 6

6
4
4

10 6

0 30' in**
7 27 out
8 30 in

13 30 in
13 30 in
13 30 in
13 30 in
14 27 in
17 36 in
18 42 in
20 33 in
20 51 in
31 51 in

4
4
8

19
24
25
25
25
26
35
12
12
20
21
22
24
24
24
30
38
42
20
25
28
31
10
21
23
28
36
17
22
32
40

21
21
33
39
39
42
42
42
42
54
42
36
42

in

in
in

out
in

in

in
out
in
in
in

38 in
45 in
45 in
45 in
54 in
66 in
66 in
33 in
57 in
46 out
51 in
27 in
48 in
39 in
57 in
69 in

* Sequences are grouped according to the VH families.
* All germline gene sequences are taken from references 35 and 36 except V 11 and V79 taken from reference 37 and VH32 taken from reference
38.
I Number of mutations from the corresponding germline genes.

Number of nucleotides in N region.
'Length of CDR3was taken from residue 93 of the VH to the position preceding the TGGcodon of the JH.
** I, in frame (in); and 0, out of frame (out).
# D germline gene used in reverse orientation.
s VH family could not be assigned due to partial sequences.
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LE 1-6
RS 1-103
LE 1-17
LE 1-25
LE 1-54
LE 1-10
LE 1-100
LE 1-9
RS 1-92
LE 1-82
LE 1-29
LE 1-42
LE 1-76
LE 1-23
LE 3-1
LE 3-2
LE 3-13
RS 3-128
LE 3-21
LE 3-12
LE 3-11
LE 3-20
LE 3-16
LE 3-15
LE 4-5
LE 4-30
LE 4-89
LE 4-103
LE 4-63
LE 4-104
LE 4-8
LE 4-34
LE 4-56
LE 4-105
LE 4-19
LE 5-3
LE 5-11
LE 5-7
LE 5-2
LE 6-14
RS 6-91
RS 6-21
LE 6-16
LE 6-1
RS 39
RS 54
RS 51
RS 12

1* 1-4b$ (3)1
1 1-8 (1)
1 1-3b (1)
1 1-46 (5)
1 1-46 (5)
1 1-3b (5)
1 1-46 (6)
1 1-3b (0)
1 partial
1 1-3b (2)
1 1-2 (7)
1 1-3b (0)
1 1-3b (0)
1 1-3 (4)
3 3-13 (4)
3 3-30 (2)
3 3-7 (3)
3 partial
3 3-30 (2)
3 3-23 (4)
3 partial
3 3-23 (7)
3 3-64 (9)
3 3-11 (9)
4 V79 (7)
4 V79 (2)
4 4-39 (8)
4 VII (7)
4 V79 (10)
4 V79 (6)
4 V79 (4)
4 V79 (10)
4 V79 (2)
4 4-39 (5)
4 4-34 (1)
5 VH32 (4)
5 VH32 (1)
5 VH32 (1)
5 5-51 (0)
6 6-1 (1)
6 6-1 (0)
6 6-1 (2)
6 6-1 (2)
6 6-1 (0)
"partial
D-J
*partial
*partial



VH N

RS 1-103 TGTGCGGGA

LE 1-17 TGTGCGAGAGA

RS 1-92 TGTGCGAGAGA TAGGTGGC

LE 4-89 TGTGCGAGAGA

LE 4-104 TGTGCGAGAA CAC

LE 4-34 TGTGCGAGAA CAC

"LE 4-105- TGTGCGAGAGA TCTAGAGGG

LE 5-2 TGTGCGAGA CGTCC

LE 3-15 TGTGCGAGAGG AGTGGACCGAT

LE 1-25 TGTGCGAGAGA TGACTACG

LE 1-54 TGTGCGAGAGA TGACTACC

LE 1-10 TGTGCGAGAGA TGACTACG

LE 4-103 TGTGCGAGAA CAC

LE 1-76 TGTGCGAGA

RS 54

RS 51

LE 4-8 TGTGCGAGAGA

RS 3-128 TGTGCGAAAGA

LE 5-7 TGTGCGAGA

LE 3-12 TGTGCGAAAC

LE 3-11

LE 3-20 TGTGCGAAAC

LE 6-14 TGTGCAAGAGG

LE 1-100 TGTGCGAGAGA

LE 4-63 TGTGCGAGAAA

LE 3-21 TGTGCGAGAGA

LE 3-16 TGTGTGAAAGA

RS 6-21 TGTGCAAGAGA

LE 5-3 TGTGCGAGA

LE 1-9 TGTGCGAGAG

LE 1-29 TGTGCGAAAG

TC

TCGG

GGGACG

CcG

TGACTACC

CTC

CC

TTAC

A

c

GTAAACCC

GTT

LE 4-56 TGTGCGAGAA CC

LE 4-30 TGTGCGAGAAA GGC

D

TGGCGTG

GGGGTTGG

CTGGGGA

GGGCAGTGTCAAACCCCATG

ACTATGATAGTAGTGGT

ACTATGATAGTAGTGGT

GGAGAACGTCCTACTATGGCTC

TTTGGGGGACTGGAACTAC

TTACTATGATAGTATTGGT

CCGCA

CCGCA

CCGCA

ACTATGATAGTAGTGGTT

ATACCCCGTATTAGCAGTGGCTGGTTGGGGG

CTAACTOGGGACICTGTGATGGT

GTATTACTATGATAGTAGTGGTACCCGAAATA

TTCGGGATTTTTGGAGTGGTTAT

ATATAGCGGGAGCTACT

ACCTATGGCCGATACAGCTATGG

GGGGACTTATAGCAGTGGCTGGTTT

TTGCAGCAGTGGCTGG

CCAGTT

CCGCA

CCTGGGCTGCTGCTGGGC

CTCCCCGAACTGGGGA

TACGATTTTTGGAGTGGTTAT

TACTATGATAGTfTCGGGGTG

AAGAAGTACfAGCTGCCA

TATATC

CTCAGTG

TACGATATTTTGACTGGTTATTA

TGGTACCCC

N

CG

CTTG

CTTG

CAAGATG

GGGOAAG

CTCCG

C

A

A

TTGTTG

G

G

GCTGGTACTA

CCAGT

JH

ATGCTTTTGATATCTGGJ83

ATGCTTTTGATATCTGG

ATGCTTTTGATATCTGG

ATGCTTTTGATATCTGG

ATGCTTTTGATATCTGG

ATGCTTTTGATATCTGG

ATGCCTTTGATATCTGG

ATGCTTTTGATATCTGG

GCTTTTGATATCTGG

TTTGATATCTGG

CTTGATATCTGG

TTTGATATCTGG

ACTACTTTGACTACTGG J34

ACTACTTTGACTACTGG

ACTACTTTGACTACTGG

CTACTTTGACTACTGG

TACTTTGACTACTGG

TACTTTGACTACTGG

CTTTGACTACTGG

CTTTGACTACTGG

TTTGACTACTGG

TTTGACTACTGG

TTGACTACTGG

TTGACTACTGG

TTGACTACTGG

TTGACTACTGG

TGACTACTGG

GACTACTGG

GACTACTGG

ACAACTGGTTCGACCCCTGG315

CAACTGGTTCGACCCCTGG

GTATTACGATTTTTTCCAGCCGG

TTACTATGTTCGGGGGAGTTATTATAAC

GTCGCCGGGGG

ATGCAGTGGCTGCG

GGTGGTGTAfCAGTGGCT

TCTCC

GGGACCTCTG

CAGCAGCTGGTCCGGGT

AGCTCGCACCGGGTATAGCATTGGGACT

GGTCCGTGG

G

TAGCAGTGTC

GGTATAACTACCACA

AAAG

AAAG

TGCTTC

ACTACTACTACTACGGTATGGACGTCTGGJ36

CTACTACTACTACGGTATGGACGTCTGG

ACTACTACTACGGTATGGACGTCTGG

ACTACTACTACGGTATG&ACGTTTGG

ACTACCACTACGGTATGGACATCTGG

CTACTACTACGGTATGGACGTCTGG

TACTACTACGCTATGGACGTCTGG

TACTACGGTATGGACGTCTGG

ACTACAGTATGGACGTCTGG

CTACGGTATGGATGTCTGG

TACGGTATGGACGTCTGG

ATGGACGTCTGG

ATGGACGTCTGG

Figure 3. Sequences of XLA-derived transcripts encompassing the CDR3regions. Data are ordered by decreasing sizes of the various JH family
segments. Possible residues for P diversity (39) are bolded. Putative N diversity at the D-D junctions is underlined.
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RS 1-103 TGGCGTG
D23/7 gtattagcattttTG~aGT2gttattatacc

LE 1-17 GGGGTTGG
DIR* ggggcctcctgggtgc§SQlQ~fgcttgtggg

LZ 1-25 TGACTACGCCGCA
LZ 1-54 TGACTACGCCGCA
LX 1-10 TGACTACGCCGCA
LX 1-100 TGACTACGCCGCA
DHFL16 TGtCTAC~qtgtaatcccaccggtt

LX 1-9 GTAAACCCTATATC
DHFL16 tgtctacggtg TAAtCCCaccggtt

RS.1-92 TAGGTGGGCTGGGGACG
DHQ52 ttaarTGGCA

LX 1-82 AGTAGCAGTGTCTGGTTC
DK4* gtaaccaTAG.tGIaTjcac
DM2* qTGGTTCcggttatacc

LZ 1-29 GTTCTCAGTGGCTGGTACTA
DIR1 ... . acgagccacagcCTCA~a~cccctgaagga.
DLR4* ggcatagcafIThoT.IACtacaatatcct

LZ 1-42 TCTTTTATGCAGTGGCTGCG
DK1 gtggATaCAGTGGCTaCGattac

LE 1-76 ATACCCCGTATTAGCAGTGGCTGGTTGGGGG
DIR1 ..... gcccctgaaggAgACCCCcccacaagccc.
D23/7 GTATTAGCAtttttggaggtggttattatacc
DK1 gtggataCAGTGGCTacgattac
DXP'1 gtattactaTGGTTcGGGGagttattacaac

LE 3-13 CTACGGTG
DK1 gtggatacagtggCjTAQQatac

RS 3-128 TCATATAGCGGGAGCTACT
DK4 gtggATAQA&tatggttac
D21/7 gtattactatgttcgQQACt.TAZMataac

LX 3-21 CGCTCCCCGAACTGGGGATTGTTG
D21/7* gttaTAATAARTCCCCGAAMatagtaatac
DHQ52 ttAACTGGGGA

LX 3-12 GGGGACTTATAGCAGTGGCTGGTTT
D21/7 gtattactatgttcGGGGAgTTAjtataac
DIR1* gctctga tGTGGCTcGTTTtaggtgtgggg

LX 3-11 GGGACGTTGCAGCAGTGGCTGGCGG
LX 3-20 GGGACGTTGCAGCAGTGGCTGGCGG
DN1 gggtaTaGCAGCAGctggtac
D21/05 gtattacgatatttTGaCTGGttattataac

LX 3-16 TTACTACGATTTTTGGAGTGGTTATG
DXP4 gtatTALCGATTTTTGGAGTGTTtatacc

LX 3-15 AGTGGACCGATTTACTATGATAGTAGTGGTCTCCG
D21/9 gtaTTACTATGATAGTAC.TGGItattactac

Figure 4. Identification of D
LZ 4-5 GGTCGCCGGGGG germline genes from which
DHFL16 tGTCtaCGGtGGtaatcccaccggtt transcripts originate. Portions

LX 4-30 GGCTGGTACCCC
of germline genes encoun-

DHFL16 tgtctacggTGGTAatCCcaccggtt tered in transcripts are un-
derlined. Identities appear

LE 4-103 CACACTATGATAGTAGTGGTT in upper cases, differences in
D21/9 gtattACTATGATAGTAGTGGTTattactac lower cases. *Usage of germ-

line gene in reverse orienta-
LX 4-63 CTCCCTGGGCTGCTGCTGGGCA tion. Germline sequences are
DIR1* ..... cctCCTGGGtc.ggGCTGGGCttgtgggcgggg.... taken from references 40-43.
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LI 4-104 CACACTATGATAGTAGTGGTCTTG
D21/9 gtattACTATGATAGTAGTGgGtattactac

LI 4-8 TTCGGGATTTTTGGAGTGGTTATC
D21/7 gtattactatgTIC~GGgagttattataac
D23/7 gtattagcATTTTTGGAGIT.GTTATtatacc

LI 4-34 CACACTATGATAGTAGTGGTCTTG
D21/9 gtattACTATGATAGTAGTGGTtattactac

LI 4-56 CCTACGATATTTTGACTGGTTATTACCAGT
D21/05 gtatTACGATATTTTGACTGGTTAZ~taac

LX 4-105 TCTAGAGGGGGAGAACGTCCTACTATGGCTCCAAGATG
DN4 gagtatanAbGc tCGTCC
DXP' 1 gtatTAQTATI tTIggggagttattacaac

LI 4-19 TCGGGATATTGTAGTGGTGGTAGCTGCTACTCCGGTCCGTGG
DLR2 aGGAT TAGTGGTGGTGCTCTA

LT 5-3 CAAGAAGTACCAGCTGCCAA
DLR5* ggcatagaAAQtAGTQAtattacaatattct
DLR2 aggatattgtagtggtggtAGCTGC&tActcc

LZ 5-11 CAGTATTACGATTTTTTCCAGCCGG
DXP4 GTATTACGATTITTggagtggttattatacc
DHFL16 tgtctacggtggtaaTCC=aCCGtt

LI 5-7 TCGGACCTATGGCCGATACAGCTATGGA
*DK4* cACCTATGtC*GATACcaatg
DK4 gtgGATACAGCTATGGttac

LI 5-2 CGTCCTTTGGGGGACTGGAACTACGGGGAAG
D21/10 gtattatgattacgTTTGGGGAgttatgcttatacc
DM1 ggtataACTGGAACTAC

LI 6-14 CTGGCCAGTT
DM1* gtagttCCAGTatacc

RS 6-91 TGGTCAGCAGCTGGTCCGGGT
DN1 gggtatagCAGCAGCTGGTac

R8 6-21 ATACTATGATAGTCTCGGGGTGG
D21/9 gtatTACTATGATAGTagtggttattactac
D21/7 gtattactatgtlCGGGMA~ttattataac

LZ 6-16 AGCTCGCACCGGGTATAGCATTGGGACT
DLR2* ggagtagcAGCTacCAC~actacaatatcct
DN1 GGGTATACAgcagctggtac
D22/12 gtattatgat TtrCtGArTggttattatacc

LZ 6-1 TCGTTACTATGTTCGGGGGAGTTATTATAACTCTCG
D21/7 gtaTTACTATGTTCGGGG*AGTTATTATAAC

R8 39 GGGGTATAACTACCACA
DM1 GGTATAAZIggaacac
DLR3* ggaatagcaatcaccACfAQAatatgct

RS 54 GGCTGAGAACCACTGTGCTAACTGGGGATTTGTGATGGT
DHQ52 GL ggtttttggctgaGCTGAGAACCACTGTGCTAACTGGGGA
DLR3 agcataIToTfgTGGIgattgctattcc

RS 51 GTATTACTATGATAGTAGTGGTACCCGAAATA
D21/9 GTATTACTATGATAGTAGTGGTtattactac
DM2 ggtataACCgGAAccAc

R8 12 GATCCCCGGGTAGGTGGTGTAGCAGTGGCTGGGACCTCTG
DLR1 aggatattgtactGGTGGTGTAtgctatacc
DK1 gtggataCAGTGGCTacgattac

Figure 4. (Continued)
nucleotides and did not exceed 12. It cannot be excluded that limited both in number (five cases) and size (one nucleotide).
the largest N regions might be encoded by so far undescribed D Length of the N-D-N segments extended from 0 to 42 nucleo-
genes. In addition, possible Ndiversity (underlined residues in tides, with an average of 20-25 (Fig. 3 and Table I).
Fig. 3) could be defined at some D-D junctions, although very JH regions were found encoded by JH3 to JH6 genes, with
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Table II. Frequency of Utilization of D, D Families, and DReading Frame Genes in XLA u Transcripts

Direct* Reverset

1st 2nd 3rd 1st 2nd 3rd Gene usage5 Family usage'

1. DXP(32%)
D2 1/9
D2 1/10
D2 1/7
D21/05
D23/7
D22/12
DXP4
DXP1

2. DLR (20%)
D5
D4
D3
D2
Dl

3. DA (12%)
DA1
DA4

4. DK(8%)
DKI
DK4

5. DN(8%)
DN1
DN4

6. DM(8%)
DM2
DM1

7. DFL16 (4%)
8. DHQ52(4%)
9. DIR (8%)

DIR I or DIR2

Total

38
3

2
2

6
4

10
4
4
2
4
4

2
2

14
2
2

6
4

2

2
10

3 8
2

8
2 6

2
6

3

2
4

10
2

2

2

8 19

10
2
10

10

10 6 5 2

Numbers in parentheses represent the expected frequency of utilization according to the size of each family. Individual genes within each family
are listed from top to bottom according to their physical proximity to the JH locus. 1 st, 2nd, and 3rd refer to the three reading frames.
Dgene references are from references 40-43.
* Dgene in direct orientation.
$ Dgene in reverse orientation.
§ Frequency of gene usage of D segments in direct and reverse orientation.
11 Frequency of D family usage.

various degrees of truncation of the 5' ends (Fig. 3). Clone LE
4-103 was extensively truncated containing only the four last
JH codons. Allelic variants used were JH3b, JH4b, JH5b,
JH6b, and JH6c (44). Occasional mutations (one or two) were
observed in 27% of the analyzed sequences.

CDR3segments were defined from residue 93 of the VH
(numbering of Kabat et al. [ 45 ] ) to the position preceding the
TGGcodon of the JH genes. On this basis the CDR3 length
varied from 21 to 69, with an average value of 41 (Table I).

Of the VDJ sequences 88%had an open reading frame (Ta-
ble I). Although most V-D-J associations could be considered
random, several peculiar cases were observed. For instance, the
same V-D combination was found associated to different JH
(LE 1-100 and LE 1-25). Conversely the same DJ was found
associated to discrete VHs (LEB -10 and LE 1-25; LE 4-34 and

LE 4-104). Finally, two VDJ were using two discrete leader
segments (LE 1-54 and LE 1-25). A few sequences were trun-
cated, (LE 1-23 lacking DJ, LE 4-103 lacking most of the 5' JH
codons), or contained multiple deletions in VH (LE 3-11).

Expression of K transcripts. K transcripts could be identified
in patient L.E.'s bone marrow cells after PCRusing primers
covering the four VK families and the 5' end of CK. Bands of the
expected size (between 320 and 340 bp, depending upon the
VK families) were clearly detected, although of fainter intensity
as compared to normal bone marrow cells (Fig. 5).

Discussion

The expression of Ig and pre-B specific-Ig-related genes was
analyzed in bone marrow cells derived from two patients with a
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VK4 VK3 VK2 VK1
1I 2 ;1i r1 ' 1 9 n 1 2 -

severe form of XLA. FACSanalysis pointed to the pre-B nature
of cells of the B lineage as appreciated from the absence of
mIgM and of the CD21 and CD24 markers, characteristic of
the B lymphocytes and the proportion of Cg-positive cells that
were found within normal limits. The presence of pre-B cells
was confirmed through the expression of CD19 and/or CD22
in one third of the cells, of which 66% were also positive for
CD34 (46). Double positive in normal bone marrow were only
14%, which is suggestive of a differentiation block somewhere
along the pro-B -- pre-B pathway.

Because some critical step necessary to the pre-B -) B tran-
sition may be triggered by the g-IL complex (24, 47, 48), we
first analyzed the expression of pre-B specific genes. Tran-
scripts of the Ig-related genes, A-like and V Pre-B, were identi-
fied by PCR, yielding fragments of the expected sizes (Fig. 2)
and expressed in amounts that were similar to normal bone
marrow. This indicates that pre-B cell differentiation can go
along although the higher proportion of CD34-positive cells
suggests a progressive decline in that process.

Wenext turned to u chain expression. Anchored PCR, us-
ing an oligonucleotide primer specific for the 5' end of the Cg

3-64

4-59]
3-53]
5-51
3-49
3-48
1-46
1-45

C 3-43
0 4-39
._ 3-35

CU 3-33
N 4-31

3-30
co 4-28
O 2-26
O 3-23

3-21
3-20

I 1-183-15> 3-13
3-11

c 3-9
3-7
2-5

1-4.1b
4-4.1-3b
1-2
6-1_

0

I

I

1 0

relative number

bp
603

Figure 5. Expression of VK gene families in XLA and
normal bone marrow cells, by PCRanalysis, using

- 310 500 ng of RNA. PCRproducts were detected after
electrophoresis on 2% agarose gel by ethidium bro-
mide staining. Sizes were estimated from the 'IX174
-Hae III fragments. Lanes 1, normal bone marrow;
Lanes 2, XLA bone marrow; Lanes 3, no input RNA.

region revealed that most transcripts encompassed the V re-
gion (at least 66%), whereas 1 1% were clearly of the D-J-CM
type. This already indicates that transcription is not limited to
Du (9) or of the more recently described LS-Cg transcripts
(49). This finding prompted analysis of complete VDJ (COt)
transcripts that were easily derived upon amplification with
primers specific of the various VH-leader sequences and of the
CQ 5' region. Detailed analysis of the 48 ,g transcripts (Table I)
revealed that all characteristics of an early "pre-B" functional
repertoire were indeed present:

All VH families were identified (except VH2), including a
marked contribution of VH5 and VH6, (50, 51). It can be
observed that VHgene usage was biased in several ways: (a) 19
genes accounted for the 48 discrete V-D-J transcripts, indicat-
ing that some genes were used with a high frequency (Table I);
(b) 16 out of these 19 genes were located in the 800 kb region
covering the 3' end of the VHlocus, as schematically presented
in Fig. 6, according to the map recently published by Matsuda
et al. (36); (c) In Fig. 6, it can also be observed that most of the
genes used in XLAwere also expressed in a fetal liver as early as
8-13 wk of gestation (52). A somewhat similar gene usage in

XLA

) FETAL LIVER

Figure 6. VHgene utilization in
XLA bone marrow and fetal liver
(52). Gene numbering (including
functional genes only) on the y-axis

I is that of Matsuda et al. (36) and
2 0 is presented from 5' (top) to 3'

(bottom). Length of bars reflects the
gene usage fiequencies.
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human fetal liver can be derived from data obtained by
Schroeder et al. (53, 54) at 15 or 18 wk of gestation and is
reminiscent of the preferential usage of the most 3' VHgene
early in mice ontogeny (55-57).

As outlined in Fig. 7, the average size of the XLA-derived D
segments was close to those of the fetal liver between 8 and 13
wk of gestation (52) and significantly shorter than those of
their adult PBL counterparts (44, 58). Sameconclusions could
be drawn from the comparisons of CDR3, indicating that D
and CDR3lengths were well correlated. They were also found
shorter than those reported by Timmers et al. ( 12), and Anker
et al. (1 1) who studied the XLA repertoire in EBV-derived
clones which were found closer to that of adult PBL (Fig. 7).
Besides their distinctive lengths, the D regions described by
Timmers et al. ( 12) do not differ from the other characteristics
described in this paper. Our data indicate that 53% of the XLA
Dsequences involved D-D fusions using up to four germline D
segments. The way they originate through multiple D fusions
seems a general process of generating diversity in the D region,
both in XLA and normal B cells (58). The reference based on
10% of D-D fusion for the adult PBL suggested by Yamada et
al. (44) is in fact misleading for comparison, since these au-
thors did not take inverted and DIR sequences into account in
their conclusions.

A large variety of Dsegments was identified, including DIR
genes, either in direct or reverse orientation. In fact, as it can be
seen in table II, no particular pattern emerges in the D usage,
which grossly reflects the estimated gene number. In this re-
gard, the largest DXP family is also the most represented in
XLA, but also in other physiological situations (58). By con-
trast, we did not observe the increased expression of DHQ52
that was reported in fetal liver (58). Finally, analysis of the
reading frame usage revealed that all three frames were used,
eventhough RF2 was found in a twofold excess. This observa-
tion is in sharp contrast with the situation depicted in the
mouse, in which RFl is largely overused, as the result of a
strong selection process (59).

JH gene usage also reveals that the expression pattern of the
XLA repertoire is close to that of the fetal liver (Fig. 8), with a
major contribution of JH3 (which is only weakly represented
in the adult repertoire), JH4 and JH6. Contribution of JH
genes could vary in length, due to various truncations, espe-
cially for JH6, in agreement with previous reports (44).

Ndiversity (with possible examples of P diversity, see fig. 3)
occurred on both V-D and D-J sides, and remained very lim-
ited, bringing another criteria of earliness (60, 61 ). It should be
noted however that assignment of N regions remains partially
questionable, in that they are defined in a negative way, from
the absence of known germline gene counterpart. Undefined D
genes may therefore lead to overweight contribution of N di-
versity.

Finally, random somatic mutations were present in limited
extent on VH, Dand JH, as can be expected for an early reper-
toire (60).

Thus, by all the analyzed criteria, the XLArepertoire resem-
bles that of the normal fetal lymphopoietic tissues, suggestive
of a typical pre-B phenotype. These results are in agreement
with previous phenotypic characterization of the bone marrow
cell population in XLA patients (62, 63). By contrast to other
reports (3, 9, 49, 64), our data indicate that rearrangement
mechanisms seem fully functional, although a possible de-
crease in efficiency of the pro-B to pre-B transition, as followed
by the DJ to VDJ rearrangement cannot be quantitatively as-
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0
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5 101520253035404550556065
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0 5 10 1520253035404550556065
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Figure 7. Length pattern of the D usage in XLA bone marrow cell
transcripts (this work) compared to fetal liver (52), XLA-derived
EBV clones (1 1-13), and normal adult PBL (44). Computed se-
quences cover N-D-N regions.
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Figure 8. JH gene usage in XLA bone marrow cell transcripts (this
work) compared to fetal liver (52), XLA-derived EBVclones ( I 1-

13), and normal adult PBL (44).

sessed from our data. These conflicting results might be recon-
ciled by considering the XLA defect as a pleiotropic mecha-
nism leading to a decrease in the efficiency of discrete steps of
the early development of the B lineage, thus resulting in differ-
ent phenotypes based on the severity of the disease. In addition,
it can also be stressed that 88% of the transcripts had an open
reading frame, imposing evidence that a selective process must
operate at the pre-B stage. As the ,u chains are associated with
X-like and V Pre-B gene products, the u-iL chain complex may
already be actively involved in the acquisition and expansion
of a pre-B specific repertoire that may condition the shaping of
the mature HL receptors. In XLA cells, all steps leading to the
shaping of the pre-B repertoire appear therefore functional.
Preferential localization of the expressed VHgenes to the most
3' portion of the IGVH locus still raises the possibility that
extension of the VHrepertoire to the entire locus remains par-
tially hindered. This may be in line with recent reports that
discrete regulation of the 3' vs 5' VH usage operates in the
mouse: (a) in mice transgenic for a human tt gene, endogenous
V-D-J rearrangement was blocked except for the most 3' VH
(65) and (b) conversely, in Xid mice (66), another X-linked
defect, preferential usage of the most 3' VH is altered in on-
togeny.

Our analysis performed on XLA bone marrow cells pro-
vides direct access to the pre-B cell repertoire which is truly
representative of the defect. Analysis of EBV clones derived
from XLA patients may therefore contain a bias linked to the
selection of a minor population of B cells that have escaped the
XLA defect (1 1, 12). The leakiness of XLA has been previ-
ously substantiated, and may be more or less important, in
conjunction with the severity of the disease (7, 67, 68). In this
context, the presence of K transcripts in noticeable amounts in
our samples indicate that some degree of leakiness has indeed
taken place allowing the system a limited progression in the B
cell differentiation pathway.
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