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B Lymphocytes from X-Linked Agammaglobulinemia
Delayed Expression of Light Chain and Demonstration of Lyonization in Carriers

Jerrold Schwaber, Jennifer Payne, and Raymond Chen
Children's Hospital-Boston, and Department of Pathology, Harvard Medical School, Boston, Massachusetts 02115

Abstract

Wereport an unusual phenotype of B cells in a patient with
X-linked agammaglobulinemia (XLA), and cellular evidence
for Lyonization of B cells from his mother and sister. The
patient has a failure of B cell maturation at the stage of early B
lymphocytes, associated with production of D(!A5) H chain.
The phenotype of his B cells includes: (a) limitation to expres-
sion of the ,u and 6 Hchain isotypes, (b) production of 11 and 6 H
chains of reduced size and (c) delayed expression of L chain.
Peripheral blood and B cell lines from the patient's mother and
sister include 50% cells that express H chain without L chain.
B cell lines from the mother and sister produce full-length ,i
and gammaH chains and truncated , and 6 chains correspond-
ing to the H chains produced by the patient's B cells. Clones
with normal and XLA phenotype have been isolated from B
cell lines derived from the patient's mother. Weconclude that
the dimorphism of mother's and sister's B cells results from
Lyonization, implying that the gene defect in XLA is intrinsic
to B lymphocytes.

Introduction

X-linked agammaglobulinemia (XLA)l is a sex-linked, con-
genital antibody deficiency disease associated with failure of B
lymphocyte differentiation, either at the level of pre-B cells
(major form) or at the level of early B lymphocytes (minor
form) (1-9). Whether the heterogeneity of the stage at which B
cell maturation fails is due to distinct X-linked defects or re-
sults from variable expression of the same defect has not been
determined. The disease is not linked to the Xg blood group
(10, 1 1), and other polymorphic protein markers have been
uninformative in these families. Recently, XLA in families
with the major form of the disease has been linked to Xq2 by
restriction fragment length polymorphisms (12). Evidence for
Lyonization (13) in carriers of the major form of XLA has now
been reported in one family that carries a polymorphism for
G-6-PD (14) and in two families with a restriction fragment
length polymorphism based upon methylation of the genomic
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1. Abbreviations used in this paper: Ckappa, constant human genomic
kappa L chain; TMRITC, tetramethyl rhodamine isothiocyanate;
XLA, X-linked agammaglobulinemia.

sequences for hypoxanthine phosphoribosyl transferase
(HPRT) and phosphoglycerol kinase (PGK) (15). In both
cases, the evidence for Lyonization was the random expression
of both chromosomes in T cells and monocytes, but absence of
expression of the affected X chromosome in B cells.

Wehave recently found that the B lymphocytes of a boy
with the minor form of XLA produce truncated 1i and 6 H
chains composed of D-JH-C(,Ub) (Dub) resulting from abortive
rearrangement of variable region genes (Schwaber, J., and R.
Chen, submitted for publication). Associated with, and in part
resulting from, this defect in gene rearrangement, his B lym-
phocytes have a unique phenotype that includes (a) restriction
to expression of the 6 and g H chain isotypes, (b) limited
expression of L chains, exclusively of the kappa isotype, and
(c) reduction in size of the 6 and u H chains. In contrast to
carriers of the major form of XLA, whose pre-B cells do not
enter peripheral circulation, Lyon's hypothesis (13) predicts
that carriers of this form of XLA gene should have a dimor-
phic population of B lymphocytes, composed of clones of nor-
mal phenotype, and clones of the phenotype of their affected
relatives.

Wereport the delayed expression of L chains by this boy's
B lymphocytes, and provide evidence for Lyonization of his
mother's and sister's B lymphocytes. Limited numbers of the
patient's peripheral blood B lymphocytes express L chains.
Newly established B cell lines include limited numbers of cells
that express L chain. In continuous culture, increasing num-
bers of cells express L chain exclusively of the kappa isotype. L
chain expression by B cells is clonal, and appears not to be
regulated by L chain gene rearrangement. Approximately
one-half of B lymphocytes from the patient's mother do not
express immunoglobulin L chain. B cell lines derived from her
peripheral blood are also dimorphic, containing cells produc-
ing full length ,u and y H chains and cells producing truncated
M- and b-chains. Cells that do not express L chain express only

s or 6 H chain, and cells that express gammachain always
express L chain. Clones that produce truncated b-chain have
delayed expression of L chain only of the kappa isotype, while
a clone that expresses gammachain coexpresses L chain from
the time of isolation. In addition, we find that the patient's
sister has the same dimorphic B lymphocyte phenotype as her
mother, suggesting that she is a carrier of XLA.

Methods

The patient has been identified in previous publications as 4-8 (6, 7,
16). His family consists of mother, stepfather, and maternal half-sister
(referred to as sister in the remainder of this manuscript). The diag-
nosis of XLA is based upon onset of the disease in early childhood and
agammaglobulinemia in his maternal uncle from early childhood (3).
The patient has normal numbers of peripheral B lymphocytes with
phenotype limited to 6 and us H chains (7, 17).

Peripheral blood was obtained by venipuncture and the mononu-
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clear cells were isolated by buoyant density gradient centrifugation on
Ficoll-Hypaque (18). B cell lines were established as previously de-
scribed (19), using Epstein-Barr virus from the B95-8 cell line. Clones
were isolated in soft agarose with fibroblast feeder cells suspended in
the agarose, as previously described (20).

Immune fluorescence was with Fab'2 fragments of goat antisera
(Cappel Laboratories, Cochranville, PA) cross-absorbed with other Ig
isotypes coupled to Sepharose 4B. Cells were either stained directly
with antisera conjugated with FITC or tetramethyl rhodamine isothio-
cyanate (TMRITC) as previously described (17), or stained indirectly
with mouse monoclonal antibodies to kappa and lambda L chains and
sheep antiserum to mouse IgG conjugated with Texas Red. Live cells
(> 95% viable) were stained at 4°C, and examined immediately. Fixed
cells were placed on microscope slides with a cytocentrifuge, stained at
room temperature, and examined immediately.

Ig proteins were examined by internal labeling with [35S]methio-
nine. 2 to 3 X 106 cells were incubated in Eagle's MEMwithout methi-
onine, supplemented with 10% dialyzed FBS, and 100 MCi of [35S]me-
thionine/ml for 2-4 h. Cytoplasmic proteins were liberated from cell
pellets by lysis with 0.5% NP-40 (21). Supernatants of the 4-h culture
were reserved for examination of secreted proteins. Labeled immuno-
globulins were isolated either by precipitation with isotype specific
rabbit antibody and formalin fixed Staphylococcus A (IgSorb), or by
precipitation with isotype specific rabbit antibody and goat antiserum
to rabbit IgG at equivalence (22). Because of specific reactivity of Staph
A with human IgM, IgD, and IgG, the isotypes of protein bands were
identified by indirect precipitation with goat antiserum (22).

Immune precipitates were redissolved in 2% SDSand 1% 2-mer-
captoethanol, boiled for 2 min, and electrophoresed in 12.5% SDS-
acrylamide discontinuous slab gels. The gels and buffers were prepared
exactly as described by Dreyfuss et al. (23). They were fixed, processed
for fluorography, and exposed to x-ray film. Unlabeled, reduced and
alkylated, normal human IgG and IgM, and BSAwere used as molecu-
lar weight standards, in addition to labeled u and L chains from the
normal B cell line SMI4.

Genomic DNAwas extracted from pelleted cells as previously de-
scribed (24) and digested to completion with the restriction endonucle-
ase BamHI. Digested DNA(10 ,Ag per lane) was electrophoresed in
0.8% agarose, and transferred to nitrocellulose as described by South-
ern (25). The filter was probed with a 2.5-kb Eco RI subclone of the
phage clone of the constant region of human genomic kappa L chain
(Ckappa) (kindly provided by P. Leder, Harvard Medical School, Bos-
ton, MA) (26), labeled by the OLB random priming method with
[32P]dCTP (27). It was then washed to 0.1 X SSC with 0.1% SDS at
65°C (24), and exposed to x-ray film at -80°C with intensifying screen
for 48 h.

Results

L chain expression by XLA B cells. Wehave previously shown
that the patient's B cells are limited to expression of Hchain of
the a and u isotypes (7), and that the u and a chains are trun-
cated forms composed only of D-JH-C(bA) (Schwaber, J., and
R. Chen, submitted for publication). L chain expression by his
peripheral blood lymphocytes was determined using both di-
rect antisera and mouse monoclonal antibodies indirectly
stained with second antibody. B cells were identified by
counter-staining with antiserum to , and a H chains conju-
gated with FITC. Examination of live cells by direct staining
revealed 7 cells expressing kappa L chain of 500 H chain posi-
tive cells (Table I). No cells expressing lambda chain were

identified. Reexamination of his peripheral blood B cells by
indirect staining with a mouse monoclonal antibody revealed
six L chain fluorescent cells of 500 B cells. Repeated examina-
tion of fixed cells yielded identical results. Tests for back-
ground staining with these antisera on the T cell line CEM, the
mouse myeloma cell line RPC5.4, and the human fetal liver
pre-B cell hybrid LSH6, suggested that the 1%L chain fluores-
cent cells in peripheral blood represent true L chain staining.

Two recently established B cell lines, LAZ 166 from the
patient's peripheral blood, and SB 25 from his bone marrow,

were examined for expression of L chain. From LAZ 166, no L
chain fluorescent cells were found, by staining with either di-
rect or indirect antisera, and examining both live and fixed
cells (Fig. 1, Table II). From SB 25, 4%of the cells expressed L
chain. All of these cells were of the kappa isotype.

Since the limited expression of L chain by the B cell lines
was in distinction to our previous observations of kappa L
chain expression by most of the cells from LAZ 166 (7), we

examined samples of LAZ 166 that had been frozen after vary-

ing periods of time in culture. Continuous culture of LAZ 166
was associated with increased expression of L chain. A culture
grown continuously for 2 mo had 0.5% L chain bearing cells
(2% of H chain-bearing cells), a culture grown for 6 mo had
15% L chain-bearing cells (48% of H chain-bearing cells), and
a culture that had been grown continuously for 1 yr had 23%L
chain-bearing cells (82% of H chain bearing cells; Table III).

LAZ 166 had been cloned in soft agar after - 3 mo in

Table I. Immune Fluorescence of Peripheral Blood Lymphocytes

%cells staining with antiserum specific for
Ratio

H 5 gamma L kappa lambda L+/H+

Patients
4-8 8.9 5.5 8.9 0 0.1 0.1* 0 .01

Mother 7.1 5.9 4.1 0.6 4.0 2.2 1.8 .56
Sister 7.1 6.1 4.0 0.7 3.9 2.1 1.8 .55

Normal 1 8.3 6.5 8.9 0.2 8.3 4.6 3.7 1.00
Normal 2 7.2 6.3 4.0 0.6 7.2 3.7 3.4 1.00

* 0.1% represents 7 L chain fluorescent cells (TRITC) out of 500 H chain fluorescent cells (FITC). Peripheral blood cells were also examined
with monoclonal antibodies to human kappa and lambda L chains, yielding 6 L chain fluorescent cells out of 500 H chain fluorescent cells.
500 H chain fluorescent cells were enumerated for each sample. For L chain enumeration, H chains were stained with FITC conjugated anti-
sera and L chains were counterstained red with either TRITC or Texas Red conjugated antisera. The numbers shown are for live cells exam-
ined for surface Ig expression. Practically identical numbers were found for cytoplasmic fluorescence on fixed cells.
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Figure 1. Limited expression of
L chain by B cell lines from the
XLA patient and his mother.
Cells from LAZ 166 (XLA) fro-
zen at the time of isolation were

fixed and stained with antiserum
to (a) and 6 chains (FITC),
and (b) kappa and lambda L
chains (Texas Red stain through
secondary sheep anti-mouse Ig.
For comparison, cells from SMI
4 (normal) were stained with the
same antisera: (c) anti ,u and 6,
(d) anti kappa and lambda. To
test for dimorphic expression of
L chain, cells from the LAZ 185
cell line derived from the pa-

tient's mother (frozen at the
time of establishment) were also
examined for L chain expres-

sion. Cells stained with anti-
serum to (e) ,u, 6, and y H
chains and (f ) kappa and
lambda L chains. Two cells
which fluoresce with anti-H but
not anti-L are marked with
white arrows.

continuous culture. To determine whether the increasing ex-

pression of L chain by LAZ 166 was due to differentiation, we

examined cultures of four clones that had been frozen at the
time of isolation, and samples that had been in culture for
2-12 mo. Cultures of clones that had been frozen at the time of
isolation expressed no L chain (Table III). After 2 mo of con-

tinuous culture, clones C7 and CIO had 3 and 5% L chain-
bearing cells (percentages of H chain-bearing cells). Cultures
of C5 and C6 that had been frozen after 6 mo of continuous
culture had 42 and 35%L chain fluorescent cells (representing
5 and 11% of all cells). After 12 mo in culture, 85% of H chain
bearing cells from C6 expressed L chain (24% of all cells). The
numbers of cells expressing H chain by C5 declined to 4%by
12 moof culture. These findings suggest that L chain expres-

sion represents delayed differentiation in individual cells
rather than overgrowth by rare L chain-bearing cells.

Weexamined whether L chain expression by these clones
resulted from delayed rearrangement of L chain genes. Ge-
nomic DNA from two clones that were expressing little L
chain (clones C7 and C 0, at 2 moof continuous culture) were

compared with genomic DNAfrom a clone (C6) and an un-

cloned culture that had > 30% cells expressing L chain (> 80%
of H chain+ cells). Southern blot analysis of BamHI digested
DNAprobed with the 2.5 kb genomic kappa chain probe re-

vealed that one of the two alleles was in embryonic configura-
tion and the other allele was rearranged, regardless of whether
the cells were producing L chain (Fig. 2). Curiously, the rear-

ranged kappa gene restriction fragment was the same in all

516 J. Schwaber, J. Payne, and R. Chen

A

B



c

D Figure 1 (Continued)

four genomic DNAs. This likely indicates that the same rear-
rangement was present in all three clones, and in all of the cells
of the uncloned culture. Diversity in the genomic DNAof one
clone was noted, with the appearance of a second restriction
fragment. Wewere unable to determine whether this addi-
tional band resulted from continuing L chain gene rearrange-
ment in culture, after isolation of this clone. The size of this
restriction fragment is less than the distance separating Jkappa
from Ckappa, suggesting that it results from an abortive rear-
rangement that deletes Jkappa.

In short summary, this boy's B lymphocytes have an un-
usual phenotype, composed of limitation to a and g isotypes,
these H chains are truncated forms translated from D-JH-C(/Ab)

intermediate gene rearrangement, and dela,yed expression of L
chain exclusively of the kappa isotype. Since Du proteins are
likely poor inducers of L chain rearrangement, delayed ex-
pression of L chains in these cells might result from delayed
rearrangement of L chain genes. However, we find that in early
clones with limited expression of L chains, one kappa chain
gene is rearranged, and that further rearrangement is not nec-
essary for L chain expression.

Lyonization of B cells in XLA carriers. Based upon the
unusual phenotype of this boy's B cells, we examined periph-
eral lymphocytes and B cell lines of his mother and sister for,
first, phenotypic dimorphism and, second, for a clonal basis
for the phenotypic dimorphism.

Lyonization of B Cells in X-linked Agammaglobulinemia 517



E

Figure 1 (Continued)

Weexamined peripheral blood lymphocytes of the pa-
tient's mother for the XLA phenotype of expression of Ig H
chain without associated L chain. By immune fluorescence,
7.1% of peripheral blood B lymphocytes expressed Ig H chain
normally distributed among the g, 6, and y H chain isotypes
(Table I). Of the Hchain bearing cells, 44%(3.1% of total) were
without associated L chain. All of the cells that expressed y H
chain also expressed L chain. The peripheral blood of the pa-
tient's sister had 7.1% B lymphocytes, normally distributed
among the ,u, 6, and 7H chain isotypes. 45%did not have light
chain (3.9% of total) (Table I), indicating that she had a di-
morphic population of B lymphocytes. As seen with her
mother's cells, all of the y-bearing cells expressed L chain.

Two independently established B cell lines from the pe-
ripheral blood of the mother (LAZ 185 and SAM25) were
examined for dimorphic expression of L chains. Early cultures
of these cell lines included 51 and 52% H chain-bearing cells,
but only 34 and 28% cells with associated L chains (Table II,
Fig. 1). As with peripheral blood lymphocytes, all of the y H
chain-bearing cells also expressed L chain. After several
months of continuous culture, a subline of LAZ 185 became
almost exclusively y Hchain bearing, and almost all of the H+
cells expressed L chain. Clones isolated from this subline were
exclusively of the y+L+ normal phenotype. In contrast, sev-
eral clones established from early cultures of LAZ 185 were
exclusively of the 5+ or 5+l+ phenotype, characteristic of the
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Table II. Cytoplasmic Fluorescence of B Cell Lines

%cells fluorescent with antiserum to
Ratio

H 6 gamma L kappa lambda L+/H+

X-LA
LAZ 166 28 8 28 0 0 0 0 0
SB 25 34 5 34 0 4 4 0 0.12

Carriers
185 52 14 21 25 34 14 20 0.65
(mother)
SAM25 51 27 29 23 28 ND ND 0.55
(mother)
SAM5 68 28 31 33 35 ND ND 0.51
(sister)

XLA clones
166 C5 12 12 12 0 0 0 0 0
166 C6 28 0 28 0 0 0 0 0
166 C7 33 33 33 0 0 0 0 0
166 C10 35 0 35 0 0 0 0 0

Carrier clones
185 gamma 33 0 0 33 32 0 32 0.98
185S1A 35 0 35 0 0 0 0 0
185S1D 44 7 44 0 1.3 1.3 0 0.03

Normal
SMI 4 12 12 2 0 13 0 13 1.00
007 C4.4 40 0 0 40 41 41 0 1.00

Fluorescence was determined on cell lines and clones either at the time of establishment or at a later time on a sample of cells frozen at the
time of establishment (for clones, samples taken at the time of isolation were used). Cells were placed on cytocentrifuge slides, fixed, and
stained with contrasting fluorochromes to determine percentages. For L chain enumeration, the cells were stained with antiserum to H chain
(is, 6, and y), and counterstained with antiserum to kappa or lambda isotypes (antisera), or to both kappa and lambda isotypes (monoclonal an-
tibodies). 500 H chain bearing cells were examined for each sample. ND, kappa/lambda percentages were not determined for SAM25 and
SAM5.

Table III. L Chain Expression in Culture

%L chain expressing cells after culture for:

Omo 2mo 6mo 12mo

LAZ 166 0 2 48 82

166 C5 0 NT 42 NTt
166 C6 0 NT 38 85
166 C7 0 3 NT NT
166 C10 0 5 12* NT

185 SIA 0 NT 13* 72
185 SID 1 NT 24 NT

007 C4.4 100 100 100 100

Figures are percentage of H chain bearing cells that express L chains.
H chain bearing cells were identified by fluorescence with FITC con-
jugated antisera to 6, , and gammaH chains, and L chain bearing
cells identified by counterstaining with Texas Red conjugated anti-
sera to kappa and lambda L chains. 500 H chain bearing cells were
examined for each sample.
* This percentage was determined after 4 moof continuous culture.
t Percentage of cells producing H chain declined with continued cul-
ture from an initial 12 to 4%by 12 mo.
NT, not tested.

patient's B cell phenotype. Early cultures of these clones did
not express L chain. As was found with the patient's B cell
lines, several months in continuous culture resulted in gradual
expression of L chain, exclusively of the kappa isotype
(Table III).

Early cultures of a B cell line established from peripheral
blood of the sister (SAM 5) contained 68%cells bearing 6,g, or
'y H chain, but only 35% cells bearing L chain (Table II),
further indicating that she is a carrier of XLA. All of the y H
chain-bearing cells expressed L chain.

Wedetermined the sizes of the Ig proteins produced by B
cell lines and clones from the mother and sister. In SDS-acryl-
amide gels, three Ig H chain bands were precipitated by Staph
A from "S-labeled cultures and culture supernatants from
both the mother's and the sister's B cell lines (Fig. 3). Based
upon molecular weights, we identified these bands as normal ,u
chain, truncated XLA g chain and comigrating normal y
chain, and truncated XLA 6 chain. Immune precipitation with
second antibody instead of Staph A confirmed the assignments
of these three bands. Precipitation with antiserum to ,u heavy
chain resulted in two bands, a normal sized g chain band and a
truncated ,u chain band. Precipitation with antiserum to y
chain resulted in a single band that comigrated with the trun-
cated u chain. Precipitation with antiserum to 6 chain yielded
the single truncated 6 chain band. Since we used cells that had
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Figure 2. Southern blot of genomic DNAdigested with BamHI and
probed for kappa L chains (Ckappa). To determine whether delayed
kappa gene rearrangement caused limited expression of L chain by
XLA B cells, kappa chain genes were probed from a cell line and a

clone which had more than 80% of H+ cells expressing L chain
(LAZ 166 and clone C6) in comparison to two clones which had es-

sentially no L chain expressing cells (clones C7 and C10). Genomic
DNAfrom the normal B cell line SM14was examined for rearranged
genes, and from the T cell line CEMfor embryonic kappa genes.

been in culture for at least 6 mo, Ig L chains were present as

well. They migrated with normal L chains at 23,000 D.
Weexamined the ,u and 6 Hchains of B cell clones that had

shown delayed expression of L chains as a test of the clonal
expression of the XLA phenotype. Clones S1A and S lD from
the LAZ 185 cell lines bore the XLA phenotype of delayed

UL) Figure 3. SDSacrylamide gel of
COW(D ¢ LO immunologically precipitated Ig

N proteins. To test for phenotypic
< < E < heterogeneity Ig proteins pro-
.J .J C) c) duced by B cell lines from the pa-

tient's mother and sister, cell lines
supernatants (secreted proteins)
labelled with [35S]methionine
were precipitated with antiserum
to H chain (u, 6, and gammaspec-

-,,*,,**x ificities) and Staph A, and electro-
/ phoresed in a 12.5% acrylamide

slab gel. LAZ 185 was derived
_m, r from the patient's mother, LAZ

166 was derived from the patient,
SAM5 was established from the
patient's sister, and SMI4 is a nor-

4,*. mal B cell line which produces At
_lowhi.. chain. All of the cell lines had

4N
L been in culture for several months

(LAZ 166 for 1 yr) at the time of
this experiment, making L chain
expression by the XLA pheno-
typic cells likely. Since Staph A

alone precipitated all of the Igs shown, the three H chain bands from
LAZ 185 and Sam5 were identified as ,u, gamma, and 6' by indi-
rect precipitation with goat antiserum to rabbit IgG substituted for
Staph A. Identical bands were identified in cell lysates from these
cultures.

Figure 4. Identification of truncated a
chains from B cell line clones from
the patient's mother. Clones SID and
S1A isolated from the LAZ 185 cell
line were found to express predomi-
nantly 6 H chain with limited expres-
sion of L chain. After 6 mo in cul-
ture, the cells were found to express
kappa L chain (Table III). Ig proteins
from these cultures were examined by
SDSacrylamide gel electrophoresis as

described in Fig. 3. 6' (truncated) and
L chain were the only Ig proteins
identified, in comparison to the full-
length ,u chain from the SM14 normal
B cell line.

expression of L chain, exclusively of the kappa isotype, and
limitation of H chain to predominantly the 6 isotype with
some , chain. Immunoglobulin proteins from cultures of these
clones that had been in culture for more than yr were exam-

ined by SDS-acrylamide gel electrophoresis of immunoprecip-
itated proteins (Fig. 4). Both clones produced truncated 6 H
chains that comigrated with the truncated 6 chain of LAZ 166
clone C6. For comparison, we examined the immunoglobulin
proteins of clone Cl isolated from the 1 85gamma+ subline of
LAZ 185. This subline, as well as the clone, expressed L chain
from the time of isolation. A full length gammachain was

identified (data not shown).

Discussion

Wehave demonstrated the delayed expression of L chain, ex-

clusively of the kappa isotype, by the B lymphocytes and B cell
lines derived from a boy with the minor form of XLA. The
delayed expression of L chain is clonal; suggesting that it re-
sults from differentiation rather than selective overgrowth by
rare L chain producing cells. Further, the eventual expression
of L chain does not result from delayed rearrangement of
kappa L chain variable region genes. This delayed expression
of L chain, associated with production of truncated H chains
only of the 6 and A isotypes, resulting from incomplete variable
region gene rearrangement (Schwaber, J., and R. Chen, sub-
mitted for publication), provides an unusual phenotype of
XLA B cells from this patient. Based upon this unusual pheno-
type, we have tested for and found cellular evidence for Lyon-
ization (13) in the peripheral blood B lymphocytes of his
mother and identified his sister as a carrier of XLA. This dem-
onstration rests upon the prediction that her peripheral blood
B lymphocytes should be a clonal mixture of cells with normal
phenotype (normal X chromosome active), and of cells with
the XLA B cell phenotype of her son (XLA X chromosome

620 J. Schwaber, J. Payne, and R. Chen

(0
0)
CD
(0

o <

U) (r.,
LC) tf-

. U



active). Both peripheral blood B lymphocytes and B cell lines
from the patient's mother showed dimorphism, approximately
half of the cells of normal phenotype, the other half with the
phenotype of her XLA son's cells. B cell line clones with de-
layed expression of L chain, were limited to 6 and u H chain
isotypes, and two clones examined produced truncated a
chain. Wetested for and found dimorphism in the patient's
sister, indicating that she is likely a carrier of the X chromo-
some with the locus for XLA.

The phenotype of this boy's B cells is different from the
more common phenotype associated with a failure of B cell
development at the stage of pre-B cells (8, 9). Whether the two
forms of XLA are allelic is not known. Wehave proposed that
the phenotype of this boy's B cells results from a central failure
of VH rearrangement with preformed D-JH intermediates
(Schwaber, J., and R. Chen, submitted for publication). The
size and sequence of his H chains is different from the u chains
of pre-B cells from the major form of XLA (12). Yet, individ-
uals with this minor XLA phenotype have been described in
the same family as individuals with the major XLA pheno-
type (2).

There is delayed expression of L chain in the B cells from
this boy. There are rare L chain expressing cells in vivo, and
recently established B cell lines have similarly limited L chain
expression. With continuing time in culture, B cells express L
chains exclusively of the kappa isotype. Expression of L chains
in vitro does not directly result from kappa gene rearrange-
ment. Wecannot exclude the possibility that peripheral blood
B cells have not undergone L chain gene rearrangement. How-
ever, we found one kappa gene rearranged in cell clones re-
gardless of whether they produced L chain. L chain expression
by the B cells is associated with increased production of H
chain. Alt and co-workers (28, 29) have proposed that the
sequence of Ig gene rearrangement is regulated by the protein
products of the previous step in rearrangement. L chain gene
rearrangement in these cells may occur independent of the
usual induction processes, and increased DQ production may
be necessary for induction of expression.

Based upon the phenotype of this patient's XLA B cells, we
have tested for and found evidence for Lyonization of the B
cells of his mother and sister. Lyon's hypothesis (13) predicts
that in a female XLA heterozygote, 50% of the clonal precur-
sors of B lymphocytes should be of each phenotype. With only
a few exceptions, enzymes encoded on mammalian X chro-
mosomes follow this prediction (30-32). Failure of differen-
tiated cells to follow this prediction has been observed in Wis-
kott-Aldrich syndrome (33, 34) and Lesch-Nyhan syndrome
(35, 36), and is thought to result from selective growth disad-
vantage of cells expressing the affected X chromosome. In the
major form of XLA, recent evidence has shown that there is a
failure of cells in which the affected X chromosome is active to
elaborate B cells (14, 15). This is consistent with the failure to
differentiate beyond pre-B cells in those patients (8, 9). In this
XLA patient, however, immature B cells are present in periph-
eral circulation in normal numbers (6, 7). The presence of
XLA phenotypic B cells in peripheral blood of his mother is
consistent with the behavior of her son's B cells.

This patient's family has been found to be homozygous for
all X chromosome linked markers tested, including Xg,
G6PD, HPRT, and the two restriction fragment polymor-
phisms used to assign linkage of the major form of XLA to
Xq2 (12). Wehave not tested for heterozygosity of the HPRT

and PGKgenes based upon methylation pattern (15). We
would suggest that the clonal dimorphism found in the pa-
tient's mother likely results from Lyonization. The patient's B
cells are frozen at the stage of D-J-C(Qb) Hchains, with delayed
expression of only kappa L chain. In contrast, Abelson virus
transformed pre-B cells producing D-J-Qs H chain spontane-
ously differentiate in culture to production of V-D-J-C,u, that
is, mature g H chain, associated with L chain (37). Similar to
the patient's cells, we have been unable to find evidence for
differentiation of the XLA phenotypic B cells from the pa-
tient's mother. Wesuggest that the presence of B cells with this
phenotype in the carriers of this form of the disease results
from the genetic failure of variable region gene rearrangement
intrinsic to the patient's B cells.

The cellular evidence for Lyonization in carriers of this
form of XLA suggests that the disease is intrinsic to the B
lymphocytes. A growth disadvantage of XLA B lymphocytes,
due either to failure of the cells to diversify or from absence of
antigen directed amplification, could have resulted in reduced
numbers of XLA phenotypic B cells. Wehave not found a
significant growth disadvantage of the XLA B cells in periph-
eral blood of the XLA carriers. This observation is in accord
with recent findings that the pool of peripheral blood lympho-
cytes has a very short half-life (38). Because of the absence of
complete antigen receptors, it further suggests that the short-
lived B lymphocytes do not result from antigen driven ampli-
fication. Deviations of the heterogeneity observed in periph-
eral blood from a near 50% normal and XLA phenotype
would be expected in populations of cells that had responded
to antigenic stimulation, such as spleen and lymph node (39).

The population of peripheral blood B lymphocytes and B
cell lines from the XLA patient's mother and sister results
from mixture of clonally derived cells at several stages of B
lymphocyte differentiation, some of normal, some of XLA
phenotype. All of the IgG bearing B cells are of normal pheno-
type, including expression of L chains of either kappa or
lambda isotype. a and g-bearing cells in mother and sister are
heterogeneous, including XLA phenotype cells without L
chains, which contribute truncated ,u and a chains, and normal
phenotype cells with L chains contributing full-sized A chains.
Since we have never observed a chain production by internal
labeling of normal B cell lines, it is not surprising that compa-
rable quantities of normal sized 6 heavy chain are not detected.

A selective advantage for growth of cells with normal phe-
notype was observed in mass culture of B cell lines from the
XLA carriers. Under cloning conditions, cells with the XLA
phenotype were apparently overrepresented, both in the two
clones described and in 10 additional clones examined only by
immune fluorescence. The cells with normal phenotype were
able to grow under cloning conditions, as indicated by our
isolation of normal clones from the subline in which normal
phenotype cells had replaced XLA phenotype cells. The basis
for these differential growths is not known.

Demonstration of Lyonization in the B lymphocytes of the
mother and half-sister of a patient with X-linked agamma-
globulinemia implies that this disease results from a defective
X chromosome locus whose effects are intrinsic to the B lym-
phocytes, rather than from a failure of an extrinsic factor (2).
There is a failure of B cell development in XLA, which is
associated in this form of XLA with incomplete H chain gene
V-D-J rearrangement. This failure of gene rearrangement may
be the primary defect in this disease, or may be secondary to a
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failure of B lymphocyte receptors to properly signal for the
next step in Ig H chain gene rearrangement.
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