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Abstract

Clinical and immunologic features of a recently recognized
X-linked combined immunodeficiency disease (XCID) sug-

gested that XCID and X-linked severe combined immunode-
ficiency (XSCID) might arise from different genetic defects.
The recent discovery of mutations in the common y chain
(yc) gene, a constituent of several cytokine receptors, in
XSCID provided an opportunity to test directly whether a

previously unrecognized mutation in this same gene was

responsible for XCID. The status of X chromosome inactiva-
tion in blood leukocytes from obligate carriers of XCID was

determined from the polymorphic, short tandem repeats
(CAG)n in the androgen receptor gene, which also contains
a methylation-sensitive HpaH site. As in XSCID, X-chromo-
some inactivation in obligate carriers of XCID was nonran-

dom in T and B lymphocytes. In addition, X chromosome
inactivation in PMNswas variable. Findings from this anal-
ysis prompted sequencing of the yc gene in this pedigree. A
missense mutation in the region coding for the cytoplasmic
portion of the yc gene was found in three affected males but
not in a normal brother. Therefore, this point mutation in
the yc gene leads to a less severe degree of deficiency in
cellular and humoral immunity than that seen in XSCID.
(J. Clin. Invest. 1995.95:1169-1173.) Key words: T lympho-
cyte - immunodeficiency * IL-2R * X chromosome - genetics

Introduction

In 1990, we reported a novel X-linked combined immunodefi-
ciency (XCID) ' distinct from X-linked severe combined immu-
nodeficiency (XSCID) in a large kindred of English origin (1).
The patients displayed repeated, chronic bacterial infections of
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the middle ear, paranasal sinuses, bronchi, and lungs as well as
severe or recurrent varicella, Herpes simplex, and papilloma
virus infections. In contrast to XSCID, other opportunistic infec-
tions including Pneumocystis carrini pneumonia were not seen,
and some affected males survived into late childhood or adult-
hood. This spectrum of infections suggested that both humoral
and cellular immunity were deficient, but not to the degree
found in XSCID. Indeed, serum immunoglobulin levels were
normal, whereas they are decreased in XSCID. The formation
of specific serum IgG and IgA antibodies was, however, pro-
foundly diminished in XCID (1), most likely due to T cell
defects. Indeed, CD4 and CD8 T cells were significantly de-
creased, but not to the extent seen in XSCID ( 1). XCID also
differed from classical XSCID in that blood T cells were pre-
dominantly CD45RO+and an increase in blood CD4+ T cells
occurred postnatally (1, 2,,. Finally, the variable region reper-
toire in T cell receptors (a//3) on blood T cells was altered in
the affected males (3).

Weinvestigated the molecular relationships between XCID
and XSCID by three coupled approaches. First, we examined
the pattem of X chromosome inactivation in blood T cells, B-
lymphoblastoid cells and PMNsfrom obligate carriers of the
disease using the methylation status of the STR, (CAG)n, in
the AR gene, (4, 5) since nonrandom X inactivation is found
in carriers of XSCID (6-8). Second we examined whether the
segregation of XCID was closely linked to the -y. gene, because
mutations in that gene are responsible for XSCID (9). The
segregation of XCID with polymorphisms of the androgen re-
ceptor (AR) gene (Xqll.l), intron 1 of the common y chain
(yc) gene (Xql3) (9, 10), and the dinucleotide repeat (CA)n
in the DXS458 locus (Xq23) (11, 12) were investigated for
this purpose. Finally, based upon findings from those studies,
the -y gene from males affected with XCID was sequenced to
determine if a mutation was present.

Methods

Subjects. The study was approved by the Institutional Review Board of
the University of Texas Medical Branch. All subjects gave informed
consent for the study. B-lymphoblastoid cell lines from all available
carriers and affected males, and T cells and PMNsfrom six obligate
carriers were investigated (Fig. 1). All the available carriers were in
good health without evidence of infection at the time they were studied.
Subjects used for linkage and heteroduplex study were chosen based on
their lineage and availability. The three affected males whose genomic
DNAwas sequenced, were used because they each represented a sepa-
rate branch of this family with affected males.

DNA isolation. Mononuclear cells and PMNswere prepared from
heparinized venous blood by dextran sedimentation and Ficoll-Hypaque
centrifugation ( 13 ). T lymphocytes were purified using magnetic beads
coupled to anti-CD3 (Miltenyi Biotec, Sunnyvale, CA) ( 14). The purity
of the cell preparations was monitored by flow cytometry (1). B-lymph-
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Figure 1. Pedigree of the kindred with XCID. The key for the symbols
are as follows: Obligate carrier females (o); females with suspected
carrier status based on non-random X-inactivation (G); affected males
(U); miscarriage (6). A diagonal line represents deceased family mem-
bers. Individuals shown in subsequent figures are identified by genera-
tion number at the sides of the chart and a letter designation within
generations.

oblastoid cell lines were produced by infection of blood B cells with
Epstein-Barr virus (15). DNAfrom the cell preparations was obtained
by NP-40 lysis, proteinase K digestion, and phenol-chloroform extrac-
tion (16) or by passage through DNApurification columns (Genomic
DNAIsolation Kit, Boehringer Mannheim, Indianapolis, IN) according
to the manufacturer's directions.

PCRamplification of the AR gene short tandem repeat (STR) and
the dinucleotide repeat in the DXS458 locus. The sense (5 '-TCCAGA-
ATCTGTTCCAGAGCGTGC-3')and anti-sense (5'-GCTGTGAAG-
GTTGCTGTTCCTCAT-3') primers from the AR gene (12.5 pmol
each) were mixed with 250 ng of genomic DNA, 4 U of Taq DNA
polymerase, 250 pM deoxynucleoside triphosphates (dNTPs) (2.5 jiCi
[32P]dCTP [3,000 Ci/ttmole]), and 1.5 mMMgCl2 (4) in the manufac-
turer's suggested buffer (Perkin-Elmer Cetus, Norwalk, CT) (total vol-
ume, 25 MI). DNAwas amplified for 25 cycles at 95°C for 1 min, 65°C
for 1 min, and 72°C for 1 min. Amplifications were preceded by a
primary denaturation step (95°C for 5 min) and followed by a final
extension step (72°C for 8 min) after the last cycle (4). When methyla-
tion status of the genomic DNAwas examined by digestion with Hpall,
the DNA(250 ng) was digested with HpaII (Promega) in a reaction
volume of 4 IL (in the manufacturer's recommended buffer) for 2 h at
37°C (17) before amplification. After addition of stop buffer, the sam-
ples were denatured at 95°C for 5 min and electrophoresed on 4%
polyacrylamide/8M urea at 38 Wfor 2 h. Resultant bands were visual-
ized by ethidium bromide staining, or by radioautography using Hyper-
film-MP (Amersham Corp., Arlington Heights, IL). PCRconditions for
amplification of the DSX458 locus were as follows: The sense (5'-
GATAAAACTGCATAGAAATGCG-3')and antisense (5 '-CAACTG-
GGATATTGACATTG-3') primers (12.5 pmol each) were mixed with
20 ng of genomic DNA, 1 unit of Taq DNApolymerase, 200 ,M dNTPs
(2.5 1Ci [32P]dCTP[3,000 Ci/iLmole]), and 1.5 mMMgCl2 (18).

Analyses of polymorphisms of the -y, gene. SSCP analyses were
performed as previously described (9). Sense (5 '-GAATGAAGACAC-
CACAGCTG-3') and anti-sense (5 '-GGGCATAGTGGTCAGGAAG-
3') primers from intron 1 of the y, gene (1 t.M each) were mixed with
200 ng of genomic DNA, 0.45 U of Taq DNApolymerase, 200 ItM
deoxynucleoside triphosphates (dNTPs), 25 tIM dCTP with 1 ,uCi of
[32P]dCTP and 1.0 mMMgCl2 in the manufacturer's suggested buffer
(Perkin-Elmer Cetus, Norwalk, CT) (total volume, 15 ql). The DNA
was denatured (94°C for 5 min), amplified for 30 cycles at 94°C for 1
min, 55°C for 1 min, and 72°C for 1 min and followed by a final
extension step (72°C for 7 min) after the last cycle. After addition of
stop buffer (USB), the samples were denatured at 95°C for 10 min,

quenched in an ice bath, and 4-ju aliquots electrophoresed on non-
denaturing 5% polyacrylamide gels at constant power (25 W) at room
temperature or at 4°C for 2 h. After drying, the resultant bands were
visualized by autoradiography on Hyperfilm-MP (Amersham Corp.)
exposed for 30 min to 1 h at -70°C.

For heteroduplex formation, 4 ILI of PCR amplification products
described in the SSCPanalysis were mixed in pairs and heated to 95°C
for 5 min and allowed to cool slowly to room temperature. The mixture
was then added to 3 1.l of loading buffer (15% Ficol, 0.05% bromophe-
nol blue, and 0.05% xylene cyanol) and 4 1.d of this mixture were then
subjected to non-denaturing electrophoresis as described for the SSCP
analysis.

Sequencing of the yc gene. Genomic DNAfrom EBV-transformed
B lymphocytes was utilized for nested-PCR amplifications of the y,
gene and subsequent dideoxy chain termination sequencing (9). For
two patients, exon 7 was sequenced on the Applied Biosystems Model
373A automated sequencing system (Applied Biosystems, Foster City,
CA) using the PRISM' Ready Reaction DyeDeoxy' Terminator Cy-
cle Sequencing Kit (Applied Biosystems, Foster City, CA) according
to the manufacturer's directions.

Results

X chromosome inactivation in obligate carriers. Flow cytome-
try (FACScan®, Becton-Dickinson, Moutainview CA) (1) was
carried out on blood lymphocytes from three healthy carriers.
The results (mean±standard deviation; normal values in paren-
theses) revealed normal profiles of blood T cells, B cells, and
NK cells [CD3+, 80±13 (70±7); CD4+, 40±9 (40±6);
CD8+, 28±12 (21±6); CDl9+, 13±3 (12±6); CD16+, 4±1
(12+5).] In addition, over 95% of blood T cells from two
carriers that were tested were TCRa/l,+.

Products from the AR gene ranging from - 280 to 310
bp were produced by amplification of genomic DNAfrom T
lymphocytes, B-lymphoblastoid cells, and PMNsof six obligate
carriers. Whenthe genomic DNAwas digested with HpaII, one
band predominated in the amplified DNAfrom T cells (Fig. 2
A) and B-lymphoblastoid cells (Fig. 2 B), but both bands were
variably amplified in the case of PMNs (Fig. 2 C). Those
findings indicated that X chromosome inactivation in XCID
carriers was non-random in T and B cells, but variable in PMNs
from obligate carriers. An exception to this pattern was detected
in one carrier female (Fig. 3). This woman exhibited non-
random X chromosome inactivation in T cells, B-lymphoblas-
toid cells, and PMNs. X chromosome use for her T cells was
similar to that found in the other obligate carriers. However,
the maternally derived, abnormal X chromosome was used in
her B-lymphoblastoid cells and PMNs(Fig. 3).

Polymorphism analyses of the y, gene. SSCPanalysis for
intron 1 and intron 2 of the 'y was uninformative.2 However,
heteroduplex formation between distinct alleles in intron 1 was
found (Fig. 4 A, VI-O, an affected male and VI-N, his normal
brother) by mixing experiments. In addition, several obligate
carriers also demonstrated heteroduplexes, indicating heterozy-
gosity (Fig. 4 B). Subsequently, the entire yc gene was se-
quenced for individuals VI-N and VI-O. VI-O, but not VI-N,

2. A polymorphism in intron 1 of the Yc gene detected by SSCPanalysis
was previously reported in abstract form (Pediatr. Res. 35:76A, 1994).
This apparent polymorphism was secondary to heteroduplex formation
under the conditions the assay was performed. If the assay is performed
under conditions precluding heteroduplex formation, no polymorphism
by SSCPanalysis is observed.
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Figure 2. X chromosome inactivation in blood T lymphocytes, B-lymph-
oblastoid cells, and PMNsusing the methylation status of the (CAG)n
STR loci of the AR gene. Genomic DNAwas digested or not digested
with Hpall before amplification. The 310- and 280-bp polymorphisms
were then demonstrated by autoradiography after electrophoresis in 4%
polyacrylamide/8 Murea gels. Five different alleles for the AR gene
were represented in this family. (A) T lymphocytes: The 310- and 280-
bp polymorphisms were demonstrated in two females (V-H and VI-P)
before HpaII digestion. In both cases, the lower band was absent after
Hpall digestion, indicating nonrandom X-inactivation and that the 310-
bp band was derived from the maternal X chromosome. An affected
male, VI-O, son of V-O exhibited the 280-bp band and indicated a
crossover event involving the AR locus. (B) B lymphocytes: the 280-
and 310-bp polymorphisms were found in EBV-transformed lympho-
cytes from carriers VI-P and V-O, but a slightly higher molecular weight
lower band is seen in carrier IV-I. Only the 310-bp band is visible when
DNAfrom these carriers was digested with Hpall before amplification
indicating non-random X chromosome inactivation in these lymphoblas-
toid cells. (C) PMNs: The 310- and 280-bp bands were present in
differing amounts after HpaII digestion of DNAfrom carriers VI-P and
V-O. This is representative of other carriers (data not shown) and indi-
cates variable X chromosome inactivation in PMNs.

Figure 4. Heteroduplex analysis of intron 1 of the y. gene. (Left)
Heteroduplex formation between affected (VI-O) and non-affected
(VI-N) males. N is a normal unaffected male not found in the pedigree.
In this analysis, each allele was amplified separately and then mixed
(VI-O + VI-N). (Right) Confirmation of carrier status by heteroduplex
formation. In this analysis, DNAfrom either VI-N or VI-O was mixed
with females VII-B or VI-L before amplification. The amplified products
were subjected to heteroduplex formation as described in Methods, and
VII-B, but not VI-L, was confirmed to be a carrier. Note that mixing
experiments are not necessary in those females who are heterozygous
at this locus since heteroduplexes form from the two different alleles
already present.

yc gene, and the DXS458 locus were examined in available
members of the XCID pedig,ree (Fig. 6). Recombination events
were seen between the disease locus and the AR gene, but not
the DXS458 locus, or the yc gene. Two other affected males
(data not shown) also shared the same Yc gene allele as the three
males shown. Heteroduplex analysis was used to determine the
occurrence of the disease-associated allele in each affected male
and certain suspected carriers. Chromosomal assignments of the
alleles in females were made on the basis of least numbers of
recombination events and contributions of the paternal chromo-
somes. This analysis allowed prediction of the carrier status of
these individuals (Fig. 6).

demonstrated a missense mutation at amino acid 271 (leucine-+
glutamine) corresponding to a (CTG -+ CAG) change in exon
7 (Fig. 5). Subsequent sequencing of two additional affected
males (V-F and VI-A) confirmed the same mutation in the SH2
subdomain region (Fig. 5).

Genetic analysis of XCID. Polymorphisms in the ARgene,

T Cells PMNs B Cells

7n n77
Figure 3. Alternative X
chromosome usage for
blood T lymphocytes and
EBV-transformed B
lymphocytes and PMNs
in one female carrier. X
chromosome inactivation
was non-random in T
cells, B-lymphoblastoid
cells, and PMNs. T cells
used the paternally de-
rived X chromosome and
B-lymphoblas-

toid cells and PMNsused the maternally derived X chromosome. The
+ and - designations are for digestion or no digestion, respectively,
with HpaIl before PCRamplification of the STR in the AR gene.

Discussion

The discovery of the defect in the yc gene in XSCID (9) pro-
vided an opportunity to test whether a defect in the same gene
was responsible for XCID. Single stranded conformational
polymorphisms were sought in intron 1 and intron 2 of the y,
gene in the XCID kindred. This analysis was uninformative.2
Further evidence for allelic difference in intron 1 was examined
by heteroduplex analysis. Mixing experiments between the
DNA from an affected and unaffected brother demonstrated
heteroduplex formation. This strongly suggested that allelic dif-
ferences were present in the yc gene from these two individuals.
Further genetic analysis employing mixing experiments be-
tween these two males and other individuals from the XCID
pedigree was consistent with linkage of the disease to the yc
gene. Two flanking loci, the AR gene and the DXS458 loci
(4, 5), were also examined in this family. Although limited
recombination events were detected, the data suggested linkage
to these loci as well. These findings led to the sequencing of
the yc gene in one of the affected males and his unaffected
brother. A missense mutation in exon 7 (10, 19) (leucine
271-*glutamine) was found in patient VI-O, but not in his nor-
mal brother (VI-N). The same missense mutation was subse-
quently found in two other affected males (V-F and VI-A).
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The site of the mutation in the y. gene in this more moderate
combined immunodeficiency is distinct from previously pub-
lished defects in this gene associated with XSCID. In XSCID,
premature stop codons, presumably resulting in truncated pro-

teins, were reported (9). In contrast, the missense mutation
associated with XCID is in the first of two SH2 subdomain
homology regions of the cytoplasmic portion of the molecule
(10, 19). Although high affinity IL-2R would be expected to
form, the amino acid substitution in a phosphopeptide binding
domain suggests that this error causes a defective association of
this receptor with proteins important in intracellular signaling.
Recent evidence in favor of this speculation was obtained re-
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Figure 6. Genetic Analysis of XCID. Polymorphisms in the AR gene,

ye gene, and the DXS458 locus were examined in the XCID pedigree.
Alleles were assigned as arbitrary numbers for the ARgene (top number
and the DXS458 locus (bottom number), respectively. Alleles were

assigned to the maternal or paternal X chromosomes according to the
most probably inheritance patterns. The status of the y, gene was desig-
nated as + or - based on heteroduplex analysis. It is possible that more

than two alleles are involved in this pedigree. In this analysis, (+)
means only that the amplified segment from intron 1 does not form a

heteroduplex with DNAfrom an affected male (VI-O) and therefore is
the same allele, whereas (-) indicates that a heteroduplex is formed.
In the case of heterozygous females that were obligate carriers, no

mixing experiments were conducted since heteroduplexes formed from
the two different autologous alleles. A recombination event involving
the region of the X chromosome containing the AR gene, but not the
DXS458 locus or the yc gene was observed in one affected male (VI-
0). The asterisk at VI-L denotes nonrandom X-inactivation without
carrier status. This finding most likely represents skewed X-inactivation
that is found occasionally in normal females.
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Figure 5. Missense mutation in exon 7 of the zyc gene

found in XCID. (A) The missense mutation results in
the replacement of leucine 271 by a glutamine. This
mutation is in the SH2 subdomain homology region
found in the y, gene. Interestingly, Leu 271 corresponds
to an isoleucine in the murine ye sequence (30). (B)
A portion of the sequencing gel illustrating the mutation
is shown. The sequence shown is complementary to that
of the coding strand. The substitution A-AT was demon-
strated in the patient VI-O, but not in his normal brother.
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garding the association of JAK-3, a member of the Janus family
of protein tyrosine kinases, with yc (20).

The status of X chromosome inactivation is also of interest
in this disease. Investigations of X chromosome inactivation in
female carriers of X-linked immunodeficiency diseases have
been useful both in detecting carriers (6, 7, 8) and in under-
standing the basis of some of those defects (21-23). It is as-

sumed that nonrandom X chromosome inactivation arises from
a survival or production disadvantage of cells in which the
defective X chromosome is the active one (6, 21). In that
regard, there is preferential use of the paternal X chromosome
in T cells and B cells in most female carriers of XSCID (7, 24).
Furthermore, a preferential use of the paternal X chromosome in
blood leukocytes from carrier females of an XSCID variant has
also been reported (25).

In this study, we used the STR, (CAG)n, in the androgen
receptor gene, which is differentially methylated in active and
inactive X chromosomes (4, 5). Obligate female carriers of this
novel XCID were heterozygous and had patterns consistent with
nonrandom X chromosome inactivation in T cells, B cells, and
variable X chromosome inactivation in PMNswith the excep-

tion of one carrier female. This individual, surprisingly, utilized
the paternal X chromosome for T cells and the maternal X
chromosome for B cells and PMNs. One possibility for this
finding is that she had a spontaneous mutation in the "unaf-
fected" X chromosome that produced a second defect that was

disadvantageous for the survival or production of B cells and
PMNs. It seems more likely that skewed lyonization towards
the maternal X chromosome occurred in this carrier (26). In
this scenario, a preponderance of precursor cells would utilize
the maternal X chromosome as the active one. This preponder-
ance would overcome the disadvantage this chromosome ordi-
narily confers on the production or survival of B cells. Only T
cells of paternal origin would be seen because the gene defect
is more lethal for T cells. Although the chromosome carrying
the gene defect for XCID was presumably employed for both
B cells and PMNs, no defect in function was detected for either
cell type (data not shown). Therefore, this finding suggests
that although the gene defect responsible for XCID affects the
production or survival of both B and T cells, the chief effect is
directed at T cell function. This does not preclude more subtle
defects in B cell function.

In summary, patients with XCID demonstrate a point muta-
tion in the gene that codes for the intracellular portion of the
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-y, protein. This newly recognized mutation promises to provide
new insights into the function of the IL-2R y chain. The expla-
nation for the disparate clinical findings in XCID and XSCID
remains an important question. There is a precedent in that very
different symptomatology also results from specific mutations
in the B cell tyrosine kinase gene in human X-linked agammag-
lobulinemia and CBA/N mice (27, 28). However, because Yc
is not only a part of the IL-2R (9, 10, 19, 29), but also a
constituent of the IL-4 (30), IL-7 (31, 32), IL-9 (20), and IL-
15 (33) receptors, the task of unraveling the molecular patho-
genesis of the resultant immunodeficiencies in this XCID will
be complex. However, since mature T and B cells may be
obtained from the affected males, and transgenic animals with
the disease mutation may be constructed, it may be possible in
the near future to understand further the consequences of this
defect upon the development and function of the immune
system.
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