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ABSTRACT

Background: X-linked agammaglobulinemia (XLA) is a
severe, life-threatening disease characterized by failure
of B cell differentiation and antibody production and is
associated with mutations in Bruton's tyrosine kinase
(Btk). The proband in this study is a 51-year-old male
presenting with chronic nasal congestion, recurrent si-
nusitis, sporadic pneumonia, and pronounced B cell de-
ficiency. A family history suggestive of an X-linked im-
munodeficiency disease was noted.
Materials and Methods: cDNA was synthesized from
mRNA prepared from peripheral blood mononuclear
leukocytes. Btk cDNA amplified by polymerase chain
reaction (PCR) was subjected to both manual and auto-
mated DNA sequencing. A DNA sequence corresponding
to exons 6 and 7 of Btk was amplified from genomic
DNA. Western blot analysis employed both polyclonal

and monoclonal antibodies to Btk and reaction pattems
were obtained both by chemiluminescence and an in
vitro kinase assay.
Results: A mutation (Cysl45-StoP) was identified in Btk
cDNA and was confirmed in amplified exon 6 of genomic
DNA from both the proband and an affected nephew.
Neither Btk nor a truncated peptide was detected in
Western blot analyses of peripheral blood mononuclear
cell lysates.
Conclusions: The C 145A mutation reported here is
novel. This family study is extraordinary in that affected
male members who did not undergo aggressive medical
management either succumbed to complications in
early life or survived into later life. The proband is
the oldest de novo diagnosed patient with XLA re-
ported to date.

INTRODUCTION
X-linked agammaglobulinemia (XLA) is an X-
linked recessive severe, life-threatening disease
characterized by the absence of B lymphocytes,
total absence or severe deficiency of all immuno-
globulin classes, and recurrent bacterial infection
with pyogenic pathogens (1). The disease occurs
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in -1/50,000 males and typically presents dur-
ing infancy or early childhood and, unless
treated aggressively with intravenous y-globulin
and/or antibiotics, results in significant morbidity
and, in most cases, premature death secondary to
overwhelming infection or pulmonary insuffi-
ciency (2,3). XLA is associated with mutations
and deletions in the gene encoding Bruton's ty-
rosine kinase (Btk) (4,5). Btk is expressed in a
number of different cell types in addition to B
lymphocytes, making mutation analyses possible
in cases with profound B lymphocyte deficits.
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Over 150 different mutations, which appear al-
most uniformly throughout the gene, have been
identified (Ref. 6 and Haire, unpublished data)
and are associated with variable disease pheno-
types.

MATERIALS AND METHODS
Peripheral blood mononuclear cells (PBMC), to-
tal RNA extraction, synthesis of single-strand
cDNA from RNA, polymerase chain reaction
(PCR) amplification with Taq polymerase, and
cloning in M13 were carried out as described
previously (7). Amplification with Pfu polymer-
ase (Stratagene, La Jolla, CA, U.S.A.) was carried
out in independent reactions. Automated (LI-
COR, Lincoln, NE, U.S.A.) and conventional
35SdATP dideoxynucleotide chain termination
DNA sequencing were carried out on three cDNA
clones representing both strands using two dif-
ferent dideoxynucleotide termination-based
methods as well as on genomic DNA. In the latter
case, exon 6 and 7 were amplified directly using
primers complementing intron 5 (3') and intron
7 (5'): 5'-TCCATGTCAGATGTGATCTC-3' and
5'-TITAACAGTGGCAGCACCCA-3'. The genomic
sequence was determined using automated DNA
sequencing. Cell fractionation, production of
monoclonal and polyclonal antibodies, cell lysis,
immunoprecipitation, Western blotting, in vitro
kinase assay, and chemiluminescent detection of
proteins were carried out as described (7).
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FIG. 1. Family pedigree
Blackened squares, affected males; diagonal slash,
deceased; open symbols, unaffected; circle with a
black central point, obligate carriers; circle with a
question mark, a female of unknown carrier status.
Individual identification numbers are indicated at
the upper left of the symbol(s). Age is in years (y.)
or months (m.), at present or at time of death. Gen-
eration is indicated to the right with a Roman nu-
meral. Dashed vertical line indicate that there are
additional family members who are not informative.
Proband (11-2) is designated by an arrow.

IgM 17 mg/dl (55-300). His current values were
equivalent: IgG 401 mg/dl (723-1685), IgA <7
mg/dl (69-382), IgM 15 mg/dl (63-277). T and B
lymphocyte enumeration showed 87% CD3 (62-
87), 70% CD4 (32-62), 17% CD8 (17-44), and
1% CD 19 (7-22). The patient's anti-B isoagglu-
tinin levels were within the normal range, but
his responses to vaccinations were greatly
diminished.

RESULTS
The Proband
The proband is a relatively healthy 51-year-old
male who has been treated only intermittently
with antibiotics and has never been treated with
intravenous gammaglobulin (IVIG). He had been
well until 9 years of age when, due to recurrent
upper respiratory infections, he underwent a
tonsillectomy and adenoidectomy. During his
twelfth year he suffered four episodes of pneu-
monia, which responded to treatment with oral
antibiotics, and since has experienced eight ad-
ditional scattered episodes of pneumonia as well
as three to four episodes of sinusitis per year. An
immunologic evaluation in 1980 revealed the
following immunoglobulin levels (age-matched
normal values are shown in parentheses): IgG
501 mg/dl (639-1349), IgA <7 mg/dl (90-410),

Family Study
The proband's 55-year-old brother (Fig. 1, II-1)
had a history of recurrent pneumonia, otitis me-
dia, and mastoiditis, and first received intrave-
nous gammaglobulin (IVIG) at 41 years of age.
The patient has three affected nephews (I1-3,
III-4, and III-5). One nephew (III-3) died of sep-
ticemia at 13 months of age, and his brother
(I1-4) died of encephalitis at 10 years of age.
Another brother (III-5) was treated with intra-
muscular 'y-globulin for recurrent infections be-
tween the ages of 3 and 15 years and subse-
quently has been maintained on IVIG. The
proband's brother's grandson (IV-5) is also re-
ceiving IVIG for recurrent infections. No female
relatives were noted to have a history of recur-
rent infections.
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FIG. 2. Sequence analysis of the mutation
C567A
DNA sequencing is based on the dideoxynucleotide
chain termination method. Automated image ob-
tained using on-line near infrared fluorescence de-
tection (LI-COR). In the analysis shown, template is
genomic DNA spanning exons 6 and 7 of Btk. Muta-
tion was confirmed in cDNA, amplified in separate
reactions using different polymerases and identified
in separate reaction chemistry using conventional
35S dATP technology, in both directions.

Mutation Analysis
The complete sequence of the Btk cDNA was
determined and a single nucleotide difference
from normal at C567--A, which introduces a
Cys'45->Stop codon in exon 6 of Btk was de-
tected in the proband (5,8). No additional differ-
ences, with the exception of a recognized poly-
morphism, were noted in the Btk gene. The
mutation was confirmed by sequencing through
the corresponding region of Btk exon 6 amplified
from genomic DNA (Fig. 2). In addition, the
same mutation was confirmed at the genomic
DNA level in the proband's nephew (III-5),
whose brothers had died in childhood from in-
fectious diseases.

Btk Peptide Studies

In order to determine whether the truncated
peptide spanning the first 144 N-terminal amino
acid residues of Btk, which would result from a
Cys'45-*Stop codon mutation, was synthesized
by PBMC of the patient, the cell lysate was sub-
jected to immunoprecipitation with rabbit anti-
Btk polyclonal antibodies which recognize the
pleckstrin homology domain of Btk (amino acids
1-175) (7,9). The resulting immunoprecipitate
was subjected to SDS-polyacrylamide gel electro-
phoresis and transferred to nitroceIlulose. West-
ern blot analyses using a pool of seven monoclo-
nal antibodies detected neither Btk, the predicted
-16-kD Btk peptide, nor its corresponding auto-
catalytic kinase activity from the patient's cells
(Fig. 3). Western blot analyses using polyclonal
rabbit antibody also failed to detect Btk or the

FIG. 3. Expression of Btk, Syk, and
Lyn in normal and patient PBMC
(A) I.V.K. (in vitro kinase assay) and
conventional Western blot (peptide de-
tection) analyses. The number of cells X
106 in each assay is indicated above the
lanes; lane numbers are indicated below.
Lane 1 shows the immunoprecipitation
of normal control cell lysate with normal
rabbit serum. Arrows correspond to the
predicted molecular size(s) of the corre-
sponding protein tyrosine kinases. (B)
Western blot analyses (peptide detec-
tion). Btk was immunoprecipitated with
rabbit polyclonal antibody, separated by
13% SDS-polyacrylamide gel electro-
phoresis, and visualized by Western blot-
ting using a pool of the seven different
monoclonal antibodies against Btk as de-
scribed (7).
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truncated component (data not shown). In con-

trast, both pooled monoclonal and polyclonal
antibodies to Btk detected the 77-kD Btk band
and kinase activities in the normal control. These
observations are in contrast with analyses that
have been carried out in another case of atypical
XLA, associated with a point mutation and sig-
nificant IgG production, in which reduced auto-
catalytic kinase activity could be demonstrated
(10).

DISCUSSION
In terms of disease course and survival, this mu-
tation is associated with the most extreme phe-
notypic variant of XLA yet reported. From a clin-
ical standpoint, this kindred is unique in that
only minimal (uncharacteristic) morbidity has
been suffered by the proband and his brother,
both of whom were born prior to the advent of
antibiotic therapy and survived in generally good
health until early in their sixth (proband) and
fifth (sib) decades without treatment with intra-
venous gammaglobulin and with only intermit-
tent antibiotic therapy. Typically, XLA patients of
this era presented with severe recurrent infec-
tions by 2.5 years of age (3) and suffered infec-
tion-related demise early in childhood (3,9,
11,12).

Quantitative analysis of Btk production rela-
tive to other B and hematopoietic cell tyrosine
kinases, Syk and Lyn, is consistent with the selec-
tive absence of this protein and corresponding
kinase activities. Furthermore, the nature of the
novel mutation (premature stop codon) and a

failure to detect the putative prematurely termi-
nated protein makes it particularly unlikely (rel-
ative to a replacement change) that the genetic
defect in the proband is leaky and somehow
allows the production of some Btk. Furthermore,
the possibility that an alternative initiation codon
is being used is unlikely as a product that is
lacking the pleckstrin homology domain, which
is integral to the function of Btk, would not be
transcribed. Alterative splicing that could bypass
the altered exon 6 would result in an out-of-
frame transcript; cDNA length heterogeneity,
which would be consistent with such an effect,
was not observed. Although it is unlikely, germ-
line mosaicism offers one explanation for limited
expression of B lymphocytes; however, this pos-

sibility is particularly difficult to investigate as the
mutation results in a profound deficit of the af-
fected cell type.

Although case-to-case comparisons are diffi-
cult, it is of interest that the short transcript
predicted for this mutation is associated with an
apparently milder disease course than are certain
longer transcripts that possess (far) 3' frameshifts
(8). Although the absence of Btk is known to
affect B cell differentiation, some functional an-
tibody production is preserved, as evidenced by
this patient's normal isoagglutinin titers and that
presence of significant amounts of IgG were di-
minished in the proband. Whether or not any of
the immunoglobulin is of protective value is
open to question. Significant levels of IgG also
have been described by us in two other relatively
mild cases of XLA (7,8). The nature of compen-
satory mechanisms that could account for lim-
ited B cell proliferation are unknown and if a
factor, certainly must vary on a patient-to-pa-
tient basis as the immunoglobulin levels in other
XLA patients are considerably lower or absent (9).

Since the discovery of the associated genetic
defect in XLA (4,5), there have been several
reports of phenotypic variability (7,8,13). In one
study reported from our laboratory, mutations in
three different individuals were found to affect
the kinase domain; however, the predicted dis-
ruptions in Btk were not correlated with either
the age of onset or the relative severity of the
disease course. More recently we reported a case
in which marked variation in disease presenta-
tion occurred in 5- and 12-year-old brothers
with an identical mutation (7). None of the re-
ports documents the extreme magnitude of clin-
ical presentation and progression of disease that
are seen in the family described in this paper in
which the youngest affected male (III-3) died at
13 months of age secondary to sepsis and his
presumably similarly affected uncles (II-1 and
II-2) survive into middle adult life. As such, this
study is instructive in increasing awareness of
the wide variation in immune competence asso-
ciated with a disease in which the sites and na-
ture of mutations are highly variable. In addi-
tion, these findings direct attention in the adult
population to a group of genetically inherited
diseases that typically are considered to be asso-
ciated with early childhood.

In interpreting these findings, one is faced
with the complex issue of explaining the vari-
ability of longevity in patients with the same
genetic disease. One commonly held view is that
the exposure history of a patient to pathogenic
microorganisms dictates the severity of disease.
Exposure history certainly is a factor, and it is
this issue that makes the report of this mutation
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particularly significant. The age of the proband
exceeds by decades that of the next oldest cases
in which individuals with genetically docu-
mented XLA have not received extensive y-glob-
ulin replacement (9). We can infer that the other
affected members of his family have the same
mutation, and it is unlikely that over five decades
the patient reported here has not been threat-
ened with potentially lethal infections. It is rea-
sonable to assume that other protective mecha-
nisms outside of potential for limited B cell
proliferation are influencing the overall health of
the affected individuals. If such influences have a
genetic component, it would seem that this fam-
ily is of potential interest for further studies along
such lines.
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