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ABSTRACT

X-linked severe combined immunodeficiency (XSCID) is characterised by a failure
of both humoral and cellular immunity resulting in recurrent and opportunistic
infections. Affected individuals have no T cells and normal or elevated numbers of B
cells, indicating a defect in T cell development.

At the start of this study the gene involved in XSCID had been mapped to the region
Xq 13.1-21.1. In an attempt to reduce the extent of this region, the positions of
polymorphic microsatellite loci, mapping to Xql3.2-21.1, were refined.

In 1993 the gene responsible for XSCID was cloned and identified as the IL-2
receptor y chain which was also found to be a subunit of the IL-4, IL-7, IL-9 and IL15 receptors and denoted y^. This new information made it possible to screen a
number of XSCID patients for mutations in the y^ gene using single strand
conformation polymorphism (SSCP) analysis. Mutations were identified in 14
individuals and this information has also aided carrier status assignment in a number
of families.

Expression of mutant y^ at both the mRNA and surface protein levels was
investigated in a number of EBV transformed B cell lines and also primary
lymphocytes from patients. Surface expression as detected by a monoclonal antibody
appeared to be disrupted in the majority of XSCID cases studied.

Since the Jq chain is a subunit of the IL-7 receptor and IL-7 is known to have a role
in T cell development, an assay for IL-7 receptor function in XSCID patients was
developed. This assay utilised a whole blood culture system and lL-6 production by
monocytes in response to lL-7 was measured. The preliminary results obtained may
help to elucidate the role of the

chain in T cell development.

The work presented here reflects the advancement of this field from gene cloning to
the development of an understanding of the role of the XSCID gene product in both
the normal and disease states.
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CHAPTER 1

INTRODUCTION

21

1.1 Severe combined immunodeficiency, SCID

Severe combined immunodeficiency (SCID) describes a heterogeneous group of
disorders characterised by a failure of humoral and cellular immunity. The phenotypes
of these diseases can be very variable and range from an absence of both T and B
lymphocytes to almost normal numbers of lymphocytes and include activation defects
of specific lymphocyte subsets. Affected infants usually present within six months of
birth with recurrent, opportunistic infections, such as pneumocystis carnii pneumonia
and cytomegalo virus infections, the earlier onset of which is prevented by the
presence of maternal antibodies (Gelfand and Dosch, 1983; Cooper and Butler, 1989).
These disorders are usually fatal within the first two years of life unless successfully
treated. Currently the main form of treatment for SCID is bone marrow transplantation
although other treatments have been developed as the molecular bases of many of
these disorders have been elucidated. For example, one form of SCID is caused by a
deficiency of the enzyme adenosine deaminase (ADA-SCID, see the next section) and
can be treated by the administration of polyethylene glycol conjugated bovine ADA
(PEG-ADA) (Weinberg et al, 1993).

The male to female ratio of individuals affected by SCID is approximately 4:1
implying that as many as 60% of these cases may be due to a defect on the X
chromosome (Puck et al, 1987; Goodship et al, 1988). Many of the genes responsible
for autosomal recessive forms of SCID are now known and these will be discussed
before a detailed description of how the gene responsible for X-linked SCID (XSCID)
was identified and its function elucidated.

22

1.1.1 Autosomal SCID

Most of the autosomal recessive cases of SCID are caused by defects in enzymes
involved in purine metabolism, namely adenosine deaminase (ADA) and purine
nucleoside phosphorylase (PNP). ADA-SCID is characterised by the absence of both T
and B cells and PNP-SCID by the absence of T cells. These phenotypes result from the
accumulation of toxic metabolites of the purine salvage pathway to which lymphocytes
seem particularly sensitive. Lymphocyte DNA synthesis and repair are impaired by
these defects and consequently lymphocyte activation and proliferation are inhibited
(Amaiz Villena et al, 1992; Fischer, 1992; Fischer and Amaiz-Villena, 1995). ADASCID can be treated by the administration of PEG-ADA but has recently become the
first immunodeficiency to be treated by gene therapy (van Beusechem et a l, 1990; van
Beusechem et al, 1992; Weinberg et al, 1993; Bordignon et al, 1995; Kohn et al,
1995).

Major histocompatibility complex (MHC) class II deficiency, or Bare Lymphocyte
Syndrome (BLS), can be classified as another form of SCID since, although normal
levels of T and B cells are present, they fail to make either a cellular or humoral
response to foreign antigens because they lack MHC class II antigens. Normally MHC
class II is constitutively expressed only on antigen presenting cells, such as B cells and
macrophages, and induced on other cell types. The control of their expression is
consequently tightly regulated by several trans acting components and it is defects in
these proteins which have been identified as responsible for BLS. Several

23

complementation groups were identified for these defects by cell fusion studies and
two of the genes responsible have been cloned. These proteins are CIITA, which is
suggested to be a non-DNA binding co-activator and the DNA binding protein RFX5
(Steimle et al, 1993; Reith et al, 1995).

Defective expression and function of the T cell receptor (TCR)-CD3 complex of T
cells can occur as a result of rare mutations in the y or e genes of the CD3 complex.
The phenotype of this disease varies from full-blown SCID to mild respiratory
symptoms. Mutations in the y chain causes approximately a 50% reduction in TCRCD3 expression whilst s chain mutations reduce it to approximately 10%. This
suggests that that s is more important than y for full receptor expression. Moreover, y
and 8 defects have a differential impact on CD4 and CDS T cells, in that CD8^ T cells
are under represented but CD4^ T cells are at normal levels in y mutants, whilst CD4^
T cell numbers are reduced and CDS^ T cell numbers are normal in 8 mutants. Thus
the phenotype probably results from both defects in T cell development and T cell
activation by antigen (reviewed in Arnaiz Villena et al, 1992).

ZAP 70 is a tyrosine kinase associated with the TCR that is responsible for coupling
the TCR with more downstream signalling events. Mutations of ZAP 70 cause a
selective T cell defect such that CDS^ T cells are absent but CD4^ T cells are
abundant, but these CD4^ T cells fail to proliferate in response to TCR stimulation.
The differential effect on CD4^ and CDS^ T cell development is suggested to occur
during positive selection stage in the thymus as signal transduction through the TCR is
an integral part of this process (see Section 1.6.3). The clinical consequences of
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mutations in ZAP 70 are persistent infections and this disorder can therefore be
described as a distinctive form of SCID (Arpaia et al, 1994).

JAK3 is a tyrosine kinase which is associated with the common y chain (yj of the
interleukin (IL) 2, IL-4, IL-7, IL-9 and IL-15 receptors and is involved in the signal
transduction pathways that respond to these cytokines (see Sections 1.5.1 and 1.5.2).
Mutations of y^ is associated with X-linked SCID (see Sections 1.2-1.2.7) and JAK3
was therefore a candidate for autosomal recessive cases of SCID with the same
phenotype as XSCID, that is an absence of T cells with normal or elevated numbers of
B cells (see Section 1.1.4). Mutational analysis of the JAK3 gene in three patients with
this phenotype has confirmed its involvement in these cases of autosomal recessive
SCID (Macchi et al, 1995; Russell et al, 1995). Two murine models of this defect
have been developed by targeted gene disruption. Interestingly the phenotypes of these
mice differ, in that one shows impairment of both T and B cell development whilst in
the other only B cell development is affected although T cell activation is inhibited.
Moreover, neither murine model matches the human phenotype highlighting intrinsic
differences between murine and human lymphopoiesis (Nosaka et al, 1995; Thomis et
al, 1995).

The genes for both the TCR and the antibodies expressed on the surface of B cells are
assembled from an a large range of germline sequences, the V, D and J regions, by a
process of recombination which is an obligatory step of both T and B cell
development. Defects in either of the two recombinase activating genes, RAGl and
RAG2, involved in these rearrangements, results in an absence of B cells, absent or
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low numbers of T cells and consequent SCID. Mouse models deficient for RAGl and
RAG2 have been created by targeted gene disruption and also manifest a T cell
negative / B cell negative SCID phenotype (Mombaerts et al, 1992b; Shinkai et al,
1992).

1.1.2 Murine SCID

The "SCID" (scidlscid) mouse is a naturally occurring murine model of SCID which
has no mature B or T cells due to a defect in V(D)J recombination events. In addition,
both lymphoid and non-lymphoid cells are hypersensitive to killing by ionising
radiation. It was therefore deduced that these defects were due to a mutation in a
component involved double stranded DNA break repair as a failure of this process
would explain both aspects of the phenotype. Consistent with this hypothesis, it was
recently discovered that the SCID mouse cells lack a DNA dependent protein kinase
activity, DNA-PK^s, which binds to broken ends of DNA following binding of the
p86/p70 heterodimeric protein Ku. Moreover, defects in the p86 and p70 subunits are
associated with the radiosensitivity of two hamster cell lines confirming that defects in
the catalytic subunit of this complex were responsible for the phenotype of the SCID
mouse (Blunt et al, 1995; Kirchgessner et al, 1995).

26

1.1.3 Human X-linked immunodeficiencies

X-linked severe combined immunodeficiency is one of seven immunodeficiency
diseases which map to the X chromosome. The other six are: X-linked chronic
granulomatous disease (X-CGD), properdin deficiency, Wiskott-Aldrich syndrome
(WAS), X-linked agammaglobulinaemia (XLA), X-linked hyper-IgM (XHM) and Xlinked lymphoproliferative syndrome (XLP). X-CGD is defect of phagocyte function
caused by mutations in the p chain of the cytochromeb^gg of NADPH oxidase,
properdin deficiency results in a defect in the alternative pathway of complement
activation and XLP is characterised by a failure to produce a normal antibody response
to Epstein Barr Virus (EBV) infection. In contrast XLA, XHM and WAS, like XSCID,
show defects in lymphocyte differentiation. In XLA the B cell lineage fails to develop
beyond the pre-B cell stage with consequent agammaglobulinaemia involving all
immunoglobulin subclasses. This disease is caused by mutations in the gene for the
non-receptor tyrosine kinase Btk (Tsukada et al, 1993; Vetrie et al, 1993). XHM is
characterised by selective agammaglobulinaemia of IgA and IgG with normal or
elevated levels of IgM. XHM is caused by mutations in the gene for CD40 ligand
(CD40L) which is expressed by T cells (Allen et al, 1993; Aruffo et al, 1993;
DiSanto et al, 1993; Korthauer et al, 1993). The interaction of CD40L with its
receptor (CD40), on the B cell surface, is an integral part of the T cell-B cell
interaction the failure of which results in a defect in B cell maturation which causes the
observed phenotype. WAS is a combined immunodeficiency but its phenotype also
includes the dysfunction of other haematopoietic lineages including platelets which
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results in thrombocytopenia. The gene responsible for WAS has been cloned but the
function of the encoded protein, WASP, remains unclear (Derry et al., 1994).

1.1.4 X-linked severe combined immunodeficiency

XSCID manifests as an absence of mature T cells and although B cells numbers are
normal or elevated they have a functional defect (Leonard et al, 1994). Consequently,
the affected individual is unable to mount a T cell mediated response and the B cells
fail to mature into antibody producing plasma cells apparently due to both an intrinsic
defect (Conley et al, 1988; Matthews et al, 1995) and the absence of T cell help.
Maternal T cell X-inactivation patterns appear to be unilateral (see Section 1.2.3),
which suggests that the arrest is early in T cell development (Puck et al, 1987;
Goodship et al, 1988; Puck et al, 1990; Hendriks et al, 1992; Puck et al, 1992b;
Hendriks et al, 1993). Infants usually present in the first six months of life with
recurrent opportunistic infections and the disorder is generally fatal within the first two
years unless successfully treated. Currently the only therapy available for this disorder
is bone marrow transplantation.

In addition to XSCID, there have also been two reports of an X-linked combined
immunodeficiency, the genetic cause of which was unknown, with a somewhat milder
phenotype than XSCID in that mature T cells are present but cannot function normally
(Brooks et al, 1990; de Saint Basile et al, 1992). It was suggested that such a
phenotype might result from an attenuated form of XSCID (de Saint Basile et al.
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1992). When the gene responsible for XSCID was cloned this proposition was
confirmed (DiSanto et al, 1994b; Schmalstieg et al, 1995).

There are three animal models of XSCID, a naturally occurring canine form and two
murine models that have been created by targeted gene disruption (Felsburg et al,
1992; Somberg et al, 1994; Cao et al, 1995; DiSanto et al, 1995). Ail three models
showed impaired B and T cell development but with some mature lymphocytes in the
periphery (Felsburg et al, 1992; Somberg et al, 1994; Cao et al, 1995; DiSanto et al,
1995). Therefore, whilst their phenotypes are similar to each other they are distinct
from that of XSCID patients. These models will be described in more detail in
Sections 1.6.5 and 1.6 .6 .

At the start of this study the gene responsible for XSCID was unknown and therefore
the initial objective of this work was its isolation in order to elucidate the molecular
and cellular basis of this disease. It was hoped that once the gene was known the
protein structure could be deduced, the consequences of its disruption by mutation
postulated and thus a better understanding of the biological system in question in both
the normal and disease states would result.

1.2 Cloning of the XSCID gene locus (SCIDXl)

The major obstacle to the isolation of disease related genes is the size and complexity of
the human genome. There are three main approaches which have been used to identity
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disease related genes; fimctional cloning, the candidate gene approach and positional
cloning.

Functional cloning requires that the protein product involved in a particular disease
and/or its function are known. This information is then used to design probes which are
used to isolate the gene from an appropriate cDNA library. The cDNA clones are then
tested in a functional reconstitution assay or mutations are identified. This approach was
successful in isolating the gene responsible for properdin deficiency (Nolan et al, 1991).

The candidate gene approach matches cloned genes that are expressed in appropriate
tissues and/or map to the same chromosomal region with disease gene loci. In the advent
of the Human Genome Mapping Project the number of human genes which have been
cloned is rising and this approach is becoming more successful. To establish its identity
the candidate gene is then analysed for mutations in patients. This approach was
successful in determining that the CD40L gene was responsible for XHM (Allen et a l ,
1993; Aruffo et al, 1993; DiSanto et al, 1993; Korthauer et al, 1993).

When attempts were first made to clone the gene responsible for XSCID it was not
feasible to use either of these approaches as affected tissue, namely T cells and
thymocytes, was not available from patients for biochemical analysis and there were no
likely candidate genes identified. Therefore the third approach, positional cloning, was
utilised. Positional cloning involves the isolation of a disease gene entirely by virtue of
its position in the genome. In some cases the genomic position of a gene responsible for
an inherited disorder can be identified because the disease is associated with gross
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chromosomal rearrangements or deletions which can be detected cytogenetically. In the
absence of patients with such rearrangements the alternative is saturation genetic and
physical mapping. Initially the approximate position of the gene is determined by
genetic linkage studies of affected families. The region involved is then subject to
physical mapping such that the order and distance between markers in the region is
determined. Patients with small deletions not detectable by cytogenetics may be detected
at this stage by Southem blot analysis using flanking markers as probes. Such analyses
may further reduce the size of the critical region. Once the critical region has been
narrowed down to a minimal distance, genomic DNA from this region is cloned into
suitable vectors; plasmids (up to lOkb), bacteriophage lambda (up to 15kb), cosmids (up
to 40kb) or yeast artificial chromosomes (YACs, up to 2-3Mb) (Sambrook et al, 1989).
In view of the size of the DNA fragments which can be cloned into YACs these are the
vectors of choice where the region defined by genetic linkage analysis is estimated to be
in the order of a few cM. From these clones transcribed sequences are identified by a
range of techniques such as CpG island isolation (Lindsay and Bird, 1987; Cross et al,
1994; Tribioli et al, 1994), exon trapping (Duyk et al, 1990; Buckler et al, 1991),
enhancer trapping (Weber et a l , 1984) and cDNA enrichment (Lovett et al, 1991 ;
Parimoo et al, 1991 ; Korn et al, 1992; Morgan et al, 1992). These transcribed
sequences are then considered as candidate genes. This approach has been successful in
the isolation of a number of disease related genes for example, the p chain of the
cytochrome bggg involved in X-CGD (Royer-Pokora et al, 1986), Btk involved in XLA
(Vetrie et al, 1993) and the gene responsible for WAS (Derry et al, 1994).
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The first step of any positional cloning strategy is therefore genetic linkage analysis to
identify on which chromosome and within which region of that chromosome the gene
lies. In the case of XSCID it was clear from the pattern of inheritance that the gene lies
on the X chromosome.

1.2.1 Genetic linkage analysis

The principle behind genetic linkage analysis is that two loci which are close together are
less likely to have a recombination occur between them at meiosis I. Therefore a
particular combination of alleles at those loci have a greater chance of being inherited
together than those at distant loci or on different chromosomes. Each chromosome
undergoes at least one recombination per meiosis. The unit of genetic map distance, the
Morgan (M), is defined as the length of chromosomal segment which will, on average,
undergo one exchange during meiosis per individual chromatid strand. The human
genome has been estimated to be 33M long and consist of 3xlO%p, therefore 1 cM is
approximately equal to 1Mb. However this relationship is dependent on the
recombigenicity of the region which is variable (Hartley et al., 1984).

One of the difficulties of performing genetic linkage analysis to locate disease genes in
humans is that families, especially in Northern Europe, are often small with the result
that only a few meioses may be studied in each pedigree. Therefore a statistical approach
is used which estimates the maximum likelihood that two loci are linked and often the
data from several pedigrees are combined. The estimate is expressed as the logarithm
(base 10) of the ratio of the likelihood that two loci areV'aked versus the likelihood that
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they are not linked and this value is known as the LOD or Logarithm of odds score (Z).
Multi locus analysis is used to place an unknown locus, for example the disease gene in
question, within a series of linked loci or to order a series of linked loci.

1.2.2 Initial genetic linkage mapping of SCIDXl locus

Initially SCIDXl was mapped to the proximal long arm of the X chromosome by the
genotyping of 23 polymorphic markers located throughout the X chromosome in four
large families with a history of XSCID (de Saint Basile et al, 1987). A further five
families were then analysed with respect to 8 of the 23 loci in the Xql l-q22 region.
This indicated that the most probable location of SCIDXl was between the locus
DXSl and the group of XY homologous loci DXYSl and DXYS12 (Xq21.3, shown in
Figure 1.1; de Saint Basile et al, 1987), a genetic distance of approximately 10-20cM
(Arveiler et al, 1987). In addition SCIDXl was found to be most closely linked to
DXSl 59 (de Saint Basile et al, 1987), the position of this locus is indicated in Figure
1.1. The location of the SCIDXl gene was further refined by Puck et al (1989), who
studied an additional six families and used T cell X-inactivation studies (see next
section) to determine the carrier status of at risk women, thereby increasing the number
of informative meioses in each family (Puck et al, 1989). In this way SCIDXl was
located distal to DXSl59 and proximal to DXS3 (Xq21.3, see Figure 1.1; Puck et al,
1989). SCIDXl was also found to be most closely linked to PGKl and DXS72, which
have been mapped to Xq 13.1 -q21.1 and Xq21.1, respectively (Cremers et al, 1989
Figure 1.1).
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Figure 1.1 : Schematic map of the chromosomal region X pll.l-X q21.3

EDA
D X S 106
D X S 135
D X S 453

DXS1
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IL2Ry
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DX S441 D X S56
D X S 325 D X S347

D X S447
q 2 1 .2
D X S72

q 2 1 .3
CHM
DXYS1
D X YS12
DX S3

Arrows indicate the location of hybrid breakpoints defining nine subintervals.
On the left are shown the positions of the loci refered to in sections 1.2.2, 1.2.4,
1.2.5 and 1.2.7 with respect to these subintervals.
On the right are indicated the cytogenetic bands. NP indicates proximal deletion
breakpoint found in patient NP.
CHM: Choroideremia. EDA: Hypohidrotic ectodermal dysplasia.
MNK: Menkes disease.
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1.2.3 X-inactivation studies

In order to achieve dosage equivalence between XX females and XY males, one X
chromosome is transcriptionally silenced in every cell early during the development of
the female embryo (Rastan, 1994). This inactivation occurs in an entirely random
manner and is stable and heritable during subsequent cell divisions. The techniques used
to determine X-inactivation patterns are based on the difference in méthylation status of
the active and inactive X chromosomes and make use of méthylation sensitive restriction
enzymes (Vogelstein et al, 1987; Boyd and Fraser, 1990).

X-inactivation studies provide information for X-linked diseases of which the value is
twofold. Firstly, where the product of a disease gene is required for the development of a
particular cell type, those cells bearing the inactivated mutated X-linked gene will have a
selective advantage and the X-inactivation of that cell type will no longer be random hut
will become skewed or appear to be unilateral. Thus X-inactivation studies of carrier
females can identify the cell type and developmental stage where the gene exerts its
effect. This information can help the selection of a cDNA library from a suitable cellular
source or tissue from which to isolate candidate genes.

Secondly, genetic linkage analysis involves the determination of the frequency of
recombination between loci in the region of interest. Therefore the more informative
meioses that can be studied the greater the resolution of the resultant genetic map.
Female carriers of X-linked disorders show no phenotypic abnormality and therefore
cannot be distinguished from females that are homozygous for the normal allele unless
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they have affected offspring. Thus within an affected pedigree female offspring can
represent uninformative meioses. However, where the disease gene is involved in the
development of a particular cell type, analysis of the X-inactivation status of that lineage
permits the identification of heterozygous females. Haemopoietic lineages are
particularly amenable to this type of analysis as blood samples are easily obtainable. It
should be noted, however, that thercis an approximately 10% chance of skewed or
unilateral X-inactivation occurring by chance early in embryogenesis. Therefore to
reduce this risk studies of the affected cell type should, if possible, be compared with that
of a cell type not affected by the gene in question. Thus in an X-linked pedigree the
number of informative meioses can be considerably increased by such studies.

X-inactivation studies have also been very important for determining the carrier status of
women, who are not obligate carriers, from families affected by X-linked diseases and
thus have aided the genetic counselling of such individuals considerably. In the case of
XSCID, X-inactivation has been found to appear unilateral in maternal T cells due to the
differentiation defect in this lineage (Puck et al., 1987; Goodship et al., 1988; Puck et al.,
1990; Hendriks et al, 1992; Puck et al., 1992b; Hendriks et al., 1993).

1.2.4 Deletion mapping of SCIDXl

Patients with large cytogenetically detectable deletions can aid the localisation of a
disease related gene. However, large deletions that do not cause the disease in question
but which are close to the disease gene region can also aid a positional cloning strategy.
Somatic rodent/human cell hybrids carrying a single human chromosome or a
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chromosomal region with cytogenetically detectable breakpoints can also be used. A
series of subintervals bounded by these deletion or hybrid breakpoints can be defined in
the chromosome or chromosomal region in question. New loci can then be assigned to
these subintervals, for example in the studies of Philippe et al. (1993), Lafreniere et al.
(1991), and Barker and Fain (1993). Similarly, in the case of the X chromosome, DNA
from males affected by X linked disorders (other than the disease in question) caused by
cytogenetically detectable deletions can be used to map loci. Figure 1.1 illustrates how a
number of loci from the region Xql l-q21.3 have been mapped to a series of 9
subintervals defined by the chromosomal breakpoints found in a 8 of somatic cell
hybrids and two lymphoblast cell lines from male patients with interstitial deletions (NP
and XL-62) (Lafreniere et al, 1991).

Genetic linkage data placed SCIDXl most closely linked to DXSl59, PGKl and
DXS72. However, it was determined by deletion mapping that SCIDXl must lie
proximal to DXS72 as a patient (NP) with X-linked choroideremia, deafness and
mental retardation, but who is not immunodefrcient has a deletion within Xq21 which
includes the DXS72 locus (Nussbaum et al., 1987) (NP deletion proximal breakpoint
highlighted in Figure 1.1). Moreover, as additional loci were physically mapped to this
region deletion mapping defined DXS447 as a new distal flanking marker for the
SCIDXl critical region as this also lies within the deletion in patient NP but can be
mapped to a more proximal subinterval as indicated in Figure 1.1 (Lafreniere et al,
1991).
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1.2.5 Further genetic linkage mapping of SCIDXl using additional polymorphic
loci

As more polymorphic loci were identified in the region between DXSl59 and DXS3
(Barker et al, 1989) and additional XSCID families (25 in total) were genotyped with
respect to these loci, it became possible to further refine the extent and position of the
XSCID critical region (Puck et al, 1992a; Puck et al, 1993a). These studies placed
SCIDXl in X ql3 between DXS453 and DXS447, and most closely linked to PGKl,
DXS325, DXS347 and DXS441 (Puck et al, 1993a). Figure 1.1 shows the positions of
these loci. However, the critical region still spanned a distance estimated as
approximately 10Mb based on an estimated genetic distance of 10 cM and therefore
required further refinement before the entire region could feasibly be cloned. The
majority of loci used in the genetic linkage analyses described were restriction fragment
length polymorphisms (RFLPs). The heterozygosity and degree of informativeness of
such loci is limited since there are only two possible alleles produced either by cutting or
not cutting at a particular site. Therefore, to improve the resolution of genetic linkage
mapping additional loci of greater heterozygosity were required.

Variable number tandem repeat (VNTR) loci, that is minisatellites and microsatellites,
are highly polymorphic markers. Minisatellites consist of repeating units of more than 4
base pairs but since they are largely restricted to telomeres their use in the genetic
mapping of disease genes is limited. Microsatellites consist of di-, tri- or tetra-nucleotide
repeating units, which are often CA, and although their heterozygosities are variable their
distribution throughout the genome has made them extremely useful. Both types of
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repeat loci are polymorphic by virtue of the presence of a variable number of repeat units
and can therefore have multiple alleles. Microsatellite repetitive regions are flanked by
unique sequences to which complimentary PCR primers can be made allowing a PCR
based means of genotyping (Weissenbach et al, 1992).

The use of seven such microsatellite repeat markers, mapping to the Xql 2-13.1 region,
in a genetic linkage analysis of nine large XSCID families was successful in reducing
the size of the SCIDXl critical region from lOcM to 3-5cM (Markiewicz et a l, 1993).
These seven loci; DXSl06, DXS135, DXS453, DXS227, DXS56, DXS441 and PGKl,
had been mapped physically with respect to a series of X chromosome rearrangements
and deletions in a panel of human/rodent somatic cell hybrids and human
lymphoblastoid lines (Lafreniere et al, 1991). Figure 1.1 shows a schematic map of
the region Xql 1.2-q21.3 indicating the position of these loci, and a number of other
anonymous loci, genes and pseudogenes with respect to the cytogenetic location of
these chromosomal breakpoints (Lafreniere et al, 1991; Verga et al, 1991; Plougastel
et al, 1992; Zonana et al, 1992). The subsequent linkage analysis by Markiewicz et
al (1993) further refined the order of these loci within this region as follows:
cen-DXS 1-DXS159-(DXS 132, DXS106)-(DXS135, DXS453, DXS348)-CCG1PHKA-DXS227-XIST-DXS128-(DXS56, DXS441)-PGKl-DXS72-tel
and allowed the identification of new flanking markers for the SCIDXl region;
proximally DXS 135 and distally DXS227 (Markiewicz et al, 1993). Thus the
SCIDXl critical region had been refined to a distance estimated as approximately 35Mb, a size accessible to cloning into YACs. However, positional cloning of the
XSCID gene was not pursued further as by this time the y chain of the IL-2 receptor
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(IL-2Ry) was cloned and considered as a candidate for this disease gene. The IL-2Ry
gene was confirmed as the gene responsible for XSCID by the discovery of mutations
in this gene in XSCID patients (Noguchi et al, 1993c; Puck et al, 1993a).

1.2.6 Identification of IL-2Ry

The IL-2R exists in three forms with low, intermediate and high affinities for IL-2.
Prior to the isolation of the IL-2Ry chain these receptors were thought to consist of a
chains, p chains and a and p chains, respectively (Smith, 1988). The existence of a
third IL-2R component was first suggested by transfection studies of IL-2RP function.
It was found that whilst transfection of the p chain into lymphoid cells expressing no
IL-2 binding species (Jurkat T cell line) resulted in the expression of an intermediate
affinity receptor, when the P chain was transfected into fibroblast cells it was non
functional (Hatakeyama et al, 1989). This observation suggested the existence of a
lymphoid specific component of the IL-2R which is required for IL-2 binding to IL2Rp. Further evidence for the involvement of a third component of the IL-2R came
from the studies involving a murine IL-2 mutant with an amino acid substitution at
Gin 141. It was found that the mutant IL-2 showed normal binding to cells expressing
IL-2Ra only or IL-2Rap. However, binding to a mouse T cell line or a human natural
killer (NK) cell line deficient for IL-2Ra was defective indicating that the mutant IL-2
could not bind to IL-2RP in the absence of IL-2Ra (Zurawski et al, 1990). These
results indicated that Gin 141 interacts with a third component of the receptor which is
required for IL-2 binding to IL-2RP in the absence of IL-2Ra. In addition study of NK
cells from cancer patients treated with IL-2 indicated a discrepancy between the
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number of IL-2 binding sites and the level of p chain expression (Voss et al, 1992)
suggesting a requirement for another component for IL-2 binding.

The IL-2Ry chain was identified as a 64kD protein by a number of chemical
crosslinking and co-immunoprecipitation experiments. In labelling and crosslinking
experiments using [^^^I]-IL-2 three labelled proteins of 90, 85 and 70kD were
identified (Dukovich et al, 1987; Robb et al, 1987; Fujii et al, 1988). In addition it
was found that in the presence of IL-2, a 64kD protein associates with the IL-2Rp
chain and, with or without chemical crosslinking, this protein can be
immunoprecipitated from lymphoid cells by an antibody to IL-2RP (Takeshita et al,
1990; Arima et al, 1992; Kamio et al, 1992; Takeshita et al, 1992b; Voss et al,
1992). Moreover the amount of IL-2Ry immunoprecipitated was proportional to the
number of intermediate affinity IL-2 binding sites (Takeshita et al, 1992b; Voss et al,
1992). Finally peptide mapping of IL-2Ra, IL-2RP and IL-2Ry indicated that IL-2Ry
is a distinct protein and does not represent a transcriptionally or post-transcriptionally
modified form of either of the other chains (Takeshita et al, 1990). The three receptor
forms are therefore now designated IL-2Ra, IL-2Rpy or IL-2RaPy having low,
intermediate or high IL-2 binding affinities, respectively.

The gene for IL-2Ry was cloned by Takeshita et al (1992a). Small quantities of IL2Ry were purified by co-immunoprecipitation of IL-2Ry with IL-2Rp, separation by
2D PAGE and transferred to membrane. This protein was then subject to amino acid
sequencing of the 22 amino terminal residues and the sequence derived was used to
design degenerate PCR primers. These primers were used to amplify a 54bp fragment
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from cDNA derived from MOLXp cells (M0LT4 T cell line into which IL-2RP cDNA
has been introduced). In turn this fragment was used to screen a MOLTp cDNA library
from which a clone encoding a complete cDNA was eventually isolated. The sequence
of this clone showed no complete homology to any other published sequences and had
an open reading frame of 369 amino acids (Takeshita et al, 1992a).

1.2.7 Identification of IL-2Ry as the XSCID gene

Shortly after the cDNA for IL-2Ry had been cloned this receptor component was
considered as a possible candidate for the SCIDXl gene by Noguchi et al (1993c) and
Puck et al (1993a). The former group mapped the IL-2Ry gene to chromosome X ql3
by using an IL-2Ry cDNA probe in Southem blot analysis of DNA from a series of
human-rodent somatic cell hybrids. These studies revealed a perfect correlation
between the presence of the IL-2Ry gene and the presence of the human X
chromosome. Moreover, analysis of hybrids containing specific translocations and
breaks involving the X chromosome allowed localisation of the IL-2Ry gene to Xql 3.
This localisation was confirmed by fluorescence in situ hybridisation (FISH) using
genomic clones as probes (Noguchi et al, 1993c). Having established that the genomic
position of the IL-2Ry gene was very close to the SCIDXl critical region it was
considered a good candidate for this disease. Polymorphisms within the IL-2Ry gene
were then sought in order to map the position of this gene by genetic linkage analysis
with respect to other markers in the region. Two intronic SSCPs were identified and 10
informative CEPH families were genotyped with respect to these loci. The result of
this analysis placed the IL-2Ry gene very close to PGKl, distal to DXS 159 and
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DXS 132 but proximal to DXYSl and DXS3 (Noguchi et al, 1993c). This represents
the same region to which SCIDXl had previously been mapped (see Section 1.2.2). In
order to confirm that the SCIDXl gene and the IL-2Ry gene were identical, the IL-2Ry
genes in three unrelated XSCID patients were examined. It was discovered by
sequencing the IL-2Ry cDNA from EBV transformed B cell lines from these patients
that all three had unique point mutations which created premature stop codons
(Noguchi et al, 1993c).

The mapping of the IL-2Ry gene to the XSCID region was confirmed by the work of
Puck et al (1993a) who recognised the IL-2Ry gene as a candidate for XSCID because
of the observation that the T cells from the XSCID dog fail to respond normally to IL2 (Felsburg et al, 1992). FISH analysis using YAC and genomic phage clones
containing the IL-2Ry gene as probes indicated that it lies in the region X ql3. In
addition, FISH analysis located the IL-2Ry gene between the translocation breakpoints
associated with hypohidrotic ectodermal dysplasia (EDA) (Plougastel et al, 1992;
Zonana et al, 1992) and Menkes disease (MNK) (Verga et al, 1991; Tumer et al,
1992; Puck et al, 1993a) which flank a region including the SCIDXl critical region,
DXS135-DXS227, as defined by Markiewicz et al (1993) (see Figure 1.1). To localise
this gene more precisely IL-2Ry specific PCR primers were used to amplify DNA
from a series of somatic cell hybrids which define the series of subintervals within this
region illustrated in Figure 1.1 (Lafreniere et al, 1991). These studies confirmed that
the IL-2Ry gene lies distal to EDA and established that it lies proximal to DXSl31
(Puck et al, 1993a) (see Figure 1.1). Finally four additional unrelated XSCID patients
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were analysed by IL-2Ry cDNA sequencing and all were found to have unique point
mutations. Thus the IL-2Ry gene was confirmed as the gene responsible for XSCID.

1.3 Mutation analysis
1.3.1 The importance of mutation analysis

Mutation analysis of disease related genes is of value for several reasons. Firstly, it
permits the confirmation of a candidate gene as the disease causing gene. Secondly, the
positions at which mutations are found, particularly missense mutations, may indicate
important regions for the function of the protein and it may be possible to draw
correlations between the genotype and the clinical phenotype in affected individuals.
Finally, knowledge of the precise nature of a disease causing mutation within a family
may aid both pre- and post-natal diagnosis of affected individuals and can lead to
unambiguous carrier status determination.

1.3.2 Mutation analysis techniques

Single base pair alterations, small deletions and insertions can be found by sequencing
the entire coding region, splice sites and control regions but such an approach would be
extremely laborious if there were many samples or the gene were large. It should be
noted, however, that with the advent of automated sequencing this approach may become
more feasible. A number of PCR based techniques have been developed which enable
the area that has to be sequenced to be considerably reduced. Mostly these methods
involve amplification and analysis of the gene in small fragments in order to determine a
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small region which is likely to contain the mutation and this region is then sequenced to
confirm the presence of a bona fide mutation and to determine its precise nature.

1.3.3 Single strand conformation polymorphism analysis (SSCP)

This technique involves the amplification of the gene in question in small fragments of
less than approximately 250bp or in larger fragments, the size of which is reduced by
restriction digestion. These fragments are then denatured and electrophoresed through a
non-denaturing polyacrylamide gel, which may contain glycerol. The two single stranded
DNA molecules from each denatured PCR product assume a three dimensional
conformation which is dependent on the primary sequence. Thus if mutant and wild type
PCR products are electrophoresed side by side any sequence difference between them
may result in differential migration of one or both mutant strands. This technique, first
described by Orita et al. (1989), has been shown to identify 70 to 95% of mutations in a
given gene (Michaud et al, 1992; Sheffield et al, 1993) and has become widely used
because of its simplicity and relative sensitivity, for example (Hayward et al, 1994;
Shimizu et al, 1994). Migration patterns can be visualised by incorporation of
radioactive nucleotides followed by autoradiography. However, more recently non
isotopic methods have involved silver (Oto et al, 1993) or ethidium bromide (Hongyo et
al, 1993) staining and the advent of automated DNA sequencing technology has
permitted fluorescence based detection (Iwahana et al, 1994). A variation on the original
technique is RNA SSCP which involves in vitro transcription of the PCR product which
is facilitated by the incorporation of a phage promoter sequence into the PCR primers.
This method has been reported to detect mutations in cases where DNA SSCP did not
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(Danenberg et al, 1992; Sarkar et al, 1992a; Bisceglia et al, 1994). This extra
sensitivity may be explained by the large repertoire of secondary structures of single
stranded RNA because short hairpins form stable duplexes and the 2' hydroxyl group is
available for sugar-base and sugar-sugar hydrogen bonds.

1.3.4 Denaturing gradient gel electrophoresis (DGGE)

Like SSCP, DGGE utilises the differing electrophoretic mobility of wild type and mutant
DNA. Double stranded DNA generated by PCR is electrophoresed through a gradient of
increasing concentration of a denaturing agent (urea and formamide). As the DNA
migrates the strands progressively dissociate in discrete sequence dependent domains of
low melting temperature. This partial "melting" of the double stranded DNA leads to an
abrupt decrease in mobility. DNA molecules differing by only a single base substitution
have been shown to exhibit differential mobility in such gels (Myers et al, 1985). The
sensitivity is greatly enhanced, however, if heteroduplex DNA between wild type and
mutant sequences is used for the analysis (Sheffield et al, 1989). Usually one end of the
fragment is "clamped" by using a long GC tailed PCR primer to ensure that the amplified
sequence dissociates first. Setting up the optimum denaturing conditions for each
fragment is time consuming but, once established DGGE provides a mutation detection
rate of up to 100% (Moyret et a l , 1994). This technique has been modified to use
temperature instead of chemical dénaturants, termed temperature gradient gel
electrophoresis (TGGE), and has been found to have equivalent detection rates (Scholz et
al, 1993).
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1.3.5 Heteroduplex analysis (HA)

If mutant and wild type template sequences are present simultaneously in a PCR reaction
heteroduplexes between the two different DNA species can be formed during the late
cycles. These heteroduplexes can be distinguished from wild type homoduplexes by their
differential mobility in polyacrylamide gels. The heteroduplexes are thought to move
more slowly due to a more "open" double stranded DNA configuration surrounding the
mismatched bases. Studies using this technique report a sensitivity of 80-90% (Perry and
Carrell, 1992; White et al, 1992) and the sensitivity is improved by use of new gel
matrices, for example Hydrolink gels (Keen et al, 1991). Both isotopic (White et al,
1992) and non-isotopic (Perry and Carrell, 1992) methods of detection have been used
for this technique.

1.3.6 Chemical mismatch analysis (CMM)

CMM involves chemically modifying mismatched bases in a DNA-DNA or DNA-RNA
heteroduplex where the wild type DNA is radiolabelled. Osmium tetroxide is used for
the modification of mispaired thymines and hydroxylamine for mispaired cytosines.
Adenine and guanine mismatches are detected by labelling the anti-sense strand of wild
type DNA. Piperidine is used to cleave the modified bases and the fragments are sized on
polyacrylamide gels giving a close estimation of the site of the mutation (Cotton et a l ,
1988). This technique has been shown to detect 100% of mutations in fragments up to
1.7kb (Forrest et al, 1991; Roberts et al, 1992). It does, however, involve several
manipulations of the PCR product prior to analysis and the use of toxic chemicals.
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1.3.7 Dideoxy fingerprinting (ddF)

Dideoxy fingerprinting is a hybrid of SSCP and Sanger dideoxy sequencing (Sarkar et
al, 1992b). In ddF a Sanger sequencing reaction performed with one dideoxy terminator
is electrophoresed through a non-denaturing gel. Mutations can be detected as a result of
a loss or gain of a dideoxy termination segment (dideoxy component ) and/or by an
alteration in the mobility of at least one of the termination segments that contain the
mutation (SSCP component). The number of potentially informative segments in the
SSCP component can vary from one to more than 50, depending on the position of the
mutation. The inherent redundancy of ddF facilitates detection of virtually all mutations
and in fact it has been reported to detect 100% of mutations (Sarkar et al, 1992b; Liu
and Sommer, 1994).

Table 1.1 Comparison of mutation detection techniques (Grompe, 1993)

Maximum

Sensitivity

Localises

Fragment Size

Toxic
Chemicals*

Steps Required
After PCR

SSCP

250bp

70-95%

No

None

No

DGGE

600bp

95%

No

Formamide

No

HA

300bp

80%

No

None

No

CMM

1.7kb

>95%

Yes

OSO4,

Yes

piperidine and
hydroxylamine
ddF

250bp

>95%

Approx.

None

Yes

Sequencing

500bp

>95%

Yes

None

Yes

* Other than those used for visualisation, that is, radionucleotides, ethidium bromide or
formaldehyde for silver staining
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1.4 The structure and function of IL-2Ry
1.4.1 Genomic structure of the IL-2Ry gene

The IL-2Ry chain gene spans 4.2kb of genomic DNA and consists of eight exons and
seven introns (Puck et al, 1993b; Noguchi et al, 1993a). When appropriately spliced
and edited the IL-2Ry mRNA is 1.8kb (Puck et al, 1993b; Noguchi et al, 1993a).
Intron 4 contains a region of approximately lOObp which shows 70% identity to the
Blur2 Alu repeat (Puck et al, 1993b). Figure 1.2 shows this genomic structure and
indicates the positions of exon/intron boundaries.

1.4.2 Structure and Function of IL-2Ry Protein

Analysis of the primary structure of the IL-2Ry protein predicted that it spans the
membrane once with an extracellular region of 232 amino acids and a cytoplasmic
region of 86 amino acids (Figure 1.3). Moreover analysis of its homology to other
proteins indicates that it is a member of the cytokine receptor super family which
includes IL-2RP, IL-3R (a and P), IL-4Ra, IL-5R (a and P), IL-6R, IL-6R gpl30, IL7R, IL-9R, ciliary neutrophic factor receptor (CNTFR), prolactin receptor (PLR),
growth hormone receptor (GHR), erythropoietin receptor (EPOR), GM-CSFR (a and
p), G-CSFR and leukaemia inhibitory factor receptor (LIFR) (Taniguchi, 1995). These
receptor components all share two characteristic extracellular motifs. The first of these
is a region containing four cysteine residues, located in the N terminal half of the
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Figure 1.2: Genomic structure of the IL-2Ry gene
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Figure 1.3: Schematic Representation of the structure of the IL-2Ry protein
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extracellular region, which may form disulphide bridges. The second conserved motif
is the "WSXWS" (Trp Ser X Trp Ser, where X is an unconserved residue) motif
located proximal to the transmembrane region. The extracellular region consists of two
domains; the cytokine receptor domain and a domain which has evolutionary linkage
to the fibronectin type III (FNIII) domain found in a number of cell surface molecules
(Minami et al, 1993; Bamborough et al, 1994). The intracellular region of lL-2Ry has
some homology to the phosphotyrosine binding Src homology region 2 (SH2). Among
the five highly conserved subdomains of an SH2 domain two are identified in the
sequence of lL-2Ry (Takeshita et al, 1992a). However, the function of these
subdomains in signal transduction is not known. Figure 1.3 shows a schematic
representation of the structure of the lL-2Ry protein.

Transfection of human 1L-2R components into mouse L cells indicates that lL-2Ry is
absolutely required for high and intermediate affinity binding of lL-2 and subsequent
cytokine internalisation (Takeshita et al, 1992a). As described above, the murine lL-2
mutant that has a substitution at Gin 141 is thought to be defective in its binding to the
lL-2Ry chain. Since this mutant also fails to trigger a mitotic signal, this suggests a
role in the proliferative response to lL-2 for lL-2Ry (Zurawski et al, 1990).
Investigation of two mutant lL-2Ry chains with cytoplasmic regions truncated by 68
and 30 amino acids indicated the involvement of lL-2Ry in two distinct signalling
pathways (Asao et al, 1993). When high affinity 1L-2R was reconstituted on
fibroblastoid cells it was found that both tyrosine kinase activity and c-myc, c-fos and
c-jun expression was induced by stimulation with lL-2. If these receptor complexes
included a truncated form of lL-2Ry there was no effect on lL-2 binding or
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internalisation. However, the complex including the IL-2Ry chain lacking 68 carboxy
terminal amino acids could induce neither tyrosine kinase activity nor c-myc, c-fos or
c-jun expression. On the other hand, the effect of the 30 amino acid truncation was less
severe as tyrosine kinase activity and c-myc expression were still induced but c-fos
and c-jun expression were not (Asao et al., 1993). These results suggest that a 56
amino acid subregion of IL-2Ry which contains the SH2 subdomains is essential and
sufficient for activation of tyrosine kinase activity and induction of c-myc expression,
whilst the region containing the carboxy terminal 30 amino acids is required for
induction of c-fos and c-jun expression. In other studies the heterodimerisation of the
cytoplasmic regions of the IL-2RP and IL-2Ry chains has been shown to be required
for transduction of the IL-2 signal by a series of experiments utilising chimaeric
receptor constructs (Kawahara et al, 1994; Nakamura et al, 1994; Nelson et al,
1994). Clearly firom these studies it can be concluded that the IL-2Ry chain is an
integral part of the IL-2R required for both ligand binding and signal transduction.

1.4.3 IL-2Ry - The common y chain, y^

When the IL-2Ry chain gene was identified as the gene responsible for XSCID it was
suspected that this receptor component may have functions beyond IL-2 signal
transduction (Taniguchi and Minami, 1993), since mice made deficient for IL-2 by
gene targeting show no abnormalities of T cell development (Schorle et al, 1991;
Kundig et a l , 1993) (discussed further in Section 1.6.7). In addition a form of SCID
exists which is caused by IL-2 deficiency which is distinct in its phenotype from
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XSCID in that T cell levels are normal (Pahwa et al, 1989; Weinberg and Parkman,
1990). The sharing of subunits between the receptors for various cytokines is not
unprecedented. The receptors for lL-6 , LIF, oncostatin M (OSM), lL-11 and CNTF all
share the receptor component gpl30 whilst the receptors for lL-3, lL-5 and GM-CSF
all have unique a chains but share a common p chain P^, (Leonard, 1994). This sharing
of receptor components may have a role in cytokine redundancy, that is where more
than one cytokine is capable of eliciting a particular response from a particular cell
type, and cytokine pleiotropy, that is where one cytokine produces multiple responses
from a particular cell type.

The first evidence that lL-2Ry was a component of other cytokine receptors came with
the discovery that lL-2Ry is a functional component of the both the lL-4 (Rondo et a l ,
1993; Russell et al, 1993) and lL-7 (Noguchi et al, 1993b) receptors. It was observed
that an antibody to mouse lL-2Ry was capable of blocking both lL-2 and lL-4
responses of CTLL-2 cells (Rondo et al, 1993). In addition this blocking antibody
reduced the affinity of the lL-4 receptors on these CTLL-2 cells although the number
of lL-4 binding sites was not affected (Rondo et al, 1993). It was also possible to
identify lL-2Ry cross-linked to [^^^l]-lL-4 (Rondo et al, 1993; Russell et al, 1993).
Moreover, tyrosine phosphorylation of insulin receptor substrate 1 (lRS-1) was
observed in response to lL-4 binding in murine L cells, which constitutively express
the lL-4Ra, only when the cells were transfected with the lL-2Ry cDNA (Russell et
al, 1993). Thus these studies indicate a functional requirement for lL-2Ry in lL-4
responses. Interestingly various studies have suggested that lL-4 and lL-13 share a
receptor component (Aversa et al, 1993; Zurawski et al, 1993; Tony et al, 1994) and
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therefore it has been suggested that the IL-2Ry could be this common chain (Russell et
al, 1993). However, subsequent investigations have indicated that this is not the case
and that in fact the common chain is the IL-4Ra chain (He and Malek, 1995; Lin et al,
1995; Matthews et al, 1995; Obiri et al, 1995; Zurawski et al, 1995).

The search for cytokine receptors that utilise the IL-2Ry continued, however, because
it seemed unlikely that a failure of just the IL-2 and IL-4 receptors could explain the
XSCID phenotype as a mouse model deficient for both cytokines has no abnormalities
of T cell development (Sadlack et al, 1994).

The fact that IL-7R uses IL-2Ry was indicated by the observation that an anti-IL-2Ry
antibody was able to precipitate an ['^^I]-IL-7 affinity labelled complex (Noguchi et
al, 1993b; Rondo et al, 1994b). In addition COS-7 cells transfected with both IL-2Ry
and IL-7Ra showed a higher affinity for IL-7 than cells transfected with IL-7Ra only
and were able to internalise IL-7 (Noguchi et al, 1993b). IL-2Ry was also found to be
required for IL-7 signal transduction as the proliferation of mouse spleen cells in
response to IL-7 was inhibited by an anti-IL-2Ry blocking antibody (Kondo et a l ,
1994b). In addition, proliferation of mouse haemopoietic cells transfected with human
IL-7Ra chain was inhibited by the co-transfection of a mutant IL-2Ry which could
combine with other receptor components to form a ligand binding site but could not
transduce a signal (Kawahara et a l , 1994). At this stage a new nomenclature was
suggested for the IL-2Ry chain which was y^, the common gamma chain (Noguchi et
al, 1993b).
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Yc has also been demonstrated to be a component of the IL-9 receptor (Kimura et al.,
1995). It was found that an anti-Yc blocking antibody was capable of inhibiting IL-9
induced proliferation of an IL-9 responsive murine cell line (Kimura et al, 1995). In
addition it was possible to detect Yc cross-linked to [^^^I]-IL-9 and a protein of the
appropriate size for the conventional IL-9 receptor (Kimura et al, 1995).

Recently a new cytokine, designated IL-15, was cloned which is a T cell growth factor
(Grabstein et al, 1994). This cytokine is capable of supporting the IL-2 dependent cell
line CTLL and is therefore likely to have functional features in common with IL-2
(Grabstein et al, 1994). In fact IL-15 is predicted to be structurally similar to IL-2
(Grabstein et a l , 1994). In addition, the IL-2Rp chain has been shown to be part of the
IL-15R, since antibodies to the IL-2RP chain inhibited IL-15 induced proliferation of
PHA activated peripheral mononuclear cells although those to IL-2Ra did not
(Grabstein et al, 1994). The hypothesis that Yc is also shared between the IL-2R and
the IL-15R was confirmed by transfection experiments which indicated that IL-15
binding affinity of COS cells transfected with the IL-2RP chain was dramatically
increased by the co-transfection of Yc (Giri et al, 1994). Murine fibroblasts stably
expressing human IL-2RaP showed increased proto-oncogene expression in response
to IL-15 only when Yc was co-expressed which agrees with the results with IL-2 in the
same experimental system (Giri et al, 1994). It was suspected that in common with
the IL-2R, the IL-15R would include a third subunit, especially as cell types have been
identified which express the high affinity IL-2R but cannot bind IL-15 (Giri et al,
1994) and many non-lymphoid cell types bind IL-15 but not IL-2 (Giri et al, 1995). A
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third component has now been cloned which is structurally related to the IL-2Ra chain
(Giri et al, 1995). The differences in the distribution of the expression of this IL-15Ra
chain and of the IL-15 cytokine compared to those of IL-2 and IL-2Ra suggest that IL15 has functions beyond those which it shares with IL-2.

Thus the Ycchain has now been identified as a component of the IL-2, IL-4, IL-7, IL-9
and IL-15 receptors and there remains the possibility that further cytokines may utilise
this subunit in their receptors. Figure 1.4 shows a schematic representation of the
receptors known to use y^. It is, perhaps, not surprising that these cytokine receptors
share component(s) since although none have significant sequence homology all of
them show structural homology in that they are four helix bundle type cytokines
(reviewed in Callard and Gearing, 1994).
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Figure 1.4: Structure of the cytokine receptors which utilise y. (Renauld et al. 1992; Lin et al., 1995;
Minami and Taniguchi, 1995; Taniguchi, 1995)
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1.5 Signalling through cytokine receptors

The ligation of cytokine receptors at the cell surface leads to a range of diverse
responses. These are mediated by complex signalling systems involving protein
phosphorylation by tyrosine kinases. However, the members of the cytokine receptor
family have none of the motifs characteristic of any known catalytic activity. The
protein phosphorylation cascade that occurs on ligation must therefore be initiated
either by activation of kinases already associated with the receptors or by recruitment
and activation of non-receptor kinases. A number of tyrosine kinases have been
implicated in cytokine signal transduction, for example in the IL-2R system Lck, Fyn
and Lyn are activated through their interaction with the IL-2Rp chain and this leads to
downstream activation of the Ras pathway and induction of proto-oncogenes reviewed
in (Minami and Taniguchi, 1995; Taniguchi, 1995). However, in the field of cytokine
signal transduction attention has become focused on a new family of tyrosine kinases,
the Janus kinases (JAKs).

1.5.1 The Janus Kinases - JAKs

The JAK family of tyrosine kinases was originally identified by screening cDNA
libraries for sequences homologous to known tyrosine kinases (Wilks, 1989; Firmbach
Kraft et al, 1990; Partanen et al, 1990). There are currently four members of the JAK
family; JAKl, JAK2, JAK3 and TYK2, which share seven highly conserved domains,
JAK homology (JH) domains (Figure 1.5). JHl contains all the conserved elements
found in kinase domains and has been shown to have kinase activity when expressed
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in bacteria (Wilks et al, 1991). By contrast JH2 has all these conserved motifs but in
all cases these are subtly modified and these modifications are highly conserved
between JAKs. Consequently it has not been possible to show kinase activity o f this
domain in a bacterial system (Wilks el al, 1991) and its function remains obscure. The
remaining five homology regions show varying degrees of conservation between
members of the JAK family but o f potential regulatory importance are the conserved
tyrosine residues in the JH4 and JH6 domains (Ziemieeki et a l , 1994).

Figure 1.5 : Schematic representation of the structure of the JAKs
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1.5.2 JAKs and cytokine receptor signalling

One of the first indications that the JAK family of kinases was involved in cytokine
signal transduction came from the dissection of the interferon (IFN) a , p and y
signalling pathways by genetic complementation experiments (Muller et al , 1993;
Watling et a l, 1993). These studies indicated that signalling by IFN a/p requires JAKl
and TYK2 and that by IFNy requires JAKl and JAK2. Moreover, these studies o f IFN
signalling mutants indicated that for each pair of JAKs involved both members were
required for signal transduction and the activation of one required the function of the
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other. This observation excludes a sequential activation model and suggests a
mechanism involving heterodimerisation and mutual activation (Ihle et a l , 1994).
More recently JAKl and JAK3 have been implicated in the signalling of the receptors
for IL-2, IL-4, IL-7 and IL-9 and a physical association has been reported between the
IL-2RP chain and JAKl and the IL-2Ry chain and JAK3 (Johnston et al, 1994;
Miyazaki et al, 1994; Russell et al, 1994). It would therefore seem that not only do
these receptors share a common component but also a common signalling pathway
where the

interacts with JAK3 and the specific a/p chain interacts with JA K l. The

model for signal transduction via receptors using y^ is that ligand binding brings about
heterodimerisation of JAKl and JAK3 which then activate one another, phosphorylate
their associated receptor components and stimulate downstream signalling events
(Taniguchi, 1995).

1.5.3 Signal transducers and activators of transcription (STATs) and cytokine
receptor signalling

The STATs are a family of proteins which usually reside in the cytoplasm but on
activation by phosphorylation form homo- or heterodimers which migrate to the
nucleus where they function as transcription factors (Taniguchi, 1995). This family is
characterised by the presence of a carboxy terminal SH3 domain followed by an SH2
domain. In addition a conserved tyrosine is found near the carboxy terminus that is
phosphorylated when activated and is essential for function (Ihle et al, 1994).
Following stimulation of JAKs these latent transcription factors are activated by
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phosphorylation of the conserved tyrosine and phosphotyrosine/SH2 mediated
dimérisation (Taniguchi, 1995).

The role of STATs in cytokine signal transduction via the receptors for IL-2, IL-4, IL7, IL-13 and has been investigated by Lin et al. (1995). The authors used
electrophoretic mobility shift assays to determine that IL-2, IL-7 and IL-15 all induce
the same DNA binding complex whilst IL-4 and IL-13 induced a distinct complex. In
addition they found that the complex induced by IL-2 included STAT5 in freshly
purified peripheral blood lymphocytes (PBLs), whilst the complex induced by IL-2 in
preactivated PBLs included STAT3 and STAT5 (Lin et al, 1995).

Considering what is now known about the sharing of cytokine receptor components
and the common use of JAKs 1 and 3 in signal transduction it seems obscure how
specific activation of different STATs and subsequent cellular events is achieved.
However, it has now been discovered that the selection of a particular substrate for
phosphorylation by the JAKs is determined by tyrosine based motifs in the
intracellular domains of the receptor components (Lin et al, 1995; Stahl et al, 1995).
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1.6 T cell development
1.6.1 The T cell

T cells are responsible for cell mediated immunity and provide B cells, which are
responsible for the humoral response, with a range of regulatory stimuli (T cell help) in
the form of cytokines, such as IL-2 and IL-4, and cell surface molecules, such as CD40
ligand. The T cell receptor (TCR) consists of two chains, a and p, the genes for which
are assembled from a range of germline V, D, and J sequences by recombination in a
manner analogous to immunoglobulin gene rearrangement. The TCR recognises
foreign peptides in the context of one of the two classes of major histocompatibility
complex (MHC) expressed by all cells. The T cell marker CD3 is a complex of several
chains which associate with the TCR and are involved in signal transduction following
recognition of foreign antigen by the TCR. The T cell surface molecules CD4 and CDS
define two T cell subsets. CD4^ T cells are generally helper T cells, which recognise
antigen in the context of MHC class II expressed by "professional" antigen presenting
cells, and are thus stimulated to provide other immune system cells with help, for
example by secreting cytokines. CD8^ T cells are generally cytotoxic T cells, which
recognise antigen in the context of MHC class I expressed by all cells, thus permitting
the surveillance of all tissues for infection by intracellular parasites, such as viruses.
Infected cells are killed by the T cell by the release of cytotoxic agents such as
perforin.
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1.6.2 Early T cell development

The majority of work on T cell development has used the murine system as a model
and consequently there is not a great wealth of information about human T cell
development. However, the two pathways are believed to be similar and therefore the
following description will concentrate on murine T cell development.

All mature blood cell lineages are ultimately derived from haemopoietic stem cells
(HSCs). HSCs have multilineage potential and are capable of self renewal such that
they can long term reconstitute bone marrow depleted by irradiation following
engraftment and protect lethally irradiated mice from bone marrow failure. HSCs
continuously give rise to lineage restricted precursors, whose progeny are finally
committed to a single cell lineage (Rodewald, 1995).

The thymus is continuously seeded by precursor cells from the bone marrow however
the degree of commitment of these precursor cells is not clear. A rare population has
been identified in adult murine thymus which is characterised by expression of low
levels of CD4 which has yet to initiate TCR-P rearrangement (Wu et al, 1991b).
These CD4'° cells are capable of reconstituting the T and B lymphoid components in
irradiated mice (Wu et al, 1991a). Likewise a ckit^ intrathymic stem cell with
reconstitution potential has been identified (Matsuzaki et al, 1993). These
observations have lead to the suggestion that this CD4^° ckit^ population may represent
a committed lymphoid stem cell.
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Early murine intrathymic T cell development can be considered to include 5 control
points, to be discussed further below. Figure 1.6 shows a schematic representation of
this pathway (Godfrey and Zlotnik, 1993). Early thymocytes have for some time been
identified as double negative for CD4 and CD8 (DN). However this DN population
has also been found to include some mature CD3^ cells (Fowlkes and Pardoll, 1989).
Therefore early thymocytes are better defined as CD4’ CD8’ CD3‘ or triple negative
(TN). The development of these TN cells can be followed by the expression of two
markers: CD44 and CD25 (IL-2Ra) (Boyd and Hugo, 1991; Nikolic Zugic, 1991;
Rothenberg, 1992; Shortman, 1992). The first step in this development is the induction
of CD25 such that the thymocytes mature from CD44^CD25'TN to CD44 CD25 TN.
This step may correspond to the first control point, that is T cell lineage commitment,
since CD25^ TN cells cannot give rise to dendritic cells after in vivo transfer (Ardavin
et al, 1993) and there is no evidence for a CD25^ B cell precursor (Ehlich et al,
1993).

The second control point involves initiation of TCR-p and TCR-y gene rearrangement
and is accompanied by the transition from CD44^CD25 TN to the CD44 CD25 TN
stage. This is supported by the finding that CD44^CD25^TN cells still have their TCRP and TCR-y genes in their germline configuration whilst CD44 CD25 TN cells are
capable of producing full length TCR-p transcripts (Godfrey et al, 1993).

The third control point involves the branching of the developmental pathway to
produce ap or yô T cells. Since many ap T cells have rearranged TCR-y genes and
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Figure 1.6: Schematic Representation of Murine T Cell Development
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Numbered arrows indicate the 5 control points referred to in section 1.6.2.
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"TN" refers to the possibility that these cells may express low levels of CD3/TCR-P.
DP refers to CD4 CD 8 \ double positive cells, ap/yô refers to T cell receptor type.
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yô T cells usually have incompletely rearranged TCR-P genes (Godfrey et al, 1993)
this places the branch point at the CD44 CD25 TN stage.

Early selection for cells expressing a functional TCR-p chain constitutes the fourth
control point. The role of TCR-p in early thymocyte development became clear from
experiments where a TCR-p transgene was expressed in SCID or RAG deficient mice
in which thymocyte development is arrested at the CD44 CD25 TN stage. Introduction
of a TCR-p transgene allows progression from the CD44 CD25 TN to CD44 CD25'
CD4 CD8^ or double positive (DP) stage (reviewed in Groettrup and von Boehmer,
1993). By contrast, since TCR-a gene rearrangement occurs after that of the TCR-p
gene, introduction of a TCR-a transgene fails to prevent the arrest at the CD44"
CD25^TN stage (Shinkai et al, 1993). This early stage TCR-P chain selection and
allelic exclusion requires expression of the TCR-P protein. This was established by the
study of TCR-P transgenic mice which show inhibited V-D-J rearrangement only
when the transgene could express a functional protein (Krimpenfort et al, 1989).
However, it has been shown in several murine and human T cell lines that expression
of the TCR-P chain is strictly dependent on expression of the TCR-a chain (Saito et
al, 1987; Koning et al, 1988; Letoumeur and Malissen, 1989). This paradox was
resolved by the discovery of a 33kDa protein (gp33) which forms a disulphide linked
heterodimer with TCRp on pre-T cells (Groettrup et al, 1993). This dimer is strongly
associated with CD3e and 5 such that on crosslinking of either TCRp or CD3e rapid
calcium mobilisation results. This indicates the existence of a signal transducing
TCRP-protein complex on the surface of pre-T cells, in the absence of TCR-a, the
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stimulation of which can block further TCR-P gene rearrangement and initiate TCR-a
gene rearrangement (Groettrup and von Boehmer, 1993).

The final control point in the development of a bone marrow stem cell to a DP
thymocyte involves the induction of CD4 and CD8 , and TCR-a gene rearrangement
and expression. CD25 expression is down regulated and CD4 and CD8 are expressed
at low levels such that the thymocyte has the phenotype CD44*CD25’CD4*°CD8'°. In
addition the TCR-a genes are now rearranged and expressed. This step must be
controlled by signals from the thymic microenvironment since isolated CD25 TN cells
are unable to differentiate to the DP stage in vitro (Petrie et al, 1990; Suda and
Zlotnik, 1991). Some of these signals may be delivered via the TCR-p chain however
TCRa expression can occur in the absence of TCR-P (Mombaerts et al, 1992a) and
CD4 and CD8 can be induced on TCR-P" SCID mouse thymocytes (Shores et al,
1990; Iwashima et al, 1991). Therefore other factors such as cytokines and cell
surface molecules are likely to be involved.

1.6.3 Positive and negative selection of T ceils

The DP thymocytes expressing TCR and CD3 are now subject to positive and negative
selection. Although it has not been definitively established the prevailing opinion is
that positive selection precedes negative selection (Nikolic Zugic, 1991).

Positive selection involves the rescue of the thymocyte from programmed cell death by
recognition of self peptide in complex with MHC class I or II expressed on cortical
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thymie epithelium (Nikolic Zugic, 1991; Fowlkes and Schweighoffer, 1995). Negative
selection involves the clonal elimination by apoptosis of autoreactive thymocytes and
again this interaction is mediated by TCR, CD4/CD8 and the MHC self-peptide
complexes. However, full induction of negative selection requires intrathymic contact
of T cells with bone marrow derived antigen presenting cells such as dendritic cells.
These cells are largely confined to the thymic medulla suggesting that this is the main
site of negative selection (Sprent and Webb, 1995). There is therefore a paradox: how
do what are apparently the same cellular interactions produce two completely opposite
outcomes? Moreover, once the mature T cell enters the periphery it is the same set of
interactions, with the exception that foreign peptide is complexed with the MHC, that
activates the T cell and initiates an immune response.

There are a number of possible mechanisms. For example the nature of the interaction
between the MHC and the TCR may vary in the two processes, for instance the density
of MHC molecules or the extent of their occupancy by peptide may differ.
Alternatively the way in which the thymocyte responds to the same signal may differ
dependant upon its stage of development and its thymic microenvironment. Finally,
mature T cells which express either CD4 or CDS (single positive cells, SP) and express
a TCR which has good affinity for the appropriate MHC class, but are tolerised to self
peptides, are released from the thymus into the periphery.
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1.6.4 T cell development and XSCID

From the phenotype of XSCID it is clear that normal function of

is required for the

development of mature T cells. However the question is at what stage does the absence
of functional y^ cause a block in T cell development? Investigation of XSCID patients
indicates thymic hypoplasia with virtually no lymphocytes indicating a block in pre- or
intra- thymic development (Nezelof, 1986).

Studies of thymocyte development in XSCID patients has been limited by the
availability of material from affected individuals. However, recently the rearrangement
of TCR-p genes in XSCID thymocytes was studied by PCR of DNA from formalin
fixed thymic tissue from autopsy specimens (Sleasman et al, 1994). These studies
showed that the products of the initial step of TCR-P rearrangement, that of Dp to jp
recombination were readily detected in samples from the XSCID patients. By contrast
the products of Vp to DJp recombination were undetectable in the same samples. Both
rearranged products were detectable in samples from normal individuals (Sleasman et
al, 1994). Thus what data is available suggests a block in T cell development in
XSCID patients early in thymic ontogeny at a stage corresponding to the second
control point discussed in Section 1.6.2.

1.6.5 The canine model of XSCID

The XSCID dog is a naturally occurring model of XSCID caused by a 4bp deletion in
the first exon of the y^. gene (Henthom et al, 1994). The affected animals exhibit
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failure to thrive, a lack of T cell mitogenic response and thymic dysplasia (Felsburg et
al, 1992; Somberg et al, 1994). Examination of the cell surface marker expression on
bone marrow cells of XSCID dogs suggests that they are phenotypically normal
(Somberg et al, 1994). Closer examination of the thymi of these animals indicates that
whilst the dog's weight is reduced by approximately 30% the thymus weight is reduced
more than 10 fold. Furthermore, thymocyte yield from the XSCID thymi is reduced
40-1,300 fold and analysis of thymocyte subsets indicates a significant decrease in the
percentage of DP thymocytes and an increase in the percentage of DN thymocytes
(Somberg et al, 1994). In contrast to the human phenotype the XSCID dog has some
mature T cells, although the ratio of CD4:CD8 was 7:1 in the XSCID dogs compared
to 3:1 in the normal dogs. These observations suggest that the thymocyte
developmental block is during the progression from DN to DP cells. However, unlike
human T cell development, there seems to be a

chain independent pathway in the

dog that is able to produce some phenotypically mature T cells. In addition, whilst the
proportion of peripheral blood mononuclear cells that are lymphocytes is reduced, the
percentages of B and T cells are very similar to the normal (Somberg et al, 1994).
This suggests that in contrast to the human phenotype B cell development is also
impaired.

1.6.6 The murine models of XSCID

Two mouse models of XSCID have been developed by gene targeting one by Disanto
et al (1995) and the other by Cao et al (1995). Both models demonstrate essentially
the same phenotype which, like the XSCID dog, is not the same as that found in
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XSCID patients. A substantial reduction in the absolute numbers of both T and B
lymphocytes is observed, although some mature members of both lineages were
present. In addition the thymi were markedly reduced in size and eellularity. Most
striking, however, was the absence of NK cells and severely reduced numbers of
intestinal intraepithélial lymphocytes (Cao et al, 1995; DiSanto et al, 1995).
However, thymocyte differentiation did not appear to be arrested as cells exhibited
normal patterns of expression of CD4, CDS, TCR-a p and CD3 (DiSanto et al, 1995).
Therefore it is not possible to draw any conclusions about the stage at which T cell
development might be hindered in the mouse model.

Other experimental systems have been used to examine the stage of lymphocyte
development at which

function might be critical in the mouse. One system involves

studying the effect of blocking monoclonal antibodies to y^ on the reconstitution of
lymphopoiesis following transplantation of lethally irradiated mice with syngeneic
bone marrow (He et al, 1995b). T cell development appears to be arrested prior to
seeding of the thymus from the bone marrow since 7 of 10 anti-y^ treated mice had no
thymus. In addition the remaining 3 mice had substantially diminished numbers of
thymocytes which exhibited normal proportions of subsets suggesting that once these
few cells had seeded the thymus their development proceeded normally. Similarly B
cell development was arrested at a very early stage (He et al, 1995b). These results
seem at variance with the observations of the y^' mouse and may reflect a less
physiological experimental system.
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A second experimental system utilises murine foetal thymic organ culture to
investigate the effect on thymocyte development of anti-y^ and anti-IL-7 receptor a
chain monoclonal antibodies (Hozumi et al., 1994). These studies found that treatment
with both antibodies significantly reduced both the total cell number and the
percentage of DP thymocytes recovered from a 10 day culture, although a few SP
thymocytes were still able to develop. Further, when pro-T cells (CD44 c-kit^), which
have not undergone TCR-p rearrangement, were transferred into lymphoid cell
depleted (2 -deoxyguanosine treated) foetal thymus, treatment with both antibodies
completely blocked the appearance of thymocytes of further developing stages. These
results suggest that a functional IL-7 receptor containing y^ is absolutely required for
development of thymocytes beyond the earliest pro-T cell stage. The importance of IL7 and the IL-7 receptor in thymocyte development will be discussed in more detail in
Section 7.4.

1.6.7 Cytokines and T Cell Development

Table 1.2 indicates the effects of a range of cytokines on the various thymocyte
subsets, cytokines which have y^ in their receptor complexes are underlined (from
Zlotnik and Moore, 1995) and it is these cytokines which will be discussed furtherhere.
Unfortunately there is little known about the role of IL-9 and IL-15 in thymocyte
development and therefore this discussion will concentrate on the relative importance
of IL-2, IL-4 and IL-7. Of particular value in elucidating the role of IL-2 and IL-4 in T
cell development has been the study of mice made deficient in IL-2 (Schorle et al.,
1991; Kundig et al., 1993), IL-4 (Kuhn et al, 1991; Kopf et al., 1993) or IL-2 and
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Table 1.2: Effect of cytokines on murine thymocyte subsets (Zlotnik and Moore, 1995)
Cell Population

Cytokines

Effect

Foetal Thymocytes
(d 4-15)

IL-7
IL-2+IL-9
SCF, FLT-3 ligand

Proliferation
Proliferation
Enhanced proliferation to IL-7

CD4'° Precursors

IL-1+IL-3+IL-6+IL-7+SCF

Proliferation, maintains repopulation potential

Pro-T Cells

IL-7
SCF,FLT-3 ligand
TNF-a, TGFp
IL-12+SCF

Maintenance o f viability and repopulation potential
Enhanced proliferation to IL-7
Induction o f CD8a expression in cells cultured in IL-7
Proliferation, loss o f repopulation potential

Pre-T Cells

IL-7

Culture in IL-7 yields a^TCR DN and ySTCR DN in 3 days

CD44'CD25'TN

Sensitive to Fas-ligand (?)

Fas expression begins (?), susceptibility to apoptosis induced by Fas-ligand (?), no effects o f
other cytokines (?)

DP

Sensitive to Fas-ligand

Fas expression begins, susceptibility to apoptosis induced by Fas-ligand, no effects o f other
cytokines

CD4^CD3^

IL-2. IL-4. IL-7 tprimarvl
IL-6, IL-10, TNF-a (secondary)

'Primary' cytokines induce limited proliferation
'Secondary' cytokines enhance proliferation induced by primary cytokines

CD8^CD3^

IL-2. IL-4. IL-7 tprimarv'i
IL-6, IL-10, TNF-a (secondary)

'Primary' cytokines induce limited proliferation
'Secondary' cytokines enhance proliferation induced by primary cytokines

a(3TCR^CD4CD8'

IL-7. IL-1+IL-7.IL-2+IL-7.
IL-I+IL-7+GM-CSF

Induction o f strong proliferation

yôTCR^CD4CD8'

IL-7. IL-l+IL-7. IL-I+IL-7+GM-CSF

Induction o f strong proliferation

<i

IL-4 (Sadlack et al, 1994) by gene targeting. Interestingly in all three cases T cell
development was unaffected. Thymocytes were present in normal numbers and
thymocyte and T cell subsets were normal in their composition (Kuhn et al, 1991;
Schorle et al, 1991; Kopf et al, 1993; Kundig et al, 1993; Sadlack et al, 1994).
These results suggest that whilst these cytokines may have a role in T cell
development they are redundant, that is their deficiencies can be completely
compensated for by other growth factors.

The role of IL-2 in lymphocyte development has also been investigated by the study of
the effects of in utero administration of an anti-IL-2 receptor p chain (IL-2RP)
monoclonal antibody (Tanaka et al, 1992). It was found that IL-2RP expression is
restricted to a distinct subset of murine foetal thymocytes namely the Vy5^ yôTCR^
cells. Moreover IL-2Ra and IL-2RP chain expression is almost mutually exclusive
(Tanaka et al, 1992). The in utero treatment with anti-IL-Rp antibody had no
detectable effect on the development of the majority of T cells. However, the
development of a distinct subpopulation of yôTCR^ cells in the periphery was
completely abrogated. Interestingly this subset was the Thy-1^ dendritic epidermal
cells which develop from the TCR Vy5^ foetal thymocytes observed to express IL-2Rp
(Tanaka et al, 1992). These results are largely consistent with the studies of the IL-2
deficient mouse but since the IL-15R shares the IL-2RP chain (Giri et al, 1994) they
may have implications for role of IL-15 in T cell development and particularly this
thymocyte subpopulation.
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In contrast to IL-2 and IL-4 there is a considerable body of evidence which suggests
that IL-7 is very important in T cell development. lL-7 was originally described as a
pre-B cell growth factor (Namen et al, 1988a and b) but was subsequently found to
induce proliferation of both adult and foetal thymocytes (Murray et al, 1989). Further
in vitro experiments have indicated that lL-7 can maintain the viability of adult
CD44^CD25 TN thymocytes but not DP cells (Suda and Zlotnik, 1991; Godfrey et al,
1993). In addition adult CD44^CD25 TN thymocytes cultured in lL-7 and SCF retain
their reconstitution potential as determined by their ability to repopulate 2 deoxyguanosine treated foetal thymic lobes (Godfrey et a l , 1993). Other in vitro
studies have examined the effects of lL-7 on the development of thymocytes in foetal
thymic organ culture. These studies found that lL-7 treatment resulted in the
preferential expansion of an early thymocyte subset namely the CD44 CD25 TN or
CD44^CD25'"^^™^^'^^^TN cells (Plum et al, 1993). In addition, investigation of the
repopulating potential of day 13 foetal liver cells with and without lL-7 indicates that
lL-7 promotes expansion of early precursor cells but prevents additional differentiation
towards the TCR-aP pathway (Plum et al, 1993). By contrast another study has found
that lL-7 is a required cofactor for V(D)J rearrangement of TCR-p genes in day 14
foetal thymocytes in suspension culture (Muegge et al, 1993). This difference may
reflect developmental specificity of action of lL-7 on foetal thymocytes as opposed to
foetal liver cells or be a consequence of the distinct culture systems.

Like lL-2 and lL-4, the role of lL-7 in lymphopoiesis has also been investigated by a
variety of in vivo systems. The effect of in vivo deprivation of lL-7 on both T and B
cell development was investigated by the administration of an anti-lL-7 monoclonal

76

antibody to adult mice (Grabstein et al, 1993; Bhatia et al, 1995). This treatment had
little effect on mature peripheral T and B cells, however thymic cellularity was
substantially reduced and bone marrow IgM^/IgD' immature B cells were substantially
reduced in number. Treatment of embryonic mice in utero with this antibody
profoundly inhibited development of the B cell lineage confirming an essential role for
IL-7 in early B cell development (Grabstein et al, 1993). Closer examination of the
effects on thymocyte development revealed that three of the four CD44/CD25 defined
TN subsets were greatly reduced whilst the earliest CD44 CD25 subset were still
readily identified (Bhatia et al, 1995). This data indicates that IL-7 is a factor for
thymocyte expansion beginning at the CD44^CD25^TN stage. Similarly treatment of
embryonic mice in utero with an anti-IL-7Ra monoclonal antibody suggested that the
action of IL-7 is essential for B cell genesis in early life whilst T cell development is
severely impaired, with only a few peripheral T cells produced (Sudo et al, 1993).

Study of an IL-7Ra deficient mouse that has been generated by gene targeting has
confirmed a crucial role for IL-7 in lymphopoiesis (Peschon et al, 1994). Thymic and
splenic cellularity in these mice was substantially reduced and, in agreement with the
results of treatment with anti-IL-7 antibody, the cells at CD44 CD25 TN stage were
under- represented, indicating a requirement for IL-7 for progression beyond
CD44 CD25 TN (Peschon et al, 1994). B cell development appeared to be affected at
the pro-B cell stage (Peschon et al, 1994). However, it is important to note that in
spite of impaired lymphocyte development mature T and B cells were present in the
periphery of these mice and therefore limited development can proceed in the absence
of an IL-7R mediated phase of expansion (Peschon et al, 1994).
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Recent studies of a mouse model made deficient for IL-7 by gene targeting has further
identified IL-7 as a non-redundant cytokine for lymphocyte development. The
phenotype of these mice is severe lymphopenia associated with 20 -fold reduction in
thymic cellularity and a block in B cell development at the transition from the pro-B to
the pre-B cell stage (von Freeden Jeffry et al, 1995). This is in contrast to the other
cytokine knockout mouse models described above where no impairment of
lymphopoiesis is observed. Taken together these investigations suggest that of all the
cytokines that use

in their receptors IL-7 is most likely to play a critical role in T

cell development (discussed further in Sections 6.1 and 7.4).

1.7 Natural killer cells and XSCID

Mature T cells and Natural Killer (NK) cells share a number of phenotypic and
functional similarities which suggest a common developmental pathway (reviewed in
Lanier et al, 1992b; Moretta et al, 1994). For example, CD3y, ô, s and Ç is expressed
by human foetal NK cells (Lanier et al, 1992a; Phillips et al, 1992) and murine foetal
thymocytes have been found to express the common Fc receptor y-subunit which is
expressed by NK cells but not mature T cells (Rodewald et al, 1992). Moreover there
are several lines of evidence that an intrathymic T/NK progenitor cell exists (reviewed
in Rodewald, 1995; Spits et al, 1995). However, since athymic nude mice have
normal numbers of NK cells the thymus is not required for NK cell development and it
is likely that the bone marrow is the main site of their development (Spits et al, 1995).
It remains to be determined whether a prethymic T/NK cell progenitor exists. The
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branch point between T cell and NK cell development must occur prior to TCR gene
rearrangement as mice deficient for RAGl or RAG2 (see Section 1.1.1) lack B and T
cells but have normal NK cells (Norment and Littman, 1988; Garni Wagner et al,
1990; Sotzik er û[/., 1994).

In view of this common stage in the development of T and NK cells it is consistent
that XSCID patients are deficient in NK cells as well as T cells. In addition, both
gene disrupted murine models lack NK cells suggesting that this shared developmental
pathway exists in man and mice. The fact that XSCID patients have no T or NK cells
but do have B cells also suggests that the T/NK progenitor cell lies developmentally
dovmstream of a common lymphoid progenitor. Since XSCID patients have no NK
cells it can be assumed that the cytokines which utilise y^ in their receptors are
important at one or more stages in the development of this lineage and like T cell
development the most significant cytokine is probably IL-7 (Spits et al, 1995).

NK cells are functionally similar to cytolytic T cells (CTLs) in that they eliminate
tissues which are foreign, infected or in other ways compromised. In addition, the
effector fimctions of both cell types is controlled by MHC class I to which both cell
types have specific receptors. However, whilst CTLs are stimulated to destroy an
infected cell by recognition of foreign peptide in the context of MHC class I
recognition of MHC class I inhibits NK cell action. Thus NK cells destroy cells only if
they do not express MHC I, a common consequence of virus infection or malignant
transformation (Gumperz and Parham, 1995).
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1.7 The Aims of this Study

The primary aim of this study was to investigate the cause of XSCID at the molecular
and cellular level. In order to achieve this the initial aim was to isolate the causative
gene. At the start of this study the XSCID gene had been mapped to Xql3 with
flanking markers DXS132 and DXS447, and in the course of this study it was cloned
by the candidate gene approach and identified as

(Noguchi et al, 1993c; Puck et al,

1993b). In the light of this new information the aim of this work became to determine
how mutation of this gene might cause the failure of T cell development and hence the
clinical phenotype. The work presented therefore falls in to four sections:
1. Mapping studies with new polymorphic markers in an attempt to reduce the size of
the XSCID critical region (prior to the cloning of the gene) (Chapter 3).
2. Mutation analysis of the y^ gene in XSCID patients to determine if any residues or
domains might be of particular functional importance, and to aid diagnosis and
carrier status assignment (Chapter 4).
3. Determination of the effects on expression, at both the mRNA and protein level, of
the mutations identified (Chapter 5).
4. Investigation of the effects of mutations in y^ on the function of the 1L-7R, in order
to determine if lL-7 might be the critical
development (Chapter 6).
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requiring cytokine in T cell

CHAPTER 2

MATERIALS AND METHODS

81

2.1 Reagents

All reagents were from Sigma Chemical Company Ltd. unless otherwise stated.
Recipes for solutions are given in Section 2.17.

2.2 Preparation of nucleic acid
2.2.1 Preparation of genomic DNA from blood

DNA in solution was prepared using standard methods (Jeanpierre, 1987; Miller et al,
1988). The majority of samples were prepared by the Clinical Genetics Laboratory,
Great Ormond Street Hospital for Children NHS Trust, London. DNAs from patients 3
and 13 were provided by Dr. R. Hendriks (Rotterdam, The Netherlands) and Dr. E.
Smith (Stockholm, Sweden), respectively. DNA in solution from the choroideremia,
deafness and mental retardation patient D20 was provided by Dr. M Bitner-Glindzicz
(Department of Genetics, ICH, London).

2.2.2 Preparation of genomic DNA from cell lines

Where blood or DNA from patients pre-bone marrow transplant was not available,
genomic DNA was prepared from 2 to 40 x 10^ cultured dermal primary fibroblasts or
EBV transformed B cell lines using the “Nucleon” kit (Scotlab) according to
manufacturer's instructions. DNA from the affected individuals from family 7 was
prepared in this way from fibroblasts and DNA from patients NP and MBU was
prepared from EBV transformed B cells.
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2.2.3 Preparation of RNA

RNA was prepared from peripheral blood mononuclear cells (PBMCs), EBV
transformed B cell lines and the Jurkat T cell line. PBMCs were separated from blood
collected in sterile preservative free heparin coated tubes (less than 24 hours old) using
Ficoll (Pharmacia) separation (Section 2.13.1). Cultured cells were removed from
culture flasks in small aliquots (approximately 5mis). The density of live cells was
determined by trypan blue exclusion, as described in Section 2.12.3. Approximately
10^ live cells were then resuspended in lOOpl of solution D. RNA was then prepared
from the mononuclear layer using acid guanidinium thiocyanate-phenol-chloroform
extraction (Chomczynski and Sacchi, 1987) and stored in isopropanol at -70°C. Before
use, the sample was centrifuged at 12,000g for 15 minutes and the RNA pellet washed
in 70% ethanol.

2.2.4 cDNA synthesis

RNA prepared from 0.5 xlO^ cells was resuspended in ISpl of diethylpyrocarbonate
(DEPC) treated water and heated to 70°C for 5 minutes. The sample was chilled on ice
and the following were added in order; Ipl RNAguard (Pharmacia), 2.5pi 0.1 M
dithiothreitol (DTT) (Life Technologies), lOpl 0.1 mg/ml oligo 12-18 d(T)
(Pharmacia), 5pi lOmM dNTPs (Pharmacia), 2.5pl 2mg/ml BSA (NBL) and 2pl
reverse transcriptase (M-MLV, 200U/pl, BRL). The cDNA was synthesised by
incubation at 42°C for 90 minutes, the enzyme inactivated at 65°C for 5 minutes and
the sample then stored at -20°C.
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2.3 Quantitation of nucleic acid
2.3.1 Spectrophotometric quantitation

Nucleic acid was quantitated using a Philips PU8620 spectrophotometer. An
adsorption of 1 at ODjeonm was taken to equal a concentration of 50pg/ml double
stranded DNA, 40pg/ml single stranded DNA or RNA and 33pg/ml oligonucleotides.

2.4 Polymerase chain reaction (PCR)
2.4.1 PCR primers

PCR primers for the loci DXS986, DXS995 and DXS1002 were provided by Dr. M.
Fontes (Marseille, France). The sequences for the PCR primers for the locus DXS441
were taken from Ram et al. (1992). The sequences for the PCR primers for SSCP
mutational analysis were taken from Noguchi et al. (1993c) with corrections made,
where necessary, based on the published genomic sequence (Puck et al, 1993b). The
primers for the P-actin cDNA were designed from the cDNA sequence published by
Alonso et al. (1986). Primers for PCR of the

and a-galactosidase cDNAs were

designed from their cDNA sequences (Bishop et al, 1986; Takeshita et al, 1992) to be
approximately 20 nucleotides long, with equal proportions of A+T to C+G and with a
C or G at the 3' end. Primers were synthesised by Mr P. Rutland (Department of
Genetics, ICH, London). The approximate annealing temperature of the primers was
calculated according to the equation T° = 2n(A+T) + 4n(C+G), where n equals the
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number of residues in the primer sequence. The sequences of primers used in this
study are listed in Tables 2.1, 2.2 and 2.3.

2.4.2 Reaction conditions for PCR amplification from genomic DNA

All PCR amplifications, unless otherwise stated, used approximately 60 to 240ng
template genomic DNA, 200pM dNTPs (Pharmacia), 1.5mM MgCl2, NH4 buffer
(Bioline) and enzyme according to the manufacturer's instructions (Bioline) and each
primer (forward and reverse) at 800nM in a final volume of 25pl to lOOpl. [^^P]-dCTP
(ICN Flow) was included at 0.02pCi/pl in the reaction for SSCP analysis and
genotyping using microsatellite repeat loci and the concentration of non-radioactive
dCTP was accordingly reduced to 20pM. The reactions were overlaid with mineral oil
to prevent evaporation during the temperature cycling. A control reaction containing
all the components except template DNA was always performed to check for any
contamination. Reactions were carried out by denaturing initially for 3 minutes at
94°C, followed by 1 minute at the appropriate annealing temperature, 30 seconds at
72°C and 30 seconds denaturing at 94°C, for 30 cycles followed by 10 minutes at 72°C
to ensure that the majority of products were full length. Reactions were temperature
cycled using a Hybaid Thermal Cycler. Annealing temperatures of primers and
expected product sizes are listed in Tables 2.1 and 2.3.
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2.4.3 Reaction conditions for PCR amplification from cDNA

All reactions used approximately 50 to SOOng of template cDNA, 200pM dNTPs
(Pharmacia), 1.5mM MgClz, NH4 buffer (Bioline) and enzyme according to the
manufacturer's instructions (Bioline) in a final volume of 25pl. Primer concentrations
(forward and reverse) were as follows: p actin 800nM, a galactosidase 200nM and
200nM. The reactions were overlaid with mineral oil to prevent evaporation during the
temperature cycling. A control reaction containing all the components except template
DNA was always included to check for any contamination. Reactions were carried out
by denaturing initially for 4 minutes and 30 seconds at 94°C, followed by 50 seconds
at the appropriate annealing temperature, 1 minute at 72°C and 30 seconds at 94°C for
29 cycles, followed by a final annealing step for 50 seconds and a final elongation step
for 10 minutes to ensure the majority of products were full length. Reactions were
temperature cycled using a Hybaid Thermal Cycler. Annealing temperatures and
product sizes are listed in Table 2.2.

2.4.4 Optimisation of PCR conditions

If a specific single product could not be produced or no product could be amplified,
the conditions were altered by changing the annealing temperature, altering the amount
of template used or performing a MgCl2 titration (0.5 to 2.5mM). If persistent co
amplification products were present or there was still no amplification after these
procedures, the primer sequences were changed. Alternative sequences were required
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for the reverse primer for exon 1, the forward primer for exon 2 and the forward primer
for exon 8 used in the SSCP analysis of the

gene.

2.5 Microsatellite repeat analysis

The (CA)n repeat loci DXS986, DXS995 and DXS1002 were genotyped by loci
specific PCR amplification incorporating radiolabelled dCTP as described in Section
2.4.2. 2pl of the PCR product were then mixed with 2pl of loading buffer, denatured
by heating to 85°C for 10 minutes and rapidly cooled on ice. Variously sized alleles
were resolved by separation on denaturing 8M urea, 6% polyacrylamide (Accugel 40,
National Diagnostics) gels in 1 x TBE, using spacers tapering from 1.2 to 0.4mm and
BRL sequencing equipment according to the manufacturers' instructions. Gels were
run at 45 Watts for 6 hours for locus DXS1002 or 4 hours for loci DXS986 and
DXS995. Gels were dried on a vacuum drier and exposed to autoradiographic film
(Kodak XAR-5) for 1 to 4 days at room temperature.

2.6 Restriction enzyme digestion of DNA
2.6.1 Digestion of genomic DNA

Digestion of DNA was carried out following the enzyme manufacturers' instructions
(New England Biolabs [NEB], NBL Gene Sciences Limited or Life Technologies) in 1
X supplied restriction enzyme buffer and an excess of enzyme (5 to lOU/pg DNA)
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2.6.2 Digestion of PCR products

PCR products were digested by the addition of 4 to 40U (1 pi) of enzyme to 20pl of
product followed by overnight incubation at the manufacturers’ recommended
temperature (NEB, NBL Gene Sciences Limited and Life Technologies). All enzymes
used were tolerant of the PCR amplification buffer conditions, such that DNA
precipitation was not required, except for Bsp 1286 I. In the case of this enzyme DNA
was precipitated from 40pl of PCR product with 2.5 volumes ethanol and 0.1 volume
3M NaOAc, at -20°C overnight. After centrifugation at 12 OGOg, the pellet was
washed in 70% ethanol and then resuspended in 20pl of 1 x buffer and lOOpg/ml BSA
as supplied by the manufacturer (NEB). Digestion was by 5U (Ipl) of enzyme, at
37°C, overnight.

2.7 Electrophoresis of DNA
2.7.1 Agarose gel electrophoresis

PCR products were checked for specific amplification of a single product of the
correct size on 2% agarose (International Biotechnologies Inc.) gels with 500ng/ml
ethidium bromide using 0.5 x TBE buffer, with Ikb ladder (Life Technologies) as size
markers. Gels for Southern blot analysis were prepared at the appropriate agarose
concentration, and electrophoresed using the required voltage and time for the
separation of the DNA fragments under study (for example, 0.8% agarose, 25V and
overnight), with Ikb ladder (Life Technologies) as size markers. Samples were loaded
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into wells as required using DNA loading buffer (added as 6 x concentrate). Gels were
photographed on a UV transilluminator.

2.7.2 Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis for microsatellite repeat genotyping, SSCP
analysis, and DNA sequencing is described in Sections 2.5, 2.10.2 and 2.11.3,
respectively.

2.8 Southern blot analysis
2.8.1 Blotting of gels

Agarose gels for Southern blot analysis were incubated in denaturing solution (see
Section 2.17 for recipe) for 60 minutes, changing the solution once and in neutralising
solution (see Section 2.17 for recipe) for 20 minutes. The gels were inverted and
blotted onto Hybond N^ membrane (Amersham International) in 20 x SSC overnight.
Membranes were then incubated in 0.4M NaOH for 20 minutes and washed
thoroughly in 2 x SSC before storage between acid-free tissue paper, or hybridisation.
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2.8.2 Radiolabelling of probes

Probes used for Southern blot analysis were a full length

cDNA amplified as

described in Section 2.4.3 from the Jurkat T cell line and the VNTR locus D7S22
(Wong et a l, 1986) prepared in this laboratory by Dr. F. Katz. Probes were
radiolabelled by the random priming method (Feinberg and Vogelstein, 1983;
Feinberg and Vogelstein, 1984) as follows: 30 to 50ng of double stranded DNA in a
volume of 30pl was heat denatured at 98°C for 5 minutes, mixed with lOpl OLE, 2pl
BSA (lOmg/ml), 50pCi pP]-dCTP (ICN Flow) and 2U Klenow DNA polymerase
(NBL), and incubated at room temperature for 3 hours.

2.8.3 Removal of unincorporated [^^P]-dCTP

A 1ml syringe was plugged with polymer wool, filled with Sephadex G50, packed by
centrifugation for 3 minutes at 300g and the column washed with 200pl 2 x SSC. The
probe labelling reaction was made up to a final volume of 200pl with 2 x SSC, loaded
onto the column and centrifuged as before. The activity of the recovered probe was
measured by counting 2pl using a Bioscan QC 2000 p counter.

2.8.4 Prehybridisation of membranes

Membranes were wetted in 2 x SSC before being rolled into glass hybridisation bottles
(Hybaid) interleaved with mesh (Hybaid). 10ml of hybridisation solution were added
and the bottles rotated in a Hybaid oven at 65°C for at least 3 hours.
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2.8.5 Hybridisation of membranes

Probes were denatured at 98°C for 5 minutes and added to the hybridisation solution to
give a final activity of 10^ dpm/ml. Probes were hybridised to the filter(s) 65°C for
greater than 16 hours rotating in a Hybaid oven.

2.8.6 Washing of membranes after hybridisation

Membranes were washed three times in 3 x SSC/0.1% SDS at room temperature for 20
minutes and then at 65°C for 30 minutes in 2 x SSC/0.1% SDS for the

cDNA or 1 x

SSC, 0.5 X SSC and 0.2 x SSC with 0.1% SDS, sequentially, for D7S22. Membranes
were then wrapped in plastic film (Saranwrap).

2.8.7 Autoradiography

Membranes were exposed to X-ray film (XAR-5, Kodak) at -70°C with two
intensifying screens (Lightening Plus, Cronex, Dupont) for between 1 and 14 days.
Films were developed on a Fugi RGII film processor.

2.9 Identification of patients for y,. mutation analysis

Patients were males diagnosed as probable XSCID because of recurrent or
opportunistic infections early in childhood. Unless otherwise stated, all had no or very
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low levels of T cells, with normal or elevated numbers of B cells (T'/B^). Some
families had extended pedigrees with a history of X-linked inheritance of the disorder,
although some sporadic cases with an appropriate phenotype were also studied. Most
potential and obligate carrier females were analysed using T cell X chromosome
inactivation analysis prior to, or during, this study (analyses performed by the Clinical
Genetics Laboratory, Great Ormond Street Hospital for Children NHS Trust, London
or Mr. M. de Alwis in this laboratory). One case of a male child with SCID and low
levels of B and T cells was investigated following the discovery that his mother had
unilateral pattern of T cell X-inactivation. Clinical details are given in Appendix I.

2.10 Single strand conformation polymorphism (SSCP) analysis
2.10.1 PCR conditions

For SSCP analysis of the

gene each of eight exons was PCR amplified using

flanking primers complementary to intronic sequences and digested to produce
fragments of less than 250bp where necessary. The PCR was performed as described
in Section 2.4.2 in a final volume of 25pl. Primer sequences, annealing temperatures,
fragment sizes and enzymes used are listed in Table 2.3. Prior to digestion PCR
products were checked on 2% agarose gels as described in Section 2.7.1.
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2.10.2 Non-denaturing polyacrylamide gels

2pl of sample and 2pl of loading buffer were denatured at 95°C for 3 minutes, chilled
on ice and loaded onto a 6% polyacrylamide (Accugel, National Diagnostics) non
denaturing gel containing 5% glycerol. Samples were run at room temperature in 1 x
TBE, at 30 Watts for 4 to 5 hours. Gels were dried and exposed to autoradiographic
film (Kodak XAR-5) at room temperature for 1 to 14 days. Any difference in mobility
between patient and control samples were scored as positive.

2.11 DNA sequencing
2.11.1 Template preparation

Template DNA for sequencing was prepared by PCR amplification of genomic DNA
with exon specific primers using standard conditions (Section 2.4.2 and Table 2.3 for
annealing temperatures) in duplicate reactions of a final volume of lOOpl. PCR
products were purified from the amplification mix by separation on a 2% agarose gel
and extraction from the gel by use of NA45 membrane according to the manufacturer's
instructions.

2.11.2 Sequencing using the "Sequenase" kit version 2.0

Template DNA for sequencing of exons 2, 4, 5 and 6 was amplified with one of each
pair of primers biotinylated at its 5' end such that one strand of the product was
labelled with biotin. Thus single stranded template could be separated by the use of M-

93

280 Streptavidin Dynabeads (Dynal) according to the manufacturer’s instructions.
Singled stranded template was sequenced incorporating [^^S]-dATP (ICN Flow) using
the "Sequenase" kit version 2.0 as detailed in United States Biochemical's protocols.

2.11.3 Cycle sequencing

Cycle sequencing was used for exons 3 and 7 where no biotinylated primers were
available. Double stranded template was prepared as described in Section 2.11.1.
Cycle sequencing was carried out using the Exo (-) Pfu Cyclist DNA sequencing kit
incorporating [^^S]-dATP (ICN Flow) according to the manufacturer's instructions
(Stratagene).

2.11.4 Sequencing gels

Sequencing samples were separated on 6% polyacrylamide (Accugel 40, National
Diagnostics) 8M urea denaturing gels in 1 x TBE, using 0.4mm spacers and BRL
sequencing equipment according to the manufacturers' instructions. Gels were
electrophoresed at 45 Watts for 1.5 to 3 hours. Gels were dried on a vacuum drier and
exposed to autoradiographic film (Kodak XAR-5) for 1 to 14 days at room
temperature.

94

2.12 Tissue culture
2.12.1 Culture of cell lines

Fibroblast lines from XSCID patients were derived from dermal biopsies and grown in
minimal essential medium (Life Technologies) supplemented with 20% PCS
(Globepharm), 2mM L-glutamine (Life Technologies) and 50pg/ml gentamycin
(Roussel) at 37°C under 5% (v/v) COj. Fibroblasts were detached from the culture
flasks by incubation with trypsin-EDTA (Gibco) when passaging.

The EBV transformed B cell line from XSCID patient 13 was provided by Dr. E.
Smith (Stockholm, Sweden), the EBV transformed B cell lines from two normal
women, MG and 866, and XSCID patient 4 were prepared by transformation of
peripheral blood B cells by Dr. F. Katz in this laboratory. EBV transformed B cell
lines were grown in RPMI culture media (see Section 2.17 for recipe) at 37°C under
5% (v/v) CO2 .

Baby hamster kidney (BHK) cells were grown in RPMI culture media at 37°C under
5% (v/v) CO2until confluent and then detached from the flask by incubation with
lOmM EDTA in PBS (Ackerman and Douglas, 1978).

The B9 cell line is a mouse human hybridoma which is dependent on human IL-6 for
growth. This line was grown in RPMI culture media supplemented with recombinant
human IL-6 (Immunex) at 50 to lOOU/ml at 37°C under 5% (v/v) CO2.
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2.12.2 Long term storage of cells

Cells were frozen at lO^cells/ml in appropriate growth media with 30% FCS and
7.75% DMSO (fibroblasts and BHK cells), or at 2 to 10 x loVml in 90% FCS and
10% DMSO (primary lymphocytes and B9 cells), by first cooling slowly to
-70°C in a polystyrene box for 48 hours and then transferring to liquid nitrogen for
long term storage. To thaw, cells were warmed quickly at 37°C, pelleted by
centrifugation for 5 minutes at 25Og and resuspended in the appropriate medium.

2.12.3 Counting of cells

Cells were counted using a Neubauer haemocytometer according to the manufacturer's
instructions. Trypan blue exclusion was used to determine the proportion of viable
cells: 50pl of cells was mixed with 50pl of 0.4% trypan blue in 0.85% saline (Flow
Laboratories, Inc.), counted using a Neubauer haemocytometer and those cells which
had not taken up the blue dye were scored as viable.

2.13 Purification of primary lymphocytes
2.13.1 Preparation of mononuclear cells from peripheral blood

Fresh peripheral blood was collected over preservative free heparin and diluted vvdth an
equal volume of RPMI holding medium (see Section 2.17 for recipe) supplemented
with 20 lU/ml heparin. Mononuclear cells were then separated by centrifugation over

96

lymphocyte separation medium, Ficoll (Pharmacia), at 1000g for 20 minutes. Cells
were harvested from the interface, washed twice in RPMI holding medium and
counted as described in Section 2.12.3.

2.13.2 T cell depletion of peripheral blood mononuclear cells

T cells were removed by resetting with AET-treated sheep red blood cells (AETSRBC), prepared as described by Callard et al. (1995) 2.5ml of 10% AET-SRBC were
used to rosette the T cells from 50 x 10^ lymphocytes. AET-SRBC and lymphocytes
were pelleted together at 200g for 15 minutes and kept on ice for 45 minutes. The
rosetted cells were then separated from all other cells by centrifugation over Percoll,
with a specific gravity of 1.080, at lOOOg for 20 minutes. Cells were harvested from
the interface and washed twice in RPMI holding medium and counted as described in
Section 2.12.3.

2.13.3 Preparation of monocytes

Monocytes were separated from peripheral blood mononuclear cells by allowing them
to adhere to BHK cell microexudate-coated surfaces, prepared by the detachment of
confluent BHK cells from culture flasks as described in Section 2.12.1 (Ackerman and
Douglas, 1978).
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2.14 Immunofluorescent cell staining
2.14.1 Antibodies used for flow cytometry

Surface expression of the

protein was detected by the monoclonal antibody TUGh4

which is a rat IgG2b antibody provided as 3mg/ml ascites by Dr. K. Sugamura
(Sendai, Japan). This antibody was used at a dilution of 1:500, as determined by
titration against the normal EBV transformed B cell line MG, of which 50pl was used
per sample.

The IL-2 receptor p chain was detected using Mik-p3, a mouse IgGl monoclonal
antibody supplied by Pharmingen. T cells and B cells were distinguished using PE
conjugated mouse IgGl monoclonal antibodies to CD3 and CD 19 respectively (Becton
Dickinson). Control antibodies directed against keyhole limpet haemocyanin, which is
not expressed on human cells or cell lines, were mouse IgGl FITC or IgG2a PE
monoclonal antibodies (Becton Dickinson). These antibodies were used according to
the manufacturers' instructions.

Primary rat antibodies (TUGh4) were detected by a FITC conjugated rabbit anti rat
secondary polyclonal antibody (RARF) provided by the Transplantation Biology Unit,
ICH, London. This antibody is a rabbit F(ab')2 anti rat F(ab')2 which has been
immunoadsorption purified and was used at a final concentration of 12.5pg/ml.
Immediately before use RARF was pre-adsorbed with 10% human serum or 10%
human serum and 10% mouse serum (double staining studies), incubated at 4°C for at
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least 30 minutes and then any complexes removed by centrifugation at 13,400g for 5
minutes.

Primary mouse antibodies (anti IL-2Rp) were detected by a FITC conjugated goat anti
mouse polyclonal antibody (GAMF) supplied by Biosource International, USA.
GAMF consists of goat F(ab')2 anti mouse immunoglobulin gamma and light chains
which have been immunoadsorbed against human serum. GAMF was used at 25pg/ml
of which 25pi per sample was added.

2.14.2 Preparation and staining of cells for flow cytometry.

For each test, 0.25 to 1 x 10^ cells were pelleted and resuspended in 50 pi of
staining solution (see Section 2.17 for recipe) to which was added a previously
determined amount of antibody (Section 2.14.1) diluted in staining solution and
incubated on ice for 20 to 30 minutes. Where appropriate, the cells were washed and a
secondary FITC conjugated polyclonal antibody was added and the cells incubated for
20 to 30 minutes on ice. The cells were then washed and resuspended to 1 to 2 x 10^
cells/ml in staining solution for analysis on a FACScan flow cytometer (Becton
Dickinson) using FACScan Research and Lysis II software.
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2.15 Culture of monocytes with IL-7
2.15.1 Culture of purified monocytes with IL-7

Purified monocytes were cultured at a density of 2 x 10^ cells/ml in 200pt (2 x
cells/well) in 96 well plates (Nunc). The conditions then applied to these cells were
either RPMI culture media only, media with 300U/ml human recombinant IL-7
(NIBSC), media with l,500U/ml IL-7 or media with LPS lOpg/ml (positive control).
Each set of conditions was performed at least in triplicate. Monocytes were cultured
for 24 hours before harvesting the supernatants, which were then stored at -80°C until
their IL-6 content was determined.

2.15.2 Culture of whole blood with IL-7

Peripheral blood was collected over preservative free heparin and aliquoted into three
1.5ml volumes in polypropylene 12 x 75mm tubes with caps (Falcon 2063). One tube
was the negative control to which no additions were made, to another 450U of IL-7
were added giving a final concentration of 300U/ml and to the last was added 15pgof
LPS giving a final concentration of lOpg/ml. After these additions the contents of the
tubes were mixed gently by inversion. The cultures were then incubated at 37°C and
gently resuspended by rolling on a "Spiramix 5" (Denley) at regular intervals. At 3, 6
and 24 hours following the additions 400pl aliquots were removed from the cultures
and centrifuged at 12,000g for 5 minutes. The plasma was then removed and stored at 80°C until the IL-6 content was determined.
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2.16 Determination of IL-6
2.16.1 Bioassay

B9 cells were removed from a stock culture flask in log phase of growth (see Section
2.12.1 for culture conditions) and washed three times in RPMI culture medium without
IL-6. Cells were cultured at a final density o f l x l O^ cells/ml in 96 well plates.
Samples, culture supernatant or plasma, were serially diluted 1:2 to 1:640 with RPMI
culture medium and added in triplicate to the cells. Media only controls were included
to determine the background response. A series of dilutions of a standard solution of
IL-6 (O.lU/ml to 200U/ml) (Immunex) was also included to produce a standard
response curve against which the response to the samples could be assessed. Plates
were then incubated at 37°C under 5% (v/v) CO2 in a humidified atmosphere for 72
hours before addition of 1 pCi [^H]-TdR to each well and further incubation for 6
hours. The cells were then harvested on a Dynatech AutoMash 2000 cell harvester,
dried at lOO^C for 2 to 4 hours and counted in 4mls of scintillation fluid on a Wallac
1209 RackBeta scintillation counter. Results are presented as dpni.

2.16.2 ELISA

The "Quantikine" IL-6 ELISA kit from R&D Systems was used according to the
manufacturer's instructions and sample optical densities were measured on a Titertek
Multiskan Plus plate reader at 450nm.
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2.17 Solutions

Distilled water (DW) was used to prepare all solutions and to sterilise solutions were
autoclaved at IIT C for 20 minutes, unless otherwise stated.

CA repeat/SSCP/Sequeneing loading buffer: 95% Formamide, 20mM EDTA,

0.05% bromophenol blue and 0.05% xylene cyanol (BDH).

Denaturing solution: 1.5M NaCl, 0.5M NaOH.
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X

Denhardts solution: 20g Ficoll 400 (Pharmacia), 20g polyvinylpyrrol-idone,

20g BSA (Fraction V), water to 1 litre. Sterilised by filtering and stored at -20°C.
DEPC water: DEPC added to 0.1% (v/v), incubated overnight at room temperature

and autoclaved.

6 X DNA loading buffer: l.Og glycerol in 10ml water, bromophenol blue, xylene

cyanol.

Hybridisation solution: 10 x Denhardts, 50pg/ml sonicated salmon sperm DNA

(denatured at 98°C for 5 minutes), 6 x SSC and 1% SDS.

Neutralising solution: IM Tris-HCl pH7.4 and 1.5M NaCl
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OLB was made from the following solutions:
Solution O: 1.25M Tris-HCl, 0.125M MgCl^, pH8.0 (store at 4°C)
Solution A: 1ml Solution O, ISfil 2-mercaptoethanol and 5pi each of dATP, dTTP

and dGTP previously dissolved at 0.1 M in TE (stored at -20°C)
Solution B: 2M HEPES, pH 6.6 (stored at 4°C)
Solution C: Hexanucleotides (Pharmacia) suspended in TE at 90OD units/ml

Solutions A,B and C were mixed in a ratio of 10:25:15 and stored at -20°C.

Phosphate buffered saline (PBS): Prepared using PBS (Dulbecco 'A') tablets

supplied by Oxoid. 1 tablet was dissolved into 100ml and the solution autoclaved to
sterilise.

RPMI culture medium: RPMI 1640 (Life Technologies) supplemented with 10%

PCS (Globepharm), 2mM L-glutamine (Life Technologies) and 50pg/ml gentamycin
(Roussel).

RPMI holding medium: RPMI 1640 with L-glutamine but without NaHCOg (Gibco,

07401800P) with 25mM HEPES supplemented with 5% PCS and 50pg/ml
gentamycin.

Sephadex G50: lOg Sephadex G50 (Pharmacia) was incubated in 100ml 2 x SSC at

65°C for 3 hours, replacing the supernatant with new SSC during the incubation.
Stored at 4°C.
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Solution D: 4M guanidinium isothiocyanate, 20mM sodium acetate pH 5.2, O.lmM

DTT, 0.5% N-lauroylsarcosine.

SSC, 20 X stock: 3M NaCl, 0.3M sodium citrate.

Staining Solution: PBS, 2% FCS, 0.01%NaN3.

Tris borate buffer (TBE), 10 x stock: 0.9M Tris base, 0.9M Boric acid, ImM EDTA,

pH8.0., sterilised by autoclaving.

Tris-EDTA (TE), pHS.O: lOmM Tris-HCl, pH8.0, ImM EDTA sterilised by

autoclaving.
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2.18 PCR primer sequences

Table 2.1: Primers used for amplification of microsatellite repeat loci
Sequence (5'-3')

Locus

DXS986

DXS995

DXS1002

Forward

CCTAAGTGCTCATCATCCCA

Reverse

AGCTCAATCCAAGTTGCTGA

Forward

AAGGGGCTGCTGATGATTAT

Reverse

AATGCGTTCCCCAAATGT

Forward

CTGCTACCCTTTAGTTCTCTC

Reverse

TCCATGTTGCTGCGAA

Annealing

Product

Temperature

Size

60°C

149-173bp

60°C

193-199bp

55°C

266-274bp

Table 2.2: Primers used for amplification from cDNA

Gene

Yc

a-Gal

P-Actin

Sequence (5'-3')

Forward

GCCATCATTACCATTCACATCC

Reverse

GGTTTCAGGCTTTAGGGTGTAAC

Forward

CAGCCCAATTATACAGAAATCCGAC

Reverse

ATTTACCTGTCTAAGCTGGTACCC

Forward

GTGGGCCGCTCTAGGCACCAA

Reverse

CTCTTTGATGTCACGCACGATTTC
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Annealing

Product

Temperature

Size

60°C

1098bp

50°C

366bp

55°C

540bp

Table 2.3: Primers, annealing temperatures and restriction enzyme digests used for SSC? analysis and sequencing
Exon

Primer Name^

Sequence (5'-3')

Product Size(bp)

1

NSense

Biotin-ATGACAGAGGAAACGTGTGG '

288

NAntisense

CAGGCACCAGATCTCTGTAC^

Sense

Biotin-ATTACAGACATGAGCCACCG^

NAntisense

CTTGGTCTCTGATCCAACCC '

NSense

CTGTTCCTCTTCCTTCCAAC '

NAntisense

gactccaatgtcccacag’

NSense

Biotin-ACCTTCAGGATCCTGACTTG*

NAntisense

GTTGAATCCTTTAGCCCTAC'

NSense

CTTCTCTC ATAGAC ACCC AC '

NAntisense

Biotin-AGGGAAGTGGAGCAAAAGAC’

Sense

Biotin-TGGAGGTAATTGTTCCTGCC '

Antisense

CC AAACCCTCTTGGGTAATC '

NSense

TAACCTATGTGCTCCTGCTC'

NAntisense

tcttgctggcaggcagttg'

Sense

TACTCCTTTGGCACAGAGCTC^

NAntisense

Biotin-TATGAGACGCAGGTGGGTTG'

2

3

oo\

4

5

6

7

8

^ From Noguchi et al. 1993

Restriction Enzyme
(Fragment Sizes in bp)
Fokl

Annealing
Temperature (°C)
58

109+ 179

270

Hin fl

60

84+186

272

Ava II

60

163 + 1 0 9

265

Msp I

60

175 + 90

290

Bst XI

60

186+104

370

H in fl

58

147 + 223

169

349

Designed from genomic sequence (Puck et al. 1993)

none

P stl
115 + 234

65

65

CHAPTER 3

RESULTS

DELETION AND GENETIC LINKAGE MAPPING OF
THE DXS986, DXS995 AND DXSI002 LOCI
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3.1 Introduction

At the start of this work the XSCID gene, SCIDXl, was unknown and a positional
cloning investigation was ongoing in this laboratory in order to locate and identify it.
Such a strategy (as described in detail in Section 1.2) requires the definition of a
minimal chromosomal region in which the gene in question must lie, that is the critical
region. Furthermore, in order for the critical region to be feasibly represented in as
small a number of YAC clones as possible, from which transcribed sequences can be
isolated, it is preferable that it is no larger than a few (approximately 2 to 3)
megabases. Therefore, since at that time the SCIDXl critical region had been defined
as being between the loci DXS132-DXS447 (Puck et a l, 1992a), a distance estimated
at approximately lOcM (estimated as corresponding to approximately 10Mb), the
primary task was the further refinement of this region. In order to achieve this aim new
polymorphic loci which mapped to the appropriate chromosomal region were sought.

There are several kinds of polymorphic loci to be found in the human genome:
restriction fragment length polymorphisms (RFLPs), minisatellites and microsatellites.
However, RFLPs are of limited use due to their low heterozygosity and minisatellites
have the disadvantage of a restricted genomic distribution. Microsatellite markers are
small tandem di-, tri- or tetranucleotide repeats, often consisting of (CA)„, which can
be found widely throughout the genome. They are frequently highly polymorphic and
often have three or more alleles by virtue of the presence of a variable number of
repeat units. In a study of 813 such loci by Weissenbach et al (1992) the mean
heterozygosity was found to be 0.75 and 72% had three or more alleles. In addition.
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these loci are genotyped by a PCR based method where primers complementary to
unique flanking sequences are used to amplify the repeats. Consequently only small
quantities of sample DNA are required and multiplex amplification can allow several
alleles to determined at once (Church and Kieffer Higgins, 1988; Hazan et a l, 1992).
The variously sized products can then be separated by electrophoresis. Due to the
small size differences between the alleles denaturing polyacrylamide gels are required.

Three of the microsatellite repeat markers identified by Weissenbach et al (1992) were
made available to us by Dr. M. Fontes (Marseille, France). These had been crudely
mapped to the Xql3.2-21.1 region by genetic linkage analysis (Weissenbach et al,
1992). These loci have been designated DXS986, DXS995 and DXS1002 and have
heterozygosities of 0.76, 0.61 and 0.72, respectively. In order to define the position of
these loci within Xq 13.2-21.1 and with respect to SCIDXl two mapping strategies
were utilised. Firstly, DNA from three patients with interstitial deletions of the
proximal long arm of the X chromosome, which define four subintervals in this region,
was used in a deletion mapping analysis. Secondly, their positions were investigated
with respect to other loci in the region by genetic linkage analysis of eight XSCID
families.
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3.2 Results

3.2.1 Deletion Mapping

In order to map the loci DXS986, DXS995 and DXS1002, with respect to one another
and other loci in the region Xql3.2-21.1, samples from three male patients with
interstitial deletions on the proximal long arm of the X chromosome were used. Patient
NP has choroideremia, mental retardation, and cleft lip and palate due to a deletion of
Xq21.l-21.33 which includes the loci from DXS447 to DXS73 (Bach et a l, 1992).
Patient MBU has choroideremia and is deleted from Xq21.1-22 including the loci
DXS233 to pFl (Bach et a l, 1992). Patient D20 has choroideremia, mental
retardation, and deafness and is deleted from Xq21.l-21.33, including the loci
DXS232 to DXS73 (Bach et a l, 1992). None of these three patients exhibit any
immunodeficiency indicating that the chromosomal regions lost in their deletions lie
outside of the SCIDXl critical region.

The deletion breakpoints found in patients NP, MBU and D20 define four subintervals
in the Xq21.l-21.33 region as shown in Figure 3.1. DNA from each of these patients
was analysed using PCR primers specific for the loci DXS441, DXS986, DXS995 and
DXS1002. The results of this analysis are shown in Figure 3.1. Considering DXS986,
the primers specific for this locus amplify a product in MBU and D20, but not NP
DNA. Therefore this locus must lie in the interval between the proximal breakpoints of
NP and D20. Similarly, DXS995 and DXS1002 can be assigned to two of the other
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Figure 3.1 : Deletion mapping of DXS986, DXS995 and DXS1002
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with primers specific for the microsatellite repeats from the patient and normal DNA.
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fragments is indicated in bp on the left (all Ikb ladder fragment sizes detailed in
Appendix III).
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three intervals as shown in Figure 3.1, since DXS995 amplifies a product from MBU
but not D20 or NP DNA, and DXS1002 amplifies a product from none of these patient
DNAs. Thus, DXS986 must lie between PGKl and DXS232, DXS995 between
DXS26 and DXS233, and DXS1002 between DXS121 and DXS96. Therefore, since,
all of these loci lie within the deletions found in patients who do not exhibit
immunodeficiency and distal of PGKl they must lie outside the SCIDXl critical
region as defined by the studies of Markiewicz et a/. (1993).

3.2.2 Genetic Linkage Analysis

In addition to the deletion mapping studies the loci, DXS986, DXS995 and DXS1002,
were mapped by genetic linkage analysis with respect to one another and other loci in
this region. Eight families were investigated who had extended pedigrees and a history
of males in more than one generation affected by XSCID, as indicated by the
characteristic T cell negative/B cell positive phenotype. Where material was available,
the carrier status of the women in these pedigrees was determined by T cell Xinactivation studies (performed by the Clinical Genetics Laboratory, Great Ormond
Street Hospital for Children NHS Trust, London or Mr. M. de Alwis in this laboratory)
in order to increase the number of informative meioses. The genotype of as many
family members as possible from each pedigree were analysed at the loci DXS986,
DXS995 and DXS1002 by PCR incorporating radioactive label, using loci specific
primers, followed by denaturing PAGE separation and autoradiography. Three of the
eight families (7, 20 and 21) studied showed recombined haplotypes. The remaining
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five families had no individuals in which recombinations between these loci could be
identified.

Figures 3.2, 3.3 and 3.4 show the partial pedigrees and results at each of the three CA
repeat loci, DXS986, DXS995 and DXS1002, for several members of families 7, 20
and 21, respectively (order of loci indicated is as suggested by deletion mapping
described in the previous section). The genotype of each individual at the loci DXS441
and PGK is also indicated where this information was available (studies performed by
Dr. T. Lester and Mr. M de Alwis in this laboratory). The phase of female genotypes is
implied from their male relatives and, if necessary, their father’s haplotype was used.
If the father's haplotype was used paternity was checked where recombinations are
thought to have occurred to ensure that they are bona fide recombinations.

Interpretation of CA repeat data is complicated by the presence of “shadow bands”,
however, in all cases shown here the results appear significantly different from that
which would be expected if a recombination had not occurred. In all three of these
families the results suggest that a recombination has occurred between DXS986 and
DXS1002. In Figures 3.2, 3.3 and 3.4 the CA repeat results which identify these
recombinations are highlighted. Since three recombinations have been observed
between DXS986 and DXS1002 the genetic distance between them must be in the
order of lOcM. By contrast no recombinations were seen between DXS441, PGKl and
DXS986 suggesting that these loci are much closer to each other than they are to
DXS1002. Thus, the relative positions of DXS441, DXS986 and DXS1002 deduced
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At the top of the figure is shown a partial pedigree for family 7 with the haplotypes
of each individual at DXS441, PGKl, DXS986, DXS995 and DXS1002 indicated.
Order of loci is as deduced from the deletion mapping data detailed in section 3.2.1.
Below are shown the results of PAGE analysis of radiolabelled amplification
products using primers specific for each of the microsatellite loci DXS986, DXS995
and DXS1002.
Lanes : As indicated by the pedigree above.
On the right are indicated the positions of the alleles found in this family.
* Highlights the CA repeat results which identify that a recombination has occurred.

Figure 3.2: Genetic linkage mapping of DXS986, DXS995 and DXS1002 in
family 7
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Figure 3.3: Genetic linkage mapping of DXS986, DXS995 and DXS1002 in
family 20
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At the top of the figure is shown a partial pedigree for family 20 with the haplotypes of each
individual at DXS441, PGKl, DXS986, DXS995 and DXS1002 indicated. Order of loci is as
deduced from the deletion mapping data detailed in Section 3.2.1.
Below are shown the results of PAGE analysis of radiolabelled amplification products using
primers specific for each of the microsatellite loci DXS986, DXS995 and DXS1002.
Lanes : As indicated by the pedigree above.
On the right are indicated the positions of the alleles found in this family.
* Highlights the CA repeat results which identify that a recombination has occurred.
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Figure 3.4: Genetic linkage analysis of DXS986, DXS995 and DXS1002 in

family 21
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At the top of the figure is shown a partial pedigree for family 21 with the haplotypes of each
individual at DXS441, PGKl, DXS986, DXS995 and DXS1002 indicated. Order of loci is as
deduced from the deletion mapping data detailed in Section 3.2.1.
Below are shown the results of PAGE analysis of radiolabelled amplification products using
primers specific for each of the microsatellite loci DXS986, DXS995 and DXS1002.
Lanes: As indicated by the pedigree above.
On the right are indicated the positions of the alleles found in this family.
* Highlights the CA repeat results which identify that a recombination has occurred.
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from the deletion mapping were confirmed by this genetic linkage mapping. However,
no information with respect to the position of DXS995 or its distance from the other
loci in this region could be deduced from this genetic linkage data, as this locus was
uninformative in all three of the families exhibiting recombinations.

3.2.3 Trisomy X

Family 22 was identified as an XSCID pedigree on the basis that three males had been
affected by immunodeficiency in two different generations. Consequently individual
II.4 was at risk of being a carrier of XSCID (see Figure 3.5 for pedigree). Therefore the
carrier status of individual II.4 was investigated by T cell X-inactivation studies which
indicated a random pattern of X-inactivation and individual II.4 was designated as a
non-carrier. However, genetic linkage analysis of this family showed a confusing
pattern of inheritance. This could only be explained by the occurrence of 4
recombinations between DXS159 and DXS447, a distance of approximately 16 cM, in
two separate meiotic events or the presence of three copies of the relevant alleles in
female II.4. The haplotypes which result under each of these circumstances are
illustrated in Figure 3.5a and b. Unfortunately most of the loci investigated in this
region were RFLP markers with only two possible alleles and only two alleles were
found at those CA repeat loci investigated in this family (analyses performed by Dr. T.
Lester and Mr. M. de Alwis in this laboratory ). However, analysis of the locus
DXS995 helped to resolve this issue since three different alleles were found at this
locus in this family. Therefore, although DXS995 is not within the SCIDXl critical
region, individual II.4 was investigated at this locus and she was shown to have
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Figure 3.5a: Haplotypes of members of family 22 assuming
several recombinations have occurred
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Figure 3.5b: Haplotypes of members of family 22 assuming
trisomy X in individual H.4
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Figure 3.6: Results of analysis of the locus DXS995 in fam ily 22
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Inheritance of alleles at DXS995 in family 22. Above is shown a partial pedigree
indicating the individuals investigated. Below is shown PAGE analysis of radiolabelled
amplification products using primers specific for DXS995.
Lanes : 1 Individual 11.2
2 Individual IQ. 2
3 Individual Q.4
4 Individual 01.3
5 Individual 1.1
6 Individual 1.2
7 Individual Q.7
On the left are indicated the positions of the alleles found in this family.
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inherited all three alleles (Figure 3.6). The interpretation of the data at this locus was
somewhat aided by the availability of DNA from the two unaffected sons of individual
II.4 since the presence of “shadow bands” had previously made unambiguous analysis
of the genotype of individual II.4 impossible. As can be seen in Figure 3.6 each son
has inherited a different allele at DXS995 which could not be distinguished in the
mother alone. It was therefore concluded that this woman must have complete or
partial trisomy X. Complete trisomy X was confirmed by FISH studies, using a
biotinylated X specific whole chromosome paint, performed by Dr. F. Katz in this
laboratory (Lester et al, 1994). This result has important implications for the genetic
counselling of this individual as she must be considered to be at high risk of being a
carrier of XSCID, since she carries the affected X chromosome, contrary to the
diagnosis based on T cell X-inactivation.

3.3 Discussion

The deletion and genetic mapping data presented here combined with published data
(Lafreniere et a l, 1991 ; Bach et al, 1992; Puck et a l, 1992a) give the relative order of
loci in the Xql3.2-21.33 region as follows:
cen-PGKl-[DXS986, (DXS447-DXS72-DXS26)]-[DXS995, (DXS232DXS121)]-[DXS1002, (DXS233-DXYSl-DXS3-DXS73)]-DXS96-pFl-tel.
This map is confirmed by the work of Barker and Fain (1993) who have investigated
these three loci along with several others in this region.
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At the outset of this mapping study the distal limit of the SCIDXl region was defined
as the proximal breakpoint of the deletion of patient NP (Puck et a l, 1992a) which lies
between PGKl and DXS447. It was hoped that the three loci studied, DXS986,
DXS995 and DXS1002, might lie in the region between PGKl and DXS447 and that
by their use in genetic linkage analysis of XSCID families a new distal limit might be
defined. In a similar study Markiewicz et al (1993) used seven microsatellite
polymorphic loci, which had been localised to the region between DXS159 and
DXS447 by the physical mapping studies of Lafreniere et al{\99\), in a genetic
linkage analysis of nine XSCID families. The study of Markiewicz et al (1993) was
successful in reducing the SCIDXl critical region to an estimated 3 to 5cM, between
the loci DXS135, proximally, and DXS227, distally (see Section 1.2.5 for details).
This new critical region is proximal to PGKl and consequently all of the three loci,
DXS986, DXS995 and DXS1002, used in the study described here lie distal to it.
Thus, unfortunately, these loci were of no value for the purposes of further refining the
SCIDXl region.

In spite of the fact that these loci lie outside of the SCIDXl critical region they have
proved useful in the genetic linkage studies of the disease by virtue of their high
heterozygosity and multiple alleles. This is illustrated in the trisomy X case described
above. In this case the female II.4 had been diagnosed as a non-carrier on the basis of
her random T cell X-inactivation, however, this had resulted from the presence of two
normal chromosomes in addition to the affected chromosome. Where there are
multiple copies of the X chromosome all but one become inactivated (Rastan, 1994).
Thus in one out of three instances the affected chromosome will be active and the T
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cells will have a selective disadvantage and will be lost. However, if either of the
normal chromosomes are active there will be no selective pressure on the T cells and
both will be present. Therefore inactivation of the two normal X chromosomes in T
cells will be random and can mask the unilateral pattern caused by the affected
chromosome. The carrier status of individual H.4 had therefore been incorrectly
assigned as non-carrier and she is in fact at high risk of being a carrier of XSCID.

Initial linkage analysis had failed to detect the trisomy X as it had largely made use of
RFLP loci and the effects of dosage on the intensity of autoradiograph bands had not
been obvious. Subsequent analysis with more polymorphic microsatellite loci and the
inclusion of the two unaffected sons of individual II.4 suggested that the pattern of
inheritance in this family was unusual. At this stage analysis of the DXS995 locus in
this family indicated at least partial trisomy X in the female II.4 as she carried three
distinguishable alleles at this locus. Thus, analysis of this high heterozygosity,
multiple allele locus was very important in resolving the genetic linkage data and
reassigning the carrier status in this family even though it is not closely linked to the
SCIDXl gene.

Trisomy X has an incidence of approximately one in one thousand women, and
therefore it represents an added risk factor when assessing carrier status of X-linked
disorders by analysis of X-inactivation patterns, for example in XLA and WAS.
Therefore the use of such microsatellite loci in the genetic linkage analysis of such
families may help prevent misdiagnosis.
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Although the mapping of the loci DXS986, DXS995 and DXS1002 did not help to
further refine the SCIDXl critical region, the information may be of value in the
identification of other genes distal to SCIDXl. For example DXS995 is very closely
linked to the X-linked deafness locus and has been used in the cloning of this gene
(Bitner Glindzicz et al, 1994; Huber et al, 1994; de Kok et a l, 1995). In addition
there are several mental retardation syndromes which map to this region (Schwartz,
1993).

The positional cloning of SCIDXl was not pursued further at this stage as the gene
was cloned by the candidate gene approach by Noguchi et a/. (1993c) and Puck et
fl/.( 1993b) and identified as the y chain of the IL-2R (see Section 1.2.7 for details).
Thus all subsequent work involved investigation of the causative mutations in XSCID
patients and their effects on the structure and function of IL-2Ry.
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CHAPTER 4

RESULTS

MUTATION ANALYSIS AND CARRIER STATUS
ASSIGNMENT

125

4.1 Introduction

The purpose of analysing the disease causing mutations in the

gene in XSCID

patients is two-fold. Firstly it is possible to confirm the clinical diagnosis of XSCID.
The T cell negative B cell positive (T7B^) phenotype characteristic of XSCID can
also result from autosomal recessive lesions, such as mutations in the JAK3 gene
(see Section 1.1.1). Thus prior to the identification of the XSCID gene diagnosis of
the X-linked form of the disease required a family history of affected male infants or
maternal T cell X-inactivation status data and neither is without ambiguity.
Moreover, mutation analysis of the

gene permits the diagnosis of sporadic cases of

SCID as X-linked. In addition, knowledge of the precise nature of the disease
causing mutation can be used to developtnambiguous assays for carrier status and
prenatal diagnosis. Thus mutation analysis of the y^ gene has a number of benefits for
the genetic counselling of families affected by XSCID.

Secondly, XSCID patients represent natural complete or partial knockouts of y^
function. Therefore mutation analysis may identify functionally important residues
or regions of the y^ protein, leading to a better understanding of the role of y^ in T
cell development and the disease phenotype.

When this study was initiated only a few mutations of the y^ gene had been
published (Noguchi et al, 1993c; Puck et a l, 1993b). Noguchi et al (1993c)
described three point mutations all of which, interestingly, caused stop codons at
Lysii9, Arg289 and Ser^gg, respectively (Noguchi et a l, 1993c). Puck et al (1993b)
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described four point mutations; one nonsense mutation at Cys62, two missense
mutations which substitute an Asp for Glyn 4 and an Asn for Ilei^g, and a splice site
mutation in the exon 3 splice donor site (Puck et al, 1993b). Since that time a
number of additional mutations have been published and these are described in
Appendix VI

4.2 Development of SSCP for the analysis of the

gene

4.2.1 The technique

Mutation detection utilising the technique of SSCP (described in detail in Section
1.3.3) depends upon the fact that single stranded DNA, under non-denaturing
conditions, will form a secondary structure which is sequence dependent. Analysis of
denatured double stranded DNA on polyacrylamide non-denaturing gels allows the
single strands to migrate not only according to fragment size but also according to
their sequence dependent secondary structure. Radioactive labelling or other
techniques allow the single strands to be visualised. A single base change in a
fragment of up to 400bp can alter the secondary structure causing an aberrant pattern
of migration or “band shift” when compared with a control sample, although optimal
detection rates are achieved with fragments of less than 250bp (Sheffield et al,
1993). Figure 4.1 shows a diagrammatic representation of this technique.
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Figure 4.1: Diagrammatic representation of single strand conformation polymorphism (SSCP) analysis

PCR amplify
+ pp]dC TP
Heat denature
Non-denaturing gel

I
I

K)

00

Diagrammatic representation of SSCP analysis is shown.On the left is indicated the possible folding of the
wildtype single strands and below a representation of how these appear as two bands on a non-denaturing PAGE
gel.On the right is indicated how a single base mutation can affect the single strand folding and consequently
the pattern of bands observed. * Represents the mutation.

4.2.2 Application of SSCP to the analysis of the y^. gene

The Yc gene has eight exons and seven introns. All exons are a similar size,
approximately 100 to 200bp. It was therefore convenient to analyse each exon
separately. In addition, some genomic sequence information was available from the
original description of the cloning of the SCIDXl gene (Noguchi et a l, 1993c).
Therefore primers complementary to intronic sequences were synthesised to amplify
each exon individually with sequences identical to those reported by Noguchi et al
(1993c). Using these primer sequences amplification of exons 3, 4, 5 and 7 was
possible but despite repeated attempts to optimise the PCR conditions, amplification
of the remaining four exons was not possible. Subsequently the full genomic
sequence became available (Puck et a l, 1993b) and new primers were designed
based on those reported by Noguchi et al (1993c) but with some small sequence
errors corrected. All the PCR primer sequences and annealing temperatures are
indicated in Table 2.3.

The products of each exon specific primer pair included the entire exon and part of
each flanking intron. Consequently seven products were larger than 250bp and
required restriction digestion to bring the fragments into the optimum size range for
SSCP analysis (Sheffield et a l, 1993). Enzymes were selected that would cut the
PCR product only once, generating fragment sizes that differed by more than 50bp
and that were tolerant of the PCR buffer so that precipitation of radioactive DNA
was not necessary. The PCR product encompassing exon 7 did not require restriction
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digestion. All enzymes used and the sizes of the fragments before and after digestion
are shown in Table 2.3.

In all the affected males studied all eight exons were screened using SSCP analysis
to ensure that only one mutation was present in each case. All band shifts were
followed up by sequencing of the relevant exon to ensure that they were caused by a
bona fide mutation.

4.3 Results
4.3.1 Mutations
4.3.1.1 Deletions

During the course of this mutation analysis three deletions of the
discovered. A large deletion of the 3' end of the

gene were

gene was first detected in patient 1

as a failure of primers specific for exons 5,6,7, and 8 to amplify a product from the
genomic DNA from this patient (data not shown). Subsequently this deletion was
investigated by Southern blot analysis. Genomic DNA from the affected boy, his
mother and a normal individual were digested with Taq\ or Msp\ and the resultant
blot was hybridised with a full length y^ cDNA probe. Each of these enzymes has
only one site within the y^ gene; Msp\ cuts within exon 4 and Taql cuts within exon
2. Figure 4.2 shows a map of the y^ gene with respect to these restriction sites and the
results of the Southern blot analysis. Both digests of DNA from a normal control
produced two fragments to which the y^ cDNA probe hybridised. In contrast the
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Figure 4.2: Southern blot analysis of the deletion found in family 1
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Panel A shows a deduced restriction map o f the gene and its flanking regions with
respect to the Msp I and Taq I sites. Filled regions represent exons.
Panel B shows the results o f Southern blot analysis o f genomic DNA digested with
Msp 1 or Taq 1 and hybridised with a radiolabelled y^. cDNA probe.
DNA samples analysed : N-Normal, P-Patient 1, M-Mother of Patient 1.
Approximate fragment sizes were estimated by comparison to a 1kb ladder standard
(see Appendix III for fragment sizes).
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Mspl digest of DNA from patient 1 produced only the smaller fragment recognised
by the

probe. Since the Mspl site lies less than 30bp from the 3' end of exon 4, this

suggests that much or all of exon 5 is lost in the deletion such that the junction
fragment contains little coding region sequence to which the y^ cDNA probe is
complementary. The Taql digest of DNA from patient 1 produced two fragments
recognised by the y^ probe but one was smaller than that found in the control sample
and represents a junction fragment of 4.4kb.

Sequencing across the breakpoint junction was not pursued as there were no PCR
primers available for the region immediately 3’ of the deletion. However, from the
data available the deletion must include all of exons 6, 7 and 8 and part or all of exon
5, that is all of the intracellular and transmembrane regions and some of the
extracellular region of the protein. This is the only large deletion of the y^ gene
reported to date.

The mutation in family 7 is a small deletion in exon 5 which was first indicated by
the variant mobility on agarose gels of the PCR product encompassing exon 5
amplified from the affected individuals (see Figure 4.17). Sequencing of this exon in
the affected boys from this family indicated a deletion of 16 bp in the genomic DNA
between positions 2228 and 2243 (numbering from the A of the initiation codon),
shown in Figure 4.3. This deletion causes a frameshifr after Val223, missense
translation for 43 amino acids and premature termination at a consequent stop codon.
The resultant protein is therefore anticipated to be truncated at 266 amino acids.
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Figure 4.3: Sequence analysis of the deletion found in the affected individuals
from family 7
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Sequence analysis of exon 5 in an affected individual from family 7 and a normal
control indicating a 16bp deletion. Coding sequenee is shown 3' to 5' from top to
bottom. Since the base at both ends o f the deletion is a C only one o f which is
deleted it cannot be determined which is lost. Therefore these bases are boxed in the
normal sequence and the remaining C is boxed in the mutant sequence.
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Genomic DNA from patient 2 was subject to the SSCP screening process and a
bandshift was identified in the 5' 186bp fragment of exon 5 (Figure 4.4a). When this
mutation was sequenced a single base pair deletion of G2222 was identified (Figure
4.4b) which explains the observed bandshift of the double stranded fragment in the
SSCP analysis (Figure 4.4a). This deletion causes a frameshift after Phe22i, missense
translation for 50 amino acids and premature termination at a consequent stop codon
such that a 271 amino acid truncated protein would be expected to result.

4.3.1.2 Insertions

One insertion was identified during the course of this study in patient 11. A bandshift
was identified in the 3' 186bp fragment of exon 2 (Figure 4.5a) and when this exon
was sequenced the mutation was found to be an insertion of a T between Ggg2 a^id
A584 (Figure 4.5b). Thus since the wildtype sequence is G582TA584 and the mutant
sequence is G582TTA584 the precise position of this insertion cannot be determined.
This insertion causes a frameshift after Glu^g, missense translation for 10 amino
acids and premature termination at a consequent stop codon such that a 78 amino
acid truncated protein may result.

4.3.1.3 Splice Site Mutations

One splice site mutation was identified by the SSCP screening technique. This
mutation was identified in the 3' 90bp fragment of exon 4, initially in patient 4.
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Figure 4.4: Mutation analysis of patient 2
(A) SSCP analysis of patient 2
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(B) Sequence analysis of patient 2
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(A) SSCP analysis of the 5' 186bp fragment of exon 5 is shown.
SS indicates the position of single stranded fragments.
DS indicates the position of double standed fragments.
Lanes : 1 Non-denatured normal control,
2 Normal control
3 and 5 Patients normal for this fragment
4 Patient 2
Arrow heads highlight shifted single strands.
(B) Sequence analysis of exon 5 in patient 2 and a normal control indicating a single
base pair deletion of a G at genomic position 2222. Coding sequence is shown 3' to
5' from top to bottom. The deleted base is boxed in the normal sequence.
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Figure 4.5: Mutation analysis of patient 11
(A) SSCP analysis of patient 11
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(B) Sequence analysis of patient 11
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(A) SSCP analysis of the 3' 186bp fragment of exon 2 is shown.
SS indicates the position of single stranded fragments.
DS indicates the position of double standed fragments.
Lanes : 1,2 and 4 Patients normal for this fragment (as judged by comparison to a
normal control loaded on to the same gel)
3 Patient 11
Arrow heads highlight shifted single strands.
(B) Sequence analysis of exon 2 in patient 11 and a normal control indicating a
single base pair insertion of a T between genomic positions 582 and 584. Coding
sequence is shown 5' to 3' from top to bottom. Since the base at position 583 is a T
the precise position of the insertion cannot be determined. Therefore the two Ts, one
of which has been inserted, are boxed in the mutant sequence.
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Figure 4.6a shows the results of SSCP analysis of this patient and it appears that under
the particular gel conditions of this separation two pairs of single stranded
conformations appear to be stable which complicate the pattern of bands, however the
bandshift is very distinct. Interestingly, subsequent SSCP analysis of an obligate carrier
from family 12 (indivdual II.2 see pedigree in Appendix II) demonstrated a similar
bandshift in the 3' fragment of exon 4, Figure 4.6b shows this SSCP analysis. This
individual was subject to mutation analysis as no material was available from an
affected individual from family 12 and it was possible to identify a mutation in this
instance because the band patterns characteristic of the normal and mutant alleles could
be clearly resolved. In contrast to the SSCP analysis of patient 4 the pattern of bands
from individual II.2 from family 12 is much simpler suggesting slightly variant gel
conditions, for example room temperature may have differed, however a similarity
between the two patterns is evident. Sequencing of the exon 4 encompassing fragment
in these two individuals confirmed that they share an identical mutation. The mutation
identified disrupts the splice donor site at the 5’ end of intron 4 by the substitution of a
G to an A at position 1 of intron 4 and the sequence analysis of individual II.2 from
family 12 is shown in Figure 4.6c.
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Figure 4.6: Mutation analysis of patient 4 and an obligate carrier from family 12
(A) SSCP analysis of patient 4

(B) SSCP analysis of the obligate carrier from family 12

OS
SS
SS
3

4

(A) and B) SSCP analysis of the 3' 90bp fragment of exon 4 is shown.
SS indicates the position of single stranded fragments.
DS indicates the position of double standed fragments.
Arrow heads highlight shifted single strands.
Lanes (A) : 1, 3 and 4 Patients normal for this fragment (as judged by
comparison to a normal control loaded on to the same gel)
2 Patient 4
5 Non-denatured normal control
Lanes (B) : 1 Carrier female normal for this exon
2 and 4 Normal control males
3 Obligate carrier from family 12
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Figure 4.6: (C) Sequence analysis of the obligate carrier from family 12
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Sequence analysis o f exon 4 in the obligate carrier from family 12 and a normal male
indicating a G to A substitution at genomic position 1389. Coding sequence shown 3'
to 5' top to bottom. Shaded area indicates intronic sequence. Since the carrier is a
heterozygote both mutant and normal sequences are present in this sample.
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4.3.1.4 Nonsense mutations

Two nonsense mutations were identified. The first was found in patient 6 where a
bandshift was observed in the 5' 186bp fragment of exon 5 (see Figure 4.7a). When
this region of the

gene was sequenced the mutation was found to be a substitution

of a T for C2260 which converts the glutamine CAG codon to a stop codon. The
sequencing data for this mutation are shown in Figure 4.7b. The resultant premature
termination codon presumably causes truncation of the protein at 234 amino acids,
prior to the transmembrane region.

The second nonsense mutation was identified in two unrelated individuals; patients 5
and 8. In both patients a very similar altered pattern of bands was observed by SSCP
analysis of exon 7 (see Figures 4.20a and b). Sequencing of this mutation revealed an
identical single base pair substitution in both patients of a T for C3206, which converts
the codon for Arg2S9 to a stop codon. The sequencing data for patient 5 is shown in
Figure 4,8. Interestingly, an identical mutation was described by Noguchi et al.
(1993c) and Pepper et a/. (1995) and the significance of its repeated occurrence will
be further discussed in Section 4.4.2.4. This mutation is most likely to cause the
truncation of the protein 5 amino acids downstream of the transmembrane region
with the consequent loss of almost all of the intracellular region.
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Figure 4.7: Mutation analysis of patient 6
(A) SSCP analysis of patient 6
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(B) Sequence analysis of patient 6
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(A) SSCP analysis of the 5' 186bp fragment of exon 5 is shown.
SS indicates the position of single stranded fragments.
DS indicates the position of double standed fragments.
Lanes : 1 Non-denatured normal control
2 Normal control
3 and 5 Patients normal for this fragment
4 Patient 6
Arrow heads highlight shifted single strands.
(B) Sequence analysis of exon 5 in patient 6 and a normal control indicating a single
base pair substitution of a T for a C at genomic position 2260. Coding sequence is
shown 3' to 5' from top to bottom.
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Figure 4.8: Sequence analysis of patient 5

AFFECTED

NORMAL

G

G A T
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Sequence analysis o f exon 7 in patient 5 and a normal control indicating a single
base pair substitution of a T for a C at genomic position 3206. Coding sequence is
shown 3' to 5' from top to bottom.
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4.3.1.5 Amino acid substitutions

Four of the mutations discovered during this study are missense mutations, that is
they cause an amino acid substitution in the resultant protein. The first of these v^as
identified as an SSCP bandshift found in the 3' 223bp fragment of exon 6 in patient
3, shown in Figure 4.9a. Sequencing of this mutation identified an A to a G
substitution at genomic position 2943 at the very 3' end of exon 6, shown in Figure
4.9b. This causes the substitution of Arg2g$ with Gin at the second amino acid
position after the transmembrane region in the cytoplasmic domain.

Secondly, an SSCP bandshift was identified in the 5' 186bp fragment of exon 5 in
patient 9, shown in Figure 4.10a. Sequence analysis indicated a C to T substitution at
genomic position 2221 in exon 5, shown in Figure 4.10b. This results in the
substitution of a Cys for Arg222- This residue is within the extracellular region of
and lies in the membrane proximal part of the fibronectin type III (FNIII) domain
(see Figure 7.2).

The third missense mutation was found in patient 10, who shows an SSCP bandshift
in the 5' 175bp fragment of exon 4, shown in Figure 4.1 la. Sequencing of this exon
revealed a T to a C substitution at position 1389, shown in Figure 4.1 lb. This
changes Leu^g^ to a Ser, which is found in the FNIII domain of the extracellular
region (see Figure 7.2).

Finally, an SSCP bandshift in the 3' 186bp fragment of exon 2 was found in patient
13, shown in Figure 4.12a. Sequence analysis of this mutation, shown in Figure
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Figure 4.9: Mutation analysis of patient 3
(A) SSCP analysis o f patient 3

(B) Sequence analysis of patient 3
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G
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G
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A
A
G
G
T
C

AFFECTED

(A) SSCP analysis o f the 3' 223bp fragment o f exon 6 is shown.
SS indicates the position o f single stranded fragments.
DS indicates the position o f double standed fragments.
Lanes : 1 Non-denatured normal control
2 Normal control
3 Patient 3
4 Patient normal for this fragment
Arrow heads highlight shifted single strands.
(B) Sequence analysis of exon 6 in patient 3 and a normal control indicating a single
base pair substitution o f an A for a G at genomic position 2943. Coding sequence is
shown 3' to 5' from top to bottom. Shaded area indicates intronic sequence.
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Figure 4.10: Mutation analysis of patient 9
(A) SSCP analysis of patient 9

S3
88

08
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(B) Sequence analysis o f patient 9

NORMAL

AFFECTED

(A) SSCP analysis of the 5' 186bp fragment o f exon 5 is shown.
SS indicates the position o f single stranded fragments.
DS indicates the position o f double standed fragments.
Lanes : 1 Normal control
2 Patient 9
3 Mother of patient 9
4 Normal control
Arrow heads highlight shifted single strands.
(B) Sequence analysis o f exon 5 in patient 9 and a normal control indicating a single
base pair substitution o f a T for a C at genomic position 2221. Coding sequence is
shown 5' to 3' from top to bottom.
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Figure 4.11: (A) SSCP analysis of patient 10

SSCP analysis o f the 5' 175bp fragment o f exon 4 is shown.
SS indicates the position o f single stranded fragments.
DS indicates the position o f double standed fragments.
Lanes : 1 Normal control
2 Patient 10
3 Patient normal for exon 4
4 Non-denatured normal control
Arrow head highlights shifted single strands.
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Figure 4.11: (B) Sequence analysis of patient 10 and his mother
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Sequence analysis o f exon 4 in the patient 10, the mother of patient 10 and a normal male indicating a T to C substitution at
genomic position 1342. Coding sequence shown 3' to 5' top to bottom. Since the patient's mother is a carrier she is a
heterozygote and both mutant and normal sequences are present in this sample.

Figure 4.12:: Mutation analysis of patient 13
(A) SSCP analysis o f patient 13

(B) Sequence analysis o f patient 13
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(A) SSCP analysis of the 3' 186bp fragment of exon 2 is shown.
SS indicates the position of single stranded fragments.
DS indicates the position o f double standed fragments.
Lanes ; 1 and 2 Patients normal for this fragment (as judged by comparison to a normal
control loaded on to the same gel)
3 Patient 13
Arrow heads highlight shifted single strands.
(B) Sequence analysis o f exon 2 in patient 13 and a normal control indicating a single
base pair substitution o f an A for a G at genomic position 580. Coding sequence is
shown 5' to 3' from top to bottom.
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4.12b, indicated a substitution of an A for a G at position 580 in exon 2, which causes
the replacement of Glugg with a Lys. This residue lies in the cytokine receptor domain in
the extracellular region of the protein (see Figure 7.2). This single base substitution
causes the disruption of a Taql restriction enzyme site which could be of use in carrier
status detection. However this was not pursued as material from other family members
was not available.

4.3.1.6 An atypical X-SCID case

The characteristic immunological phenotype of X-linked SCID is, as described in
Section 1.1.4, the absence or extremely reduced levels of T cells and the presence of B
cells in normal or elevated numbers. However, there have been reports of less severe
phenotypes associated with intracellular missense mutations or splice site mutations of
the Yc gene (DiSanto et a l, 1994b; Schmalstieg et al, 1995). The atypical case found in
this study was the sporadic incidence of a male child with SCID who had low levels of
T cells and B cells (patient 14, see Appendix I for details). However, the maternal T cell
X-inactivation pattern was found to be unilateral indicating a diagnosis of X-linked
SCID. Therefore, this individual was screened for a mutation in the

chain gene. A

bandshift was identified in the 3' 223bp fragment of exon 6 (shown in Figure 4.13) and
when sequenced (performed by Dr. F. Katz in this laboratory) the mutation was found to
be a single base substitution of an A to a G at genomic position 2943 at the very 3' end
of exon 6. This mutation causes amino acid substitution of a Gin for Arg2g$ and is
identical to that found in patient 3 who had a classical phenotype. This result, therefore,
raises an interesting question; how can the same mutation cause two very different
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Figure 4.13: SSCP analysis of patient 14

mM
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3

SSCP analysis o f the 3' 223bp fragment o f exon 6 is shown.
SS indicates the position o f single stranded fragments.
DS indicates the position of double standed fragments.
Lanes : 1 Non-denatured normal control
2 Normal control
3 Patient 14
Arrow heads highlight shifted single strands.
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phenotypes? One possibility is that the genetic background of the two affected
individuals is different and that variation in other genes may influence the phenotype.
Alternatively patient 14 may have suffered a particular infection at a very early age
which has interfer ed with B cell development or some other environmental factor may
be involved. In an attempt to differentiate between these possibilities the B cell Xinactivation pattern of patient 14's mother was investigated (performed in this laboratory
by Ms L. Alterman, Dr. T. Lester and the Clinical Genetics Laboratory, Great Ormond
Street Hospital for Children NHS Trust, London). Since the patient's genetic
background will be similar to that of his mother it was hoped that this data might give
an indication as to the cause of the B cell negative phenotype of patient 14, that is if her
B cell X-inactivation pattern were random this would suggest the involvement of an
environmental factor. However, the maternal B cell X-inactivation pattern was found to
be unilateral, which is often the case in XSCID carrier females, and it remains unclear
whether the absence of B cells is due to the genetic background or environmental
factors. The role of the

in B cell development will be discussed further in Section 7.5.

4.3.1.7 Cases where no mutation was identified by SSCP

In total 24 individuals were screened for mutations in the y^ gene and mutations were
found in 14. There were therefore 10 individuals where no mutation was identified
although the entire y^. gene was screened by SSCP, these are patients 16, 18 and 23 to 30
(see Appendix I for clinical details and Appendix II for family pedigrees). Although
most of these 10 patients had a immunological phenotype consistent of XSCID (T’/B^)
there was other evidence of X-linked inheritance (maternal T cell X-inactivation data
and/or a family history) in only 3; patients 16, 27 and 30.
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4.3.2 ’’Hot spots”

Four of the mutations described here have been observed in more than one patient.
Three have been discovered more than once within this study and one of these was also
reported in the studies by Noguchi et al. (1993c) and Pepper et al.{\995). The fourth
was observed only once here but was also reported by Markiewicz et a/. (1994). The
mutations concerned are those found in patients 4 and 12, patients 3 and 14, patients 5,
8, patient 2 in Noguchi et al. (1993c) and patients 10, 45, and 58 in Pepper et al.{\995),
and patient 13 and patient B in Markiewicz et al. (1994) (see Table 4.1 for details). To
determine whether patients 4 and 12 or patients 5 and 8 were likely to be related and to
rule out sample mix up or cross contamination the chromosome 7 VNTR marker D7S22
was used.

Figure 4.14 shows the Southern blot analysis of D7S22 in the affected individual and
his mother from family 4 and the carrier female, in whom the mutation was identified,
her father and her non-carrier daughter from family 12. Genomic DNA from these
individuals was digested with H inf\ and probed with radioactively labelled D7S22.
Figure 4.15 shows a similar analysis of the affected individual his mother and his
maternal aunt from family 5 and the affected individual and his mother from family 8.
Since neither pair of families appear to share any alleles, these data suggest that each
pair of families is unlikely to be related. Therefore in these cases, at least, the recurrence
of the same mutation must result from a mutation “hot spot” as opposed to a founder
effect. The possible mutagenic causes of such "hotspots" will be discussed further in
Sections 4.4.2.3 and 4.4.2.4.
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Figure 4.14: Southern blot analysis of the VNTR locus D7S22 in families 4 and 12

Family 12

1
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Family 4

4

5
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m
Above are shown partial pedigrees for families 4 and 12 indicating the individuals
investigated at the D7S22 locus. Below is shown Southern blot analysis of genomic
DNA digested with H in fl and hybridised with a radiolabelled D7S22 probe.
Lanes : 1 Non-carrier daughter of obligate carrier from family 12
2 Obligate carrier from family 12 in whom mutation identified
3 Father o f obligate carrier from family 12
4 Patient 4
5 Mother o f patient 4
R indicates random T cell X-inactivation (non-carrier).
U indicates unilateral T cell X-inactivation (carrier).
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Figure 4.15: Southern blot analysis of the VNTR locus D7S22 in families 5 and 8

Family 5

Family 8

Above are shown partial pedigrees for families 5 and 8 indicating the individuals
investigated at the D7S22 locus. Below is shown Southern blot analysis of genomic
DNA digested with Hinfl and hybridised with a radiolabelled D7S22 probe.
Lanes : 1 Patient 5
2 Mother of patient 5
3 Maternal aunt of patient 5
4 Patient 8
5 Mother of patient 8
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Table 4.1: Summary of mutations of the

gene, their impact on the y^. protein and any restriction site changes

Family/
Patient
Number

X-SCID
Family
History^

Maternal T Cell XInactivation Pattern

13

No Data

No Data

GssqAG —^ AAG

11

No

No Data

Ibp insertion
T583AC -> TTAC

10

No

Unilateral

TT1342G ^ TCG

4

No

Unilateral

12

Yes

Unilateral

2

No

Unilateral

Ibp deletion
CG2222TG ^ CTG

6

Yes

No Data

^2260AG -> TAG

7

Yes

Unilateral

No

Unilateral

No

Unilateral

LA

Mutated
Exon

Sequence Alteration

ACTg 1389

ACTa

Protein Alteration

G1u68

Lys

Frameshift after Glu^gresulting in a 78aa
truncated protein

5-8

Deletion of all or part of
exon 5 and all of exons 6 -

Rsa I
PfMl

Donor spice site interrupted

None

Frameshift after Phe22i resulting in the loss of
transmembrane region and 271aa truncated
protein
Gln235 —^ STOP

.5

TG r

Taq\

Leui83 -> Ser
(in leucine zipper region)

16 bp deletion (bases 2228- Frameshift after Val223 resulting in loss of
2243)
transmembrane region and 266aa truncated
protein
C2221GT

Restriction
Site Lost

A rg222

Cys

No protein expressed

None

Bsp\2%6 I
Aci I

None

Detectable
by Southern
blot analysis

Family/
Patient
Number

X-SCID
Family
History^

Maternal T Cell XInactivation Pattern

Mutated
Exon

Sequence Alteration^

3

Yes

Unilateral

6

CG2943G ^ CAG^

14

No

Unilateral

5

No

Unilateral

7

C3206GA —> TGA

8

Yes

Unilateral

Families with affected individuals in more than one generation.
^ Numbered from first A of initiation codon in genomic sequence (Puck et al, 1993b). Coding sequence in
capitals.
^ Numbered from methionine initiation codon (Takeshita et al, 1992a).
Caused by a C to T transition in the context of a CpG dinucleotide on the non-coding strand.
^Caused by a C to T transition in the context of a CpG dinucleotide on the coding strand.

LA

Protein Alteration^

Arg2g5

Arg289

Restriction
Site Lost

Gin

None

STOP

None

4.3.3 Carrier status assignment

Based on the mutation information presented here it has been possible to develop
improved methods for carrier status detection and prenatal diagnosis in several of the
families studied.

4.3.3.1 Carrier status assignment by Southern blot analysis

Patient 1 has a large deletion of the 3' end of the

gene. As shown in Figure 4.2b, this

deletion can be detected by Southern blot analysis using Mspl and Taql digests.
Moreover, the Taql digest results in the formation of a junction fragment to which the
cDNA probe hybridises. Therefore the presence of this junction fragment in the Taql
digested sample from the mother of patient 1 indicates that she is a carrier of the deleted
allele. To ensure that the differently sized fragment was not the result of a RFLP twelve
unrelated normal women, equivalent to twenty four X chromosomes, were screened by
Southern analysis in the same way and found not to have this junction fragment (data
not shown).

4.3.3.2 Carrier status assignment by amplification-digestion methods

In families 6,7, 10 and 11 the loss of a restriction site caused by the mutation was used
to assign carrier status. In all four cases the appropriate exon specific primers were used
to amplify the exon containing the mutation and the PGR product was then digested
with the enzyme whose site was affected. In family 6 it was necessary to precipitate the
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DNA from the PCR in order to use the a digestion buffer containing BSA for Bsp\2%6\.
The other three enzymes, Rsa\, PjlMl and Aci\ were tolerant of the PCR buffer
conditions.

In family 6 a Bsp\2%6\ site in exon 5 is lost as a consequence of the mutation. As shown
in Figure 4.16, normal DNA, when amplified and digested with Bsp\2%6\, gave 4
fragments of 152, 67,49 and 22bp due to the presence of three Bsp\2^6\ restriction sites,
two of which are 22bp apart, within intron 5 (see Figure 4.16). The mutated allele could
easily be identified since the 152bp digested product is replaced by products of 219 and
24Ibp which are only cut at the intronic sites. It is possible that the 24Ibp fragment
resulted from a failure to cut at one of the intronic sites because of the proximity of the cut
end following digestion at the other intronic site, however there is no evidence of partial
cutting at the exonic site. The presence of the undigested fi*agment(s), indicated that all
females analysed, except individual II.3, (see partial pedigree in Figure 4.16) had inherited
the mutated allele. This result was consistent with the results obtained by genetic linkage
analysis using SSCPs within introns 1 and 2 of the

gene (performed by Dr. T. Lester

and Mr. M. de Alwis in this laboratory).

The mutation of the y^ gene in family 7 could be detected by the loss of an Aci I site in
exon 5. Normally exon 5, when amplified and digested with^cz I, gives two products of
162 and 128bp. In carriers of the mutated allele in family 7 an additional, undigested,
fragment of 274 bp was seen. This fragment was 16 bp smaller than the normal,
undigested fragment of 290 bp due to a small deletion found in this family which includes
the Aci I site. Figure 4.17 shows how the restriction site change was used to assign
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Figure 4.16: Carrier status determination in family 6
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Above is shown a partial pedigree for family 6 indicating the individuals investigated.
Below is shown agarose gel electrophoresis analysis of the fragments resulting from Bsp
12861 digestion of exon 5 amplified from genomic DNA from these individuals.
Lanes : 1 Undigested amplification product from a normal control
2-9 Individuals from family 6 as indicated by the pedigree
10 Digested normal control
Fragment sizes are indicated on the left and were confirmed by comparison to Ikb
ladder size markers (not shown).
Fragments of <100bp were too small to be visualised in this analysis.
At the bottom is shown a restriction map of the PCR product encompassing exon 5
which indicates the two intronic sites which generate fragments of 241 bp and 219bp
seen in the carriers and patient 6
B represents the Bsp 12861 sites, (B) represents the site affected by the mutation.
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Figure 4.17: Carrier status determination in family 7
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Above is shown a partial pedigree for family 7 indicating the individuals investigated.
Below is shown agarose gel electrophoresis analysis o f the fragments resulting from Aci
I digestion o f exon 5 amplified from genomic DNA from these individuals.
Lanes : 1 Undigested amplification product from a normal control
2-11 Individuals from family 7 as indicated by the pedigree
12 Digested normal control
Fragment sizes are indicated on the left and were confirmed by comparison to Ikb
ladder size markers (not shown).
An undigested fragment o f 274bp indicates the presence of the mutant allele and the
doublets seen in the carriers may be due to heteroduplex formation during PCR.
R indicates random T cell X-inactivation (non-carrier)
NR indicates unilateral T cell X-inactivation (carrier)
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carrier status in several members of the family. In carrier women the undigested
fragments appeared as a doublet, possibly due to heteroduplex formation during PCR
amplification. All females analysed, except individual III.4, have inherited the affected
allele.

In family 10 a PflM I site is lost in exon 4 and it can be seen in Figure 4.18 that in the
father (normal male) two fragments of 111 and 154bp result from digestion with this
enzyme. Digestion of the same fragment amplified from the affected male child and
male foetus leaves the size unchanged at 265bp. In the mother all three fragment sizes
are present indicating that she is a heterozygote and carries both the normal and the
affected alleles. This assay was available for a prenatal diagnostic test for this carrier
woman's third pregnancy but was not required as the child was female.

In family 11 an Rsa I site is lost in exon 2 as a result of the single base insertion. It can
be seen in Figure 4.19 that in the normal control two fragments of 123 and 147bp
resulted from digestion of the PCR product containing exon 2 with this enzyme.
Digestion of the same product from the affected boy left the size unchanged at 270bp.
Therefore, if his mother were a carrier, three fragments of 270, 147 and 123bp would
be expected representing the affected and normal alleles present in a heterozygote.
However, as shown in Figure 4.19 his mother carries only the normal allele. This was
the only case where a mutation was found in the patient and where the patient's mother
was found not to be a carrier, at least in her somatic cells. There remains a risk that this
woman is a germline mosaic and this is discussed further in Section 4.4.3.
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Figure 4.18: Carrier status determination in family 10
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265bp
154bp
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Above is shown a partial pedigree for family 10 indicating the individuals
investigated. Below is shown agarose gel electrophoresis analysis o f the fragments
resulting from PflM I digestion o f exon 4 amplified from genomic DNA from these
individuals.
Lanes: 1 1kb ladder size markers
2 Father o f patient 10 (normal male)
3 Mother o f patient 10
4 Patient 10
On the right are indicated the digestion fragment sizes
On the left are indicated the sizes of largest and smallest fragments shown o f the Ikb
ladder, the sizes o f the intermediate fragments are detailed in Appendix III
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Figure 4.19: Carrier status determination in family 11

34 4 b p ------- »

270bp
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147bp
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Above is shown a partial pedigree for family 11 indicating the individuals
investigated. Below is shown agarose gel electrophoresis analysis o f the fragments
resulting from Rsa I digestion o f exon 2 amplified from genomic DNA from these
individuals.
Lanes: 1 1kb ladder size markers
2 Normal male
3 Patient 11
4 Mother o f patient 11
5 Normal male
On the right are indicated the digestion fragment sizes
On the left are indicated the sizes of largest and smallest fragments shown o f the 1kb
ladder, the sizes o f the intermediate fragments are detailed in Appendix III
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In all four of these examples loss of a restriction site by mutation has been used to
determine carrier status, however gain of a restriction site could be used in the same
way. In fact, gain of a site is preferable since a carrier status assay based on the loss of
a site involves looking for a fragment caused by failure to cut and care must be taken
to ensure that such a result is not caused by partial digestion. In the examples shown
here a normal control sample is always included which indicates that complete
digestion has occurred.

It is also possible to use an amplification and digestion strategy when no naturally
occurring restriction site is affected. This is a technique known as Artificial Restriction
Cut site (ARC) where a restriction site is artificially introduced during PCR
amplification by use of a mismatched primer (Haliassos et a l, 1989; Eiken et a l,
1991). Thus a mutation can be detected due to a failure to cut at the introduced site or
because the mutation in combination with the mismatch creates a new site such that
only the affected allele is cut. Patients 2 and 9 have single base pair mutations at
adjacent positions in exon 5, a single base deletion and a C to T substitution,
respectively. It was therefore possible to design a PCR primer that would introduce a
BssSl site in to the amplification product which would be disrupted by both mutations.
This assay was designed and used as part of a prenatal diagnostic test for family 2 by
the Clinical Genetics Laboratory, Great Ormond Street Hospital For Children NHS
Trust, London.

164

4.3.3.3 Carrier status assignment by SSCP analysis

In a further two families carrier status could be determined by use of a clear,
reproducible SSCP bandshift.

Families 5 and 8 share a single base substitution mutation in exon 7 which does not
result in a restriction site alteration. However, the SSCP band shifts of the mutated allele
could be detected together with the bands corresponding to the normal DNA, in samples
from carriers of the affected allele. In both families this polymorphism has been used to
determine carrier status of the affected boys’ mothers and other female relatives. Using
this assay it was determined that the affected boy’s mother (individual 1.1) in family 5
was a carrier whilst her sister (individual 1.2), who showed only the normal pattern of
bands, was not (Figure 4.20a). The results from the analysis of family 8 are shown in
Figure 4.20b along with a partial pedigree, and it can be deduced that whilst the affected
boy's mother, individual 11.6, is a carrier her sister, individual 11.7, is not. In addition, the
carrier status of the cousins of individual 11.6 was investigated and indicated that
individuals 11.4 and 11.14, are not carriers but individual 11.1 is a carrier.
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Figure 4.20: (A) Carrier status determination in family 5
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Above is shown a partial pedigrees for family 5 indicating the individuals investigated.
Below are shown the results o f SSCP analysis o f exon 7 in several individuals from
thise family.
SS indicates the position o f single stranded fragments.
DS indicates the position o f double standed fragments.
Lanes: 1 Non-denatured normal control
2 Normal control
3 Mother o f patient 5
4 Patient 5
5 Maternal aunt o f patient 5
6 Normal control
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Figure 4.20: (B) Carrier status determination in family 8
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Above is shown a partial pedigrees for family 8 indicating the individuals investigated.
Below are shown the results o f SSCP analysis of exon 7 in several individuals from
thise family.
SS indicates the position o f single stranded fragments.
DS indicates the position of double standed fragments.
Lanes: 1 Non-denatured normal control
2 Normal control
3-14 Individuals from family 8 as indicated by the pedigree
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4.4 Discussion
4.4.1 The SSCP technique
4.4.1.1 Reasons for choosing SSCP

There are a number of mutation detection techniques which could have been utilised in
this study, which have been described and their relative merits compared in Sections
1.3.2 to 1.3.7. SSCP was selected for this study for a number of reasons. Firstly SSCP
was a method already in use in this laboratory and therefore the development of a
mutation detection protocol for the

gene could be achieved with the existing

facilities and expertise. In addition, SSCP is a relatively simple technique requiring
little manipulation of PCR products after amplification and does not necessitate the use
of toxic chemicals. In this study only restriction digestion was required before samples
could be denatured and electrophoresed. Heteroduplex analysis and DGGE methods
are also very simple but HA relies on the use of heterozygotes and DGGE is more
sensitive when both wild type and mutant strands are available to form heteroduplexes.
Therefore because the disease gene studied here lies on the X chromosome, in the
affected males only one copy of the gene is present. Consequently samples would
require spiking with normal DNA for analysis by these techniques, or obligate carriers
would have to be analysed where such individuals were available. Finally, the
sensitivity of SSCP is good, approximately 80% (Grompe, 1993). Whilst a failure rate
of 20% presents a problem for studies involved in the analysis of large numbers of
samples, thus justifying the investment in developing techniques such as ddF, this
study dealt with only a relatively small number of samples. In fact, there were only
three cases out of 15 where there was good evidence of X-linked disease where SSCP
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failed to locate a mutation and such a number could feasibly have been subject to
sequencing of the entire gene.

4.4.1.2 Reasons for the choice of SSCP conditions used

There is evidence that the use of more than one set of electrophoresis conditions can
improve the sensitivity of SSCP (Michaud et a l, 1992). However, there is also
evidence that the size of the fragment analysed and its sequence content are more
important (Sheffield et a l, 1993). In addition it had been the experience in this
laboratory that the use of 10% glycerol in the gel mix and electrophoresis at 4°C
identified no more mutations than 5% glycerol and room temperature, although band
shifts were sometimes more marked (Dr. L.A.D. Bradley, personal communication).
Therefore for the purposes of speed and simplicity only the latter conditions were
used. Moreover, the sensitivity achieved in this study using only one set of conditions
was comparable to the sensitivity reported in other studies where more than one set of
conditions have been utilised (Michaud et al, 1992; Bradley et a l, 1994).

4.4.1.3 Possible ways of improving the sensitivity of SSCP

As described above variation of the gel electrophoresis conditions may have improved
sensitivity. For example the percentage of glycerol included could be varied, the buffer
concentration changed, or one of the new gel matrices such as MDE or Hydrolink
could be used.
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The sequence content and size of the fragment in which a mutation is found can also
influence the sensitivity of SSCP (Sheffield et al, 1993). These factors can be
manipulated in two ways, either by digestion of the PCR product with a variety of
enzymes including those that cut the product more than once or by use of a series of
PCR primers that amplify overlapping segments each of which may place the mutation
in a different sequence context.

4.4.1.4 Reasons for using genomic DNA

There are advantages in using cDNA when screening for mutations, primarily that the
number of fragments that have to be amplified separately is often fewer especially
where the gene consists of many small exons. However, in the case of the

gene

there are only eight exons each of which is small enough to amplify in one fragment
including some flanking intronic sequences. In addition, these products can be reduced
to an optimum size for SSCP analysis by restriction digestion at a single site. For this
study the use of genomic DNA had several advantages. Firstly, because XSCID is such
a severe disease the affected boys either rapidly receive a bone marrow transplant or
die. Therefore there is little opportunity to obtain fresh blood samples from which
mRNA can be isolated. Consequently, the samples studied were predominantly from
archive material which was either stored as frozen genomic DNA or frozen dermal
fibroblast lines. mRNA could not be isolated from the latter as fibroblasts do not
express y^ (see Section 5.1). Thus it was possible to study a much larger number of
families by working with genomic DNA than if it had been necessary to extract
mRNA from fresh blood samples. Using genomic DNA for mutation detection also
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allows the determination of the precise base change(s) that result in splicing mutations,
although establishing the consequences for the structure and expression of the message
requires analysis of the aberrant message. Finally, the use of genomic DNA permits
the development of prenatal diagnostic tests based on such mutation analysis methods
since genomic DNA can be isolated from a CVS sample where the gene in question is
not expressed.

4.4.1.5 Sensitivity of the SSCP method used in this study

In total patients from 23 families with a phenotype consistent with XSCID plus the
atypical case described above were screened for mutations using SSCP. Mutations
were identified in 14 of these cases. However, a proportion of those studied could
result from a lesion in an autosomal recessive gene. Therefore for the purposes of
assesssing the mutation detection rate of the method employed only those cases where
X-linked inheritance was indicated by other means were considered. These indicators
are either a family history of affected males or positive carrier status of the affected
boy’s mother as demonstrated by unilateral T cell X-inactivation. The breakdown of
the cases studied is as follows:
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Table 4.2: Statistics of the detection rate of SSCP
Inheritance

Number of

Number of

Families Studied

Mutations Found

X-linked Indicated

15

12

Sporadic

5

1

No Data

4

1

Total

24

14

Considering only those cases where X-linked inheritance is indicated by other means
the mutation detection rate is 80%. This agrees with sensitivity of the technique
observed in other studies of other genes (Grompe, 1993; Sheffield et a l, 1993; Bradley
et a l, 1994).

The three cases where there is good evidence for X-linked inheritance but where no
mutation was found by screening with SSCP may either be a consequence of the
sensitivity limitations of the technique or may be due to the mutations lying outside of
the coding regions and the immediate flanking intronic sequences. For example, such
mutations would include those in control elements such as promoters and enhancers
which could prevent normal expression and function of

or intronic mutations that

create inappropriate splice sites as reported by Tassara et al (1995).

Four cases were studied where the maternal T cell X-inactivation pattern was random
and in all four cases no mutation was identified. In addition, knowledge of the
mutation found in patient 11 was used to determine that this patient’s mother was not a
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carrier in her somatic cells. Thus in this group of sporadic patients a mutation was
detected in only one of five cases (20%). Since there is no reason to believe that the
SSCP detection rate should be less for this group it would seem that some of these
patients may not have mutations in the

gene. These patients may have mutations in

autosomal genes, especially in cases where there is parental cosanguinity as is the case
for one individual (patient 26) in this group. For example mutations in the gene for
JAK3, the tyrosine kinase associated with y^ and immediately involved in signal
transduction through y^ (the function of JAK3 is discussed in more detail in Section
1.5.2), has been shown to cause an autosomally inherited disease of a similar
phenotype to XSCID (Macchi et al, 1995; Russell et al, 1995).

4.4.2 The spectrum of mutations identified in y*.
4.4.2.1 Types of mutations identified in

In total eleven different mutations of y^ were identified in this study. Four of these
cause amino acid substitutions. The remaining seven are disruptive mutations, that is
they could be expected to cause an structurally aberrant message or protein to be
produced. The disruptive mutations are made up of two stop mutations, three
deletions, one insertion and one splice site mutation. Thus a wide range of mutagenic
mechanisms must have been involved in the generation of these mutations suggesting
that this gene demonstrates no bias with respect to a particular mechanism of
mutagenesis.
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4.4.2.2 Distribution of mutations identified in

Mutations were identified in five of the eight exons of y^. No mutations were found in
exons 1, 3 or 8 . However, other studies report mutations in these exons (Noguchi et
al, 1993c; Puck et al, 1993b; DiSanto et al, 1994a and b; Ishii et al, 1994;
Markiewicz et al, 1994; Puck, 1994) suggesting that the failure to find mutations in
these exons may be a consequence of the small sample size or may reflect the
influence of the sequence context of a mutation on the sensitivity of SSCP (Sheffield
et al, 1993). Considering all of the published mutations (see Appendix VI and Puck,
1994) together with those reported here, y^ mutations seem reasonably evenly
distributed throughout the gene. However, closer analysis reveals a possible cluster in
the 3' half of exon 5. This region is less than lOObp and yet ten of the 61 mutations
identified in the y^ gene have been found here (4/11 from this study, 5/23 published as
described in Appendix VI and 1/27 reported in a review by Puck, 1994 but precise
location and nature of mutations not given). This observation suggests that this region
may be particularly prone to mutation. With respect to this it is interesting to note that
five of the 18 mutation prone CpG dinucleotides found in the y^ gene (discussed in
Section 4.4.2.3) lie in this region of exon 5, two of which are sites of reported
mutations (patient 9, DiSanto et al, 1994a and Pepper et al, 1995). However, it is
important to note that other mutagenic mechanisms are at work in this region, as at
least three of the ten mutations in this region are deletions and one is an insertion.

It is also possible that in order for the y^ protein to function normally the precise amino
acid sequence of this region must be maintained. It is therefore important to note that
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this region includes the "WSXWS" motif which is conserved between all members of
the cytokine receptor superfamily and is disrupted by a number of the mutations in this
region.

4.4.2.3 Mechanisms of mutagenesis in y,.

It has been reported that deletions and insertions often occur at positions in a gene
flanked by direct or inverted repeats, monotonie runs of bases and other sequences
which could form secondary structures or permit slippage of DNA polymerases during
DNA replication (Cooper and Krawczak, 1991 ; Krawczak and Cooper, 1991). For two of
the deletions and the insertion described here there are no obvious sequences of this kind.
However, the single base deletion identified in patient 2 lies at the centre of a region of
sequence with some inverted repeat elements as indicated in Figure 4.21 which may be
involved in causing this mutation, for example by facilitating the formation of a hairpin
structure.

Figure 4.21 : Sequence surrounding the single base pair deletion found in exon 5 in
patient 2
TGGGCAGAAACGCTACACGTTTCSTGTTCGGAGCCGCTTTAACCCA
TGGG* * *A A A * * * * * * *C G * * * * Q * * * * CG* * * * * * * T T T * *C C C A

Upper sequence shows complete sequence surrounding the deleted base
Lower sequence highlights inverted repeat elements
G indicates deleted base
* indicates sequences which do not show any inverted repeat elements
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Seven of the eleven mutations described here are single base substitutions. Of these, four
are C to T transitions in the context of a CpG dinucleotide on the coding or non-coding
strand, the latter causing a G to A transition on the coding strand (see Table 4.1 for
details of mutations). In the human genome the dinucleotide CpG is particularly prone to
mutation because méthylation of the cytosine makes it vulnerable to deamination to
thymine. Consequently it has been observed that C to T and G to A transitions are 42
times more likely to occur than the frequency predicted by random mutation (Cooper and
Youssoufian, 1988). It is therefore unsurprising that transitions of this kind account for
more than half of the single base substitutions found in this study.

The remaining three single base pair substitutions identified may be caused by a range of
other mechanisms. For example, single base alterations can result from damage caused
by environmental agents such as ionising radiation, UV light and mutagenic chemicals if
it is not faithfully repaired (reviewed in Weeda et al, 1993). In addition, spontaneous
errors during DNA replication or repair account for some base alterations. The demands
of the DNA polymerases for the precise geometry of the Watson-Crick base pair are
rigorous but it has been estimated that the error rate of DNA polymerases is
approximately 10’^ (Lewin, 1993). This rate is improved by the proofreading action of
the 3 '^ 5 ' exonuclease activity of the DNA polymerases. Thus, the compound effect of
the polymerase fidelity and the proofreading activity gives an estimated mutation
frequency of 10'^ to 10'^°. These estimates are based on prokaryotic model systems but it
is assumed that such mechanisms exist in eukaryotic cells (Echols and Goodman, 1991).
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4.4.2 4 Mutation "hotspots"

Three mutations have been identified more than once during this study, and another
described here has also been reported elsewhere (Markiewicz et al, 1994). In two of
these cases it has been possible to show that the pairs of families involved are very
unlikely to be related by analysis of a chromosome 7 VNTR locus. Significantly, three
of these four "hotspots" are caused by a C to T transition on the coding or non-coding
strand in the context of a CpG dinucleotide (see Table 4.1). As discussed in the
previous section these dinucleotides are particularly vulnerable to this transition and
this may account for multiple mutations occuring independently at these positions.
Another mutation "hotspot" in the

gene has been reported (Pepper et al, 1995)

which lies in exon 5 at genomic position 2233 and is found in four unrelated
individuals in the study by Pepper et a/. (1995) and also in one individual in a separate
study by Disanto et al (1994a). Interestingly, this "hotspot" is also reported to be at a
CpG dinucleotide (Pepper et al., 1995; DiSanto et al, 1994a).

4.4.3 Value of mutation analysis for carrier status assignment

Prior to the identification of mutations in the

gene as being the cause of XSCID

carrier status assignment of at risk women utilised two approaches. Firstly, where there
was a family history of the disease and material was available from several members
of the pedigree, genetic linkage analysis could be used. Thus the loci flanking the
disease gene are analysed in appropriate individuals and those alleles linked to the
affected genotype determined by analysis of an affected individual. One of the
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problems of this approach is that there is a finite risk of recombination having occurred
between the disease gene and the loci analysed. In addition, at risk females are not
always informative for the closest flanking loci which increases the risk of a
recombination having occurred between the disease locus and the flanking loci
examined. The improved mapping of the XSCID critical region including
microsatellite repeat markers had, however, reduced these risks. Difficulties also arise
if DNA from an affected boy is not available. Under such cicumstances phase must be
implied from an unaffected male relative of the at risk female and if no other is
available the at risk female's father is used, in which case non-paternity must be
excluded.

The second approach involves the analysis of the at risk female's T cell X-inactivation
status. This is preferable to linkage analysis as there is no requirement for a family
history or material from other family members, thus the mothers of sporadic cases can
also be analysed. However, blood samples, that are not more than 48 hours old, are
required from the woman from which the T cells are purified and this is a time
consuming and laborious process. In addition there is a finite probability (approximately
10%) that the woman will exhibit skewed X-inactivation in all lineages because the Xinactivation that occurred early in development produced a skewed pattern by chance and
in such cases no carrier assignment can be made.

Thus carrier status detection based on mutation analysis, as illustrated in Section 4.3.3,
is quicker, simpler and less prone to ambiguity than either technique discussed above.
Moreover, there are specific instances when neither genetic linkage analysis nor
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determination of T cell X-inactivation status would unambiguously resolve the issue of
carrier status, for example the case of trisomy X described in the previous chapter.

Assays based on mutation analysis also have potential for prenatal diagnosis without
ambiguity. In addition, most of the assays described in Section 4.3.3 are quick and
because they are PCR-based they require very little DNA. These are important
considerations for prenatal diagnosis from CVS samples where material is limited and
the speed at which a result can be obtained is important. In addition there are specific
instances where detection of the mutation would be the only informative approach, for
example, in the case of female germline mosaicism. Female germline mosaicism has
been reported in an XSCID pedigree by Puck et al. (1995) and is a factor which must
be considered when assessing the risk for further pregnancies of the mother of patient
11 as she does not have the affected allele in her somatic cells (see Section 4.3.3.2).

4.4.4 Correlation of phenotype with genotype

No obvious correlation between genotype and phenotype was observed during this
study. In fact the finding that patient 14, who has an atypical phenotype, has an
identical mutation to that found in patient 3, who is a classical case, seems to suggest
that the genetic background or environmental factors may influence disease severity
more than the precise nature of the mutation. For example, there may be polymorphic
variations in other factors involved in lymphocyte development, such as cytokines and
other cytokine receptor components, that have compounded the effects of the
mutation. Alternatively, the atypical patient may have been exposed to a particular
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infection early in life to which he could not mount an immune response which has
interfered with B cell development. It was hoped that determination of the B cell Xinactivation pattern of the mother of this atypical patient might resolve which
mechanism was responsible for the T‘/B‘ phenotype. However, the results were
inconclusive since her B cell X-inactivation pattern was unilateral and many mothers
of classical XSCID patients have a unilateral B cell X-inactivation whilst their sons
have normal or elevated levels of B cells (Conley et al, 1988; Goodship et al, 1991).
The role of

in B cell development will be discussed further in Section 7.5.

Two cases of X-linked immunodeficiency with a milder phenotype than classical
XSCID have been found to be associated with

mutations and appear to show some

correlation between genotype and phenotype (DiSanto et al, 1994b; Schmalstieg et
al., 1995). Schmalsteig et a/.(1995) describe a family where the affected individuals
have reduced numbers of T cells and levels of serum IgG and IgA levels are
profoundly diminished and obligate carriers show unilateral X-inactivation patterns in
both T and B cells. The y^ mutation identified in this family causes the substitution of
Leu27i by Gin in the intracellular region of the protein (Appendix VI for details) within
a region of homology to SH2 subdomains. Therefore, it can be postulated that such a
substitution might hinder but not completely abrogate signal transduction via y^ or
block only some of the signalling pathways involved in cytokine responses.

Disanto et al (1994b) describe a case where T cell numbers are normal but T cell
function is defective and obligate carriers show a unilateral pattern of X-inactivation in
their T, B and NK cells (DiSanto et al, 1994b). The y^mutation identified in the
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affected individual is a Gj 15 to A substitution at the very 3' end of exon 1. Analysis of
the effect of this mutation on the

mRNA indicated the presence of two different

sized and differentially expressed transcripts. The minor transcript encodes a normal
sized protein with a substitution of an Asn for Aspi-y. The major transcript, accounting
for about 80% of the y^ mRNA isolated, includes 27bp of intronic sequence due to
disruption of normal splicing by the mutation within which there is an in frame stop
codon. Thus approximately 80% of transcripts encode a protein which cannot be
expressed at the cell surface. Consequently, cell surface expression of the y^ protein is
substantially reduced but the protein which includes the amino acid substitution
appears to form functional IL-2Rs and this may account for the observed mild
phenotype (DiSanto et al, 1994b).

The discovery that milder forms of X-linked immunodeficiency may be caused by y^
mutations suggests that further analysis of such cases may reveal correlation of
genotype with phenotype. Such correlations may as yet be undiscovered as the
selection of patients for analysis in both this and other studies has used strict
phenotypic criterion whilst it is possible that y^ related disease is more heterogeneous
than the classical XSCID phenotype. However, in view of the atypical T'/B’ case
described in this study, who shares a mutation with a classical case, it may remain
impossible to predict phenotype on the basis of the nature of the mutation.
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CHAPTER 5

RESULTS

EXPRESSION OF y,
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5.1 Introduction

The IL-2Ry chain gene spans 4.2kb of genomic DNA and consists of eight exons and
seven introns (Noguchi et al, 1993a; Puck et al, 1993b) When appropriately spliced
and edited the IL-2Ry mRNA is 1.8kb, of which 1124 bases represent the coding
region (Noguchi et al, 1993a; Puck et al, 1993b). There are three principal
transcription initiation sites at 38, 36 and 32bp upstream of the translation initiation
site (Noguchi et al, 1993a). At the 3' end of the gene there are 330bp between the
translation stop codon and the AATAAA polyadenylation signal which are not
translated (Noguchi et al, 1993a). The y^mRNA encodes a 369 amino acid protein,
which after cleavage of a 22 amino acid signal peptide, forms a mature protein of 347
amino acids. From its primary structure the y^ protein has been deduced to span the
membrane once with a 29 amino acid transmembrane region, a 232 amino acid
extracellular region and an 86 amino acid intracellular region (Takeshita et al, 1992a).
The predicted molecular weight for y^ is approximately 40kD (Takeshita et a l ,
1992a), however the observed molecular weight is 64kD. The difference is presumably
made up by post-translational glycosylation at some or all of the six potential Nglycosylation sites (Takeshita et al, 1992a). In fact, in one investigation, western
blotting studies identified two potential glycosylation intermediates of 50 and 58kD
(Liu et al, 1994). By homology y^has been identified as a member of the cytokine
receptor superfamily, which is discussed in more detail in Section 1.4.2.

The expression of y^ by a range of cell types, at various stages of development or
activation, has been investigated in a number of studies in both mouse and man. Early
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studies indicated that mRNA for

was expressed in cells of all haemopoietic lineages

investigated, with the exception of the human pre-myeloleukaemia line

THP-1,

whilst the non-haemopoietic lineages tested were negative (Takeshita et al, 1992a;
Kumaki et al, 1993; Nakarai et al, 1994). Various human peripheral blood
mononuclear cell subsets have been investigated more closely to discover whether
expression is affected by activation. T cells, NK cells, neutrophils and monocytes all
constitutively express y^ mRNA (Bosco et al, 1994a; Liu et al, 1994; Nakarai et al,
1994; Epling Burnette et al, 1995) and on activation, T cells, NK cells and monocytes
ail show increased protein expression (Bosco et al, 1994b; Nakarai et al, 1994). In
monocytes this upregulation does not appear to be due to an increased transcriptional
activity of the y^ gene, and it is therefore suggested that some post-transcriptional
mechanism exists that stabilises the y^niRNA (Bosco et al, 1994b). This observation
is consistent with the promoter structure of the y^. gene which is characteristic of a
house-keeping, rather than an inducible, gene (Noguchi et al, 1993a). Studies of y^
expression by murine thymocytes and spleen cells has indicated that y^ is constitutively
expressed by T lineages at all stages of development including the very early double
negative (DN) stage (Cao et al, 1993; Kondo et al, 1994a). In addition ygUiRNA
expression by single positive thymocytes was found to be greater than that of DN
thymocytes (Cao et al, 1993). Future studies of the expression of y^by cells from even
earlier stages of T cell development, may indicate the earliest stages at which y^ is
expressed and therefore define the earliest stage at which a failure to express functional
y^ could cause the arrest in T cell development seen in XSCID patients.
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The mutations described in the previous chapter can be postulated to have a variety of
effects on the structure and expression of the

protein. In order to test these

predictions the expression of the y^ mRNA and/or the surface expression of the protein
has been investigated, where appropriate cellular material has been available from
patients.

5.2 Results
5.2.1 Effects of y^ mutations on the expression of its mRNA

It was possible to prepare mRNA from a number of patients using either EB V
transformed B cell lines (patients 4 and 13) or primary lymphocytes purified from a
pre-bone marrow transplant blood sample (patients 1, 2 and 16). The expression of y^
mRNA by the lymphocytes and lymphoblastoid cells from these patients was then
investigated by reverse transcriptase PCR (RT-PCR) using primers specific for the 5'
and 3' ends of the coding region of y^ (see Table 2.2 for primer sequences). In all cases
the quality of the cDNA was confirmed by parallel amplification with primers specific
for either p actin or a galactosidase which are expressed constitutively in all cell types
(primer sequences shown in Table 2.2).

Figure 5.1a shows the results of y^ specific RT-PCR for patients 1 and 2 and the
product from the T cell line Jurkat is also shown as a positive control. The failure to
amplify a product from cDNA of fibroblasts, which do not express y^, indicates that
this product is specific to the

mRNA. A no DNA control was included to ensure

there was no contamination of the PCR. The results shown in this figure indicate that
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Figure 5.1:

mRNA expression in patients 1 and 2
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Panel A shows the results of agarose gel electrophoresis analysis of the products of
RT-PCR of Yc mRNA from a number of cellular sources. On the left is indicated the
size of the y^ RT-PCR product.
Panel B shows the results of agarose gel electrophoresis analysis of the products of
RT-PCR of a-Gal mRNA from the same cellular sources (positive control).
On the left is indicated the size of the a-Gal RT-PCR product
Lanes : 1 Patient 1 PBMCs
2 Patient 2 PBMCs
3 Jurkat T cell line (positive control)
4 Fibroblasts (negative control)
5 No DNA negative control
6 1kb ladder size markers
On the right of both panels are indicated the sizes of the largest and smallest fragments
shown of the Ikb ladder, the sizes of the intermediate fragments are detailed in
Appendix III.
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patient 1, who has a large deletion in the

gene, expresses no full length

mRNA

whilst patient 2 , who has a single base pair deletion with a consequent frameshift and
premature stop codon, expresses mRNA of normal size. However, comparison of the
intensities of the species seen in the patient 2 track with that from the Jurkat cell line
suggests the transcripts may be less abundant in the lymphocytes from patient 2
especially as the intensities of the control a galactosidase (a-Gal) specific product
from patient 2 and Jurkat are very similar (Figure 5.1b).

Figure 5.2a shows the results of

specific RT-PCR for patients 4, 13 and 16. In this

experiment mRNA isolated from two EBV transformed B cell lines derived from
normal individuals (MG and 866 described in Section 2.12.1) were used as positive
controls and a no DNA negative control was included. These results suggest that
patients 13, who has a missense mutation, and patient 16, in whom a mutation has yet
to be identified, have normal sized mRNA. In contrast the mRNA found in patient 4 is
clearly aberrant which was expected as this patient has a splice site mutation at the 5'
end of intron 4. The major product is approximately 150bp smaller than the normal
sized product but there is also at least one other minor product, which is substantially
smaller than normal, of approximately 650bp. Moreover, the mRNA found in patient 4
is considerably less abundant than that in the normals as in order to achieve a
detectable signal twenty fold more PCR product from patient 4 was loaded on to the
gel than in the normal tracks. Figure 5.2b shows the products amplified by p-actin
specific primers from the same cDNA samples. This indicates no discrepancy between
the band intensities for the normals and patient 4, suggesting that the much reduced
level of yc mRNA is caused by aberrant splicing and/or message instability
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Figure 5.2:

mRNA expression in patients 4,13 and 16

4072bp----<------1098bp
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Panel A shows the results of agarose gel electrophoresis analysis of the products of
RT-PCR of Yc mRNA from a number of cellular sources. On the right are indicated the
sizes of the Yc RT-PCR products.
Panel B shows the results of agarose gel electrophoresis analysis of the products of
RT-PCR of p-actin mRNA from the same cellular sources (positive control).
On the right is indicated the size of the p-actin RT-PCR product
Lanes : 1 1kb ladder size markers
2 Normal EBV transformed B cell line (MG)
3 Normal EBV transformed B cell line (866)
4 EBV transformed B cell line from Patient 4
5 EBV transformed B cell line from Patient 13
6 Patient 16 PBMCs
7 Normal PBMCs
8 No DNA negative control
On the left of both panels are indicated the sizes of the largest and smallest fragments
shown of the 1kb ladder, the sizes of the intermediate fragments are detailed in
Appendix III.
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due to the mutation found in patient 4 rather than a difference in cDNA sample
quality.

5.2.2 Development of an assay for cell surface expression of

using the

monoclonal antibody TUGh4

The anti-human y^ monoclonal antibody TUGh4 was obtained from Dr. K. Sugamura
(Sendai, Japan) and is a rat antibody of subclass IgG2b. This antibody has been used
by Ishii et al. (Ishii et al, 1994) to investigate the expression of y^. by three XSCID
EBV transformed B cell lines (Ishii et al, 1994).

Initially, appropriate conditions for the use of this antibody for FACS staining of both
EBV transformed B cells and primary lymphocytes had to be developed. Firstly, the
antibody was tested at a range of dilutions; 1:500, 1:1000, 1:2000 and 1:4000, with a
normal EBV transformed B cell line (MG). Figure 5.3 shows the staining achieved at
each of these dilutions. In order to reduce non-specific binding of the antibody a
maximum dilution was sought which produced a reasonably strong signal and on the
basis of the titration a dilution of 1:1000 was selected for further use. However, when
this antibody concentration was used to investigate additional cell lines the magnitude
of the signal became very weak. Therefore the antibody concentration was increased to
1:500 for all subsequent experiments.

Since EBV transformed B cell lines were available for only two of the patients studied
the staining protocol required adaptation for the analysis of peripheral blood
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Figure 5.3: Titration of TUGh4
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Black line indicates background staining with secondary antibody only, RARF.
Red line indicates yc specific staining.
Cells used for titration : normal EBV transformed B cell line, MG.

mononuclear cells (PBMCs) as such material was available from six patients; patients
2,9, 16, 17, 18 and 19. Further development of the staining protocol was required
because, whilst EBV transformed B cell lines represent a homogenous cell population,
PBMCs are a heterogeneous mix of cell types.

Initial investigation of the expression of y^by normal PBMCs (shown in Figure 5.4a)
suggested two populations, as defined by y,, expression, one of which had much
stronger expression of y^. However, examination of the staining of the same cells with
a control antibody (anti-keyhole limpet haemocyanin) directly conjugated to PE
suggested the presence of a population which was non-specifically binding antibody
(Figure 5.4b). Moreover, a report was found in the literature suggesting that rat IgG2b
antibodies bind to monocytes via their Fey receptors (Haagen et al, 1995). Therefore,
it was suspected that the monocytes which make up some of the PBMCs were
responsible for this non-specific staining. It was possible to exclude this population by
the use of a forward and side scatter determined gate as demonstrated in Figure 5.5.
This gate was used for all subsequent analyses.

A further consideration when investigating the y^ expression of XSCID PBMCs is that
whilst the patients' PBMCs consist predominantly of B cells, those from normal
individuals are mostly T cells. Therefore, in order to make a valid direct comparison
between patient and normal control PBMCs, only the expression by B cells was
analysed. This was facilitated by two colour staining using a PE conjugated antibody
to the B cell marker CD 19 and the FITC conjugated rabbit anti rat (RARF) secondary
antibody for TUGh4. Additionally, in order to enrich the PBMCs from
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Figure 5.4: Immunofluorescent staining of normal peripheral blood mononuclear cells
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Figure 5.5: Immunofluorescent staining of normal peripheral blood mononuclear
cells using a forward and side scatter determined gate
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normal controls with respect to B cells, T cells were depleted by resetting with sheep
red blood cells. Figure 5.6 shows the

expression of CD19 positive B cells isolated

from normal peripheral blood or tonsil (tonsil B cells prepared by Mrs. S. Smith,
Immunobiology Unit, ICH). The staining of these cells with TUGh4 is not strong but
the profile shown in Figure 5.6 was typical and reproducible in a number of normal
donors.

Figure 5.7 shows the y^ expression of normal peripheral blood T cells using the same
double staining approach, with an anti-CD3 antibody used in place of the CD 19
antibody to identify the T cells. These data suggest that expression of y^ on peripheral
T cells is slightly greater than that found on B cells and may explain why the
expression observed on normal PBMCs, as shown in Figure 5.5 also seems greater
than that on B cells alone.

5.2.3 Effects of mutation on the cell surface expression of
5.2.3.1 EBV transformed B cell lines from XSCID patients

Surface staining and FACS analysis of EBV transformed B cell lines were used to
investigate the effects of the mutations found in patients 4 and 13. The former has a
splice site mutation at the 5' end of intron 4 which affects both the structure and
abundance of the y^ message as described in Section 5.2.1, whilst the latter has an
amino acid substitution in the extracellular cytokine receptor domain. Two EBV
transformed B cell lines from normal individuals (MG and 866) were used as controls
for all analyses. In addition, staining for the p chain of the IL-2R was
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Figure 5.6: yc specific staining of normal B cells
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Figure 5.7: yc specific staining of normal peripheral T cells
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investigated as a positive control to ensure that IL-2R expression had not been
perturbed by the EBV induced transformation. Figure 5.8 shows the expression of the
p chain by the two normal lines and the two XSCID lines. These results indicate that p
chain expression is very similar in all four lines, suggesting that transformation has not
interfered with IL-2R expression in any of these lines. In contrast, comparison of
expression by these four lines, shown in Figure 5.9, indicates that whilst the two
normal lines exhibit low expression the profile observed for the two XSCID lines is
almost indistinguishable from the background staining due to the secondary antibody
alone. This suggests that the mutations found in both patients 4 and 13 either prevent
surface expression of y,, or disrupt the epitope for TUGh4.

5.2.3.2 Peripheral blood B ceils from XSCID patients

Patients 16 and 17 were recently presenting cases of SCID who, because of their sex
and TVB^ phenotype and, in the case of patient 16, because of a family history of early
male deaths, were diagnosed as potential XSCID cases. However, it has not been
possible to identify a causative mutation by SSCP analysis in patient 16 who also
appears to express a normal sized mRNA as described in Section 5.2.1. Maternal T cell
X-inactivation data indicates that patient 17's mother is not a carrier of XSCID in her
somatic cells but SSCP analysis of patient 17 has discovered a bandshift in exon 5 (Xinactivation studies and mutation analysis performed by the Clinical Genetics
Laboratory, Great Ormond Street Hospital for Children NHS Trust, London). It was
possible to obtain pre-bone marrow transplant blood samples from
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Figure 5.8: IL-2 receptor p chain specific staining of EBV transform ed B cells
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Figure 5.9: yc specific staining of EBV transformed B cells
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these patients from whieh PBMCs could be isolated. These samples were then subject
to two colour immunofluorescent labelling for CD 19 and y^. Figure 5.10 shows the
results of these analyses. In both eases the profile for y^ specific staining is
superimposed on that for the background secondary antibody staining alone. This
suggests that both patients 16 and 17 are, in fact, XSCID cases and that the mutations
that they have either prevent expression of y^ or disrupt the epitope for the TUGh4
antibody.

Patient 19 was admitted to Great Ormond Street Hospital with an undefined
immunodeficiency associated with a reduced level of T cells that were not of maternal
origin (see Appendix I for clinical details). A pre-bone marrow transplant blood
sample was obtained from this patient from which PBMCs were isolated in order to
investigate their y^ protein surface expression since the reduced T cell levels suggested
the possibility of an XSCID diagnosis with an atypical phenotype. The y^, specific
immunofluorescent staining profile of this individual's B and T cells was found to be
very similar to that observed on normal control B and T cells (Figure 5.11). Therefore,
it was not possible to confirm a diagnosis of XSCID for patient 19 on the basis of this
data.

S.2.3.3 Frozen peripheral blood B cells from XSCID patients

PBMCs which had been preserved by freezing were available from two XSCID
patients with known mutations (patients 2 and 9) and one potential case of XSCID
(patient 18). In the case of patients 2 and 18 these PBMCs had been isolated from
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Figure 5.10: yc specific staining of XSCID peripheral B cells
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Figure 5.11: yc specific staining of lymphocytes from patient 19
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blood samples prior to bone marrow transplantation. The sample from patient 9 had
been obtained after his first bone marrow transplant. However, this transplant had
failed to engraft, as indicated by the observation that no T cells were present in a post
transplant blood sample as determined by immunofluorescent staining (performed by
the Clinical Immunology Laboratory, Great Ormond Street Hospital for Children NHS
Trust, London), and it was therefore assumed that this sample included no donor
material.

To ensure that the process of freezing the PBMCs in no way impaired the expression
or immunofluorescent labelling of

a normal control sample of frozen T cell depleted

PBMCs was also analysed. Figure 5.12 shows the results of two colour staining for
CD 19 and

of normal frozen PBMCs and indicates that the profile observed is

comparable with that obtained for freshly isolated B cells as shown in Figure 5.6.

Figure 5.13 shows the results of two colour staining for CD 19 and y^of the frozen
PBMCs from patients 2 and 9. Patient 2 has a single base pair deletion with a
consequent frameshift and premature stop in the transmembrane region whilst patient 9
has an amino acid substitution extracellular fibronectin type III domain. However, the
yc specific staining of both samples is indistinguishable from the background signal
from the secondary antibody alone. This suggests that, although these mutations are
quite different they both either prevent cell surface expression of
antibody epitope.
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or disrupt the

Figure 5.12: yc specific staining of frozen normal peripheral B cells
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Figure 5.13: yc spécifie staining of frozen XSCID peripheral B cells
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Patient 18 was included in this study because his sex and TVB^ phenotype were
consistent with XSCID. However, mutation analysis by SSCP failed to identify a
mutation in the

gene in this patient and there is no other evidence in favour of an

XSCID diagnosis. It was therefore interesting to discover that when frozen PBMCs
from this patient were subject to immunofluorescent analysis of

cell surface

expression the B cells were found to be only weakly positive. The staining profiles for
this patient are shown in Figure 5.14. Table 5.1 compares the percentage difference in
median fluorescent intensity (MFI) between background and specific staining for this
patient with that for several normal controls and patients 2,9, 16 and 17.

Table 5.1: Comparison of percentage difference of MFI between background and
specific staining of B cells from normal controls and patients 2, 9 ,1 6 ,1 7 and 18

MFI for

Percentage

Background Staining

Yc Specific Staining

Difference

3.16

3.92

24

7.23

9.14

26

8.06

10.37

29

4.22

5.23

24

7.77

9.65

24

Patient 16 B cells

6.04

5.83

-3.6

Patient 17 B cells

12.41

12.86

3.6

Patient 2 Frozen B cell

6.49

6.26

-3.7

Patient 9 Frozen B cells

6.04

6.26

3.6

Patient 18 Frozen B cells

5.42

6.49

20

Sample

Normal B cells

Normal Frozen B cells

MFI for
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Figure 5.14: yc specific staining of frozen peripheral B cells from patient 18
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The combination of expression and mutational analysis data make it impossible to
confirm an XSCID diagnosis for patient 18 although they cannot exclude it. It is
possible that this patient's immunodeficiency may be due to a defect in an autosomal
gene, such as the JAK3 gene.

5.3 Discussion
5.3.1 Cell surface expression of

by normal lymphocytes

Expression of y^. by both peripheral blood B cells and tonsil B cells, as detected by
immunofluorescent staining with the antibody TUGh4, appears to be very low.
However, the expression by the EBV transformed B cell lines appears to be slightly
greater and this may be due to the polyclonal activation of the B cells by the EBV
virus. Increased

expression by T cells, NK cells and monocytes on activation has

been reported (Bosco et al, 1994b; Nakarai et al, 1994) and therefore it is possible
that the same process may occur in B cells. In addition, the y^ staining observed on
normal PBMCs appears to be greater than that found on the B cells alone. This may be
accounted for by the slightly greater staining found on T cells which constitute
approximately 70% of normal PBMCs.

5.3.2 Correlation of expression of y^ with the nature of the mutation
5.3.2.1 mRNA expression

Patient 1 has a large deletion at the 3' end of the y^ gene extending from within exon 5
beyond the 3' end of the coding region. Therefore, since the y^ cDNA 3' end primer is
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complimentary to the last 22bp of the eoding sequence, the observation that no product
could be amplified from the cDNA from this patient using the

cDNA primers

confirmed that the deletion extended beyond the end of the coding region. In addition,
even if the gene in this patient retains some 3' untranslated sequences such that a
mature mRNA could result, any translation products would not reach the surface since
the deletion includes the transmembrane region.

The mutation identified in patient 2 is a single base pair deletion in exon 5 which
causes a frameshift and consequent premature stop codon in exon 6. It has been
suggested that mutations resulting in premature stop codons prior to the terminal exon,
or the terminal third of the penultimate exon, have the primary consequence of a
severe reduction in the level of message (Baserga and Benz, 1988; Hamosh et a/.,
1991; Jones et al, 1992; McIntosh et al, 1993). Therefore, since the premature stop
codon present in patient 2 is found in exon 6, this mutation may have such a
consequence. Analysis of the mRNA transcribed from the y^ gene in patient 2 suggests
the level of this message may be reduced when compared to that from the Jurkat T cell
line. However, this difference may reflect a cell type specific difference. Moreover, the
RT-PCR protocol used for the investigation has not been optimised for quantitative
analysis. A further potential outcome of such a mutation is the skipping of the exon in
which the premature stop results (Dietz et al, 1993; Dietz and Kendzior, 1994).
However, since the size of the RT-PCR product is the same as that found in the
control, such a mechanism cannot be acting here. Interestingly Markiewicz et al
(1994) report the deletion of another single base in exon 5 which causes a shift in to
the same reading frame as that in patient 2. In contrast to the observations described
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here, the authors were able to amplify a shortened fragment in addition to the normal
sized product which when sequenced was found to be missing exon 6 (Markiewicz et
al, 1994). Skipping of exon 6 does not restore the normal reading frame but delays the
premature termination codon until the last third of the penultimate exon thus meeting
the criterion described by McIntosh et al (1993). A 16bp deletion in exon 5 resulting
in a shift into the same reading frame was also found in the affected individuals from
family 7. However, in the absence of appropriate material it has not been possible to
investigate the consequences of this mutation on the splicing of the

mRNA in these

individuals.

Patient 4 has a mutation which disrupts the splice donor site at the 5' end of intron 4.
Therefore, as expected, the message transcribed is aberrant and the major RT-PCR
product identified is slightly smaller than the normal size. This may reflect a skipping
of exon 4 or 5 or the use of a cryptic splice donor site in a manner analogous to that
observed as a consequence of splice site mutations found in the other genes (reviewed
in Talerico and Berget, 1990 and Krawczak et al, 1992). Ishii et al (1994) reported a
mutation of the

gene where exon 2 is completely missing from the mRNA and

presumably this results from a similar disruption of the splicing mechanism (Ishii et
al, 1994). In addition there is at least one other minor RT-PCR product amplified
from cDNA from patient 4 which is substantially smaller than the normal product and
may result from rarer aberrant splicing mechanisms. It is also significant that the RTPCR products are substantially less abundant than those from the normal EBV
transformed B cell lines suggesting that the aberrant splicing mechanisms are
inefficient and/or their products are unstable and rapidly degrade.
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S.3.2.2 Cell surface protein expression

Patients 9 and 13 both have missense mutations in the extracellular region which
would not necessarily be expected to prevent cell surface expression of

However, in

both cases the results of immunofluorescent staining suggest that y^ expression is
disrupted. Failure of the y^. protein to be expressed at the cell surface could result if the
amino acid substitutions, a Glu to Lys in the cytokine receptor domain and an Arg to
Cys in the fibronectin type III domain, cause the protein to have an aberrant secondary
and tertiary structure and hence be unstable and rapidly degraded before reaching the
surface. In this respect, it is important to note that both the mutated residues form part
of the p sheet structure postulated for

on the basis of computer modelling and

homology to the growth hormone receptor (GHR) (Bamborough et al., 1994) which is
discussed further in Section 7.2. In addition, the Arg substituted by the mutation found
in patient 9 may be important for maintaining structural integrity since the p-sheet
strand of which it is part is suggested to interact with the conserved WSXWS motif by
the same studies (Bamborough et al., 1994). Alternatively, the same arguments
support the suggestion that these substitutions disrupt the protein structure such that
the epitope for TUGh4 is lost. Another possibility is that one or both residues may
have a direct involvement in the antibody epitope. In order to distinguish these
between possibilities another antibody with a different epitope, such as those
developed by Nakarai et al. (1994), could be used in similar studies to those described
above. The use of immunofluorescent staining of permeabilised cells or western
blotting analysis might also indicate whether these mutant proteins are present
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intracellularly and indicate whether the negative cell surface staining might result from
a rapid degradation of an unstable protein. An antisenndirected against a fusion protein
including a peptide from the extracellular region of the

protein was prepared in this

laboratory by Dr. T. Lester. The use of this antibody in western blot analysis of whole
cell lysates from these patients may have helped resolve these questions as neither of
the residues affected is present in the peptide used as the antigen. However, time
constraints have prevented the development of such an assay during this study.

The mutation identified in patient 2 causes a frameshift after Phe22i with consequent
missense translation for a further 50 amino acids before a premature stop codon. The
region that is mis-translated includes the WSXWS motif and most of the
transmembrane region. It therefore seems unlikely that the protein product would be
expressed at the cell surface. This was confirmed by the negative y^ specific
immunofluorescent staining of PBMCs from patient 2.

Since the message transcribed from the y^, gene in patient 4 is of an aberrant size and it
is at substantially reduced abundance, it is entirely consistent that the surface protein
expression should be negative. Once again the use of alternative antibodies in surface
and internal staining approaches and western blot analysis may determine whether
surface staining is negative because the TUGh4 epitope is disrupted, the aberrant
protein fails to insert into the membrane, or no protein is present due to mRNA or
protein instability.
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5.3.3 Potential of TUGh4 as a diagnostic tool

Currently the diagnosis of XSCID relies upon a combination of the following criteria :
male, T7B^ phenotype, a family history characteristic of X-linked inheritance,
unilateral maternal T cell X-inactivation status and, most recently, the identification of
a mutation in the y,, gene. These criterion are not without ambiguity, except for
mutation detection, which involves a moderate amount of time and effort. In contrast,
Yc specific immunofluorescent surface staining of patient PBMCs can yield a result
very quickly. In addition the majority of patients analysed in this way during this study
have given a clear negative response and many of the mutations identified would be
expected to disrupt expression or antibody recognition.

Patient 16 is a good example of how in the absence of knowledge of the mutation y^,
specific staining can provide good evidence of XSCID. Moreover the
immunofluorescent analysis of patient 17 preceded all genetic studies of both him and
his mother. Therefore the staining data prompted further investigation of patient 17 in
spite of the finding that his mother had random T cell X-inactivation, with the
consequent identification of an SSCP bandshift. This case demonstrates how the
staining data provides important information and can aid in diagnosis of patients and
the genetic counselling of the families. In contrast, the weakly positive result found in
patient 18 in combination with the failure to find a mutation by SSCP favours a nonXSCID diagnosis.
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It is important to note, however, that a positive

staining result does not exclude

XSCID. For example, intracellular missense or nonsense mutations would not be
expected to affect expression and yet could block normal signal transduction
mechanisms.

The weakness of the signal achieved from TUGh4 may, however, influence its
usefulness diagnostically as the difference between positive and negative staining is
not great. In the study by Ishii et al. (1994) the signal obtained with TUGh4 was
substantially improved by biotinylation of the antibody and detection by PE
conjugated streptavidin (Ishii et al, 1994). Such a modification of the antibody might
increase its diagnostic value. One final consideration is that for ethical reasons it has
not been possible to use an age matched control for these immunofluorescent staining
assays and all control samples have been from adult donors. However, there is no
reason to suspect that y^ expression might vary with age and the result from patients 18
and 19 would seem to support this.
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CHAPTER 6

RESULTS

IL-7 RECEPTOR FUNCTION IN XSCID PATIENTS
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6.1 Introduction

The IL-2Ry chain became known as the common y chain, y^,, because of its functional
participation in a number of cytokine receptors, one of which is the IL-7 receptor (IL7R). This was demonstrated by a number of experimental approaches. Initially the
physical association of y^ with the IL-7Ra chain was indicated by the finding that these
subunits could be crosslinked by [^^^I] radiolabelled IL-7 and the resultant complex
could be immunoprecipitated by an anti-y^antibody (Noguchi et al, 1993; Rondo et
al, 1994b). In addition, Scatchard analysis of the binding properties of the
reconstituted IL-7R in transfection experiments indicated that y^. is required to form a
high affinity IL-7R (Noguchi et al, 1993; Rondo et al, 1994b). Moreover the
functional involvement of y^. in the IL-7R has been investigated by transfection
experiments which have suggested that y^ is required for efficient internalisation of IL7 (Noguchi et al, 1993). Transfection studies involving the co-transfection of IL-7Ra
with either normal y^ or mutant y^ have also indicated that functional y^ is required for
both c-fos activation and cell proliferation (Rawahara et al, 1994). Finally, antibodies
to murine y^ have been found to inhibit a number of IL-7 responses, for example
proliferation of : Concanavalin A activated spleen cells, the IL-7 dependent pre-B cell
line lxN/2b (Rondo et al, 1994b) the T cell line CT6 (He et a l, 1995a) and the
intrathymic development of pro-T cells (Hozumi et al, 1994).

How mutations of the y^ gene cause the failure of T cell development which is
observed in XSCID patients remains unclear. This failure may be due to a block in the
signalling through a combination of several cytokine receptors in which y^ is involved.
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Alternatively, one of the cytokines affected may alone be vital to T cell development.
If the latter is the case then IL-7 is a very good candidate for the single critical
cytokine. Firstly, IL-2 and IL-4 are unlikely candidates since mice made deficient in
either or both of these cytokines by gene targeting exhibit normal T cell development
(Kuhn et al, 1991; Schorle et al, 1991; Kopf et a l , 1993; Kundig et a l , 1993;
Sadlack et al, 1994). In addition, XSCID patient B cells have been found to respond
to IL-4 (Matthews et al, 1995) suggesting that IL-4 signal transduction can occur in
the absence of functional

In contrast, a mouse model made deficient for IL-7 by

gene targeting shows severe lymphopenia, with a 20 fold reduction in thymic
cellularity and B cell development blocked at the transition from pro-B to pre-B cells
(von Freeden Jeffry et a l , 1995). Similarly a mouse model which fails to express the
IL-7Ra chain shows severely impaired development of both T and B cells (Peschon et
al, 1994). Moreover, investigation of the role of IL-7 in lymphocyte development in
several in vivo and in vitro experimental systems has suggested that this cytokine is
very important (see Section 1.6.7 for details). Perhaps most significantly, IL-7 has
been found to be a cofactor of murine V(D)J rearrangement of the TCRp gene
(Muegge et al, 1993) and it is this process of rearrangement which has been found to
be arrested in XSCID patients (Sleasman et al, 1994) (see Section 1.6.4).

Therefore, in order to investigate whether y^. is absolutely required for IL-7 responses
in human haemopoietic cells and thereby strengthen or weaken the hypothesis that IL7 is the critical cytokine for T cell development, an assay for 1L-7R function in
XSCID patients was sought.

217

6.2 Development of an assay for IL-7R function

IL-7 was first identified as a B cell precursor growth factor (Namen et al, 1988a and
b) and subsequently both mature T cells and thymocytes have been found to respond to
IL-7 (Murray et al, 1989; Armitage et al, 1990; Fabbi et al, 1992). By contrast
mature murine B cells and B cell lines have been found to express little or no IL-7
binding species (Park et al, 1990). The problem, therefore, with investigating IL-7R
function in XSCID patients, who have no mature T cells, is the lack of a suitable cell
type present in peripheral blood in which to assay IL-7 responses. There is one report
of mature B cells proliferating in response to IL-7 if they are preactivated with anti-p
beads (Joshi and Choi, 1991), however the requirement for preactivation raises
questions about the physiological relevance of such a response. Another study reported
that monocytes respond to IL-7 by producing a number of cytokines including IL-la,
IL-lp, IL-6 and TNF-a (Alderson et al, 1991), both when monocytes are cultured in
isolation and when cultured in a whole blood system. Therefore, since XSCID patients
have monocytes in their peripheral blood, IL-7R function in the absence of

was

investigated by the determination of IL-6 production by monocytes from XSCID
patients in response to IL-7. The assay system used required some development and
the problems encountered and the approaches used to overcome them are discussed
further in the following results section.
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6.3 Results
6.3.1 Assay of IL-7 responses in normal purified monocytes

Monocytes from a normal individual were purified from peripheral blood mononuclear
cells by adhesion to baby hamster kidney (BHK) microexudate on the surface of tissue
culture flasks (Ackerman and Douglas, 1978). The purified monocytes were then
cultured for 24 hours under four sets of conditions: IL-7 at 300U/ml, IL-7 at
I500U/mI, media only as the negative control and LPS at lOpg/ml as the positive
control. The culture supernatants were then assayed for their IL-6 content by analysis
of their ability to cause the proliferation of the IL-6 dependent murine hybridoma cell
line, B9.

Figure 6.1 shows a standard response curve of the B9 cells to a series of known IL-6
concentrations (O.I, 0.5, I.O, 5.0, lO.O, 50.0, 100 and 200 U/ml). The proliferative
response to the supernatant of unknown IL-6 concentration at several dilutions can
then be compared to this standard and thus its IL-6 content determined. This curve
indicates that the B9 proliferative response is maximal at 5 to lOU/ml and that higher
concentrations of IL-6 inhibit this response. The informative region of the curve is
therefore that prior to the maximum response (that is, at less than 5 to lOU/ml).

Figure 6.2 shows the proliferative response of the B9 cells to a range of dilutions of the
monocyte culture supernatants from each of the four culture conditions described
above. A number of conclusions can be drawn from these plots. Firstly, under all
culture conditions the monocytes appear to produce IL-6. Most significantly, IL-6 is
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Figure 6.1: Standard curve for B9 IL-6 bioassay
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scintillation counter.
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Figure 6.2: B9 IL-6 bioassay of culture supernatants from
norma! monocytes
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produced even when no stimulus was added to the culture media suggesting that either
during the course of purification or culture the monocytes have become nonspecifically activated. Possible causes of this non-specific activation are discussed
further in Section 6.4.1. Moreover, the plots for each set of culture conditions do not
vary significantly considering the margins of error indicated on each plot. In addition,
at the highest supernatant concentrations, that is lower dilution factor, B9 proliferation
is completely inhibited. This is in contrast to the standard IL-6 response curve where
higher IL-6 concentrations cause a reduction in proliferation which starts to level out at
approximately the half maximal level, between 100 and 200U/ml. This suggests that
the monocytes may also produce factors that inhibit B9 proliferation, such that the
response seen may not be due to IL-6 in isolation, and this may complicate the analysis
of the results. Finally, the concentrations of IL-6 produced were considerably greater
than expected and consequently the culture supernatants were not diluted sufficiently
to permit absolute IL-6 concentrations to be determined. However, in view of the
observed non-specific activation the approach of investigating purified monocytes was
not pursued and analysis of further dilutions was not undertaken.

6.3.2 Analysis of IL-7 responses using a whole blood culture system

The study of Alderson et al. (1991) also reports that monocytes will produce a range of
cytokines including IL-6 if cultured as whole blood, although the level of the response
to LPS is considerably reduced (Alderson et al, 1991). Therefore, in view of the
problems of non-specific activation experienced when culturing purified monocytes, a
whole blood culture system was adopted in an effort to reduce the manipulation of the
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monocytes and the possibility of contamination by exogenous endotoxin which may be
present in the culture media.

Initially, the response of normal whole blood was investigated. Freshly donated
heparinised blood was subject to either no additions, IL-7 at 300U/ml or LPS at
lOfig/ml and cultured for 24 hours. During this culture period aliquots were removed
at 3, 6 and 24 hours. Plasma was separated from these samples and assayed for its IL-6
content. Figure 6.3 shows the proliferative response of the B9 cell line to a range of
dilutions of the plasma samples from each set of conditions at each timepoint. In
contrast to the results obtained with purified monocytes, although there is some
background IL-6 production, it is considerably less than the response to the LPS
positive control. In addition, there appears to be a specific response to IL-7 which is
greater than background and increases with time. However, again the plasma samples
require further dilution in order for the absolute IL-6 concentration to be determined.
At high sample concentration B9 proliferation was once again inhibited, presumably
by other factors produced in response to the stimuli or present constitutively in the
blood.

At this stage an alternative method of IL-6 assay was considered, in part because of the
possibility that more than one factor was responsible for the observed proliferative
responses. In addition, due to the inclusion of three timepoints and the need for
extensive sample dilution in order to ensure that the informative region of
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Figure 6.3: B9 IL-6 bioassay of plasma from normal whole
blood
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the response curve is included, the bioassay had become a laborious and time
consuming method. Therefore, a commercially available IL-6 ELISA method was
adopted to determine the levels of IL-6 produced.

Figure 6.4 shows the absolute IL-6 concentration in the same normal plasma samples
as shown in Figure 6.3, from each of the three culture conditions at the final 24 hour
timepoint, as determined by ELISA. Clearly the response to LPS is substantially
greater than that to IL-7, approximately 100 fold greater, which contrasts with an
approximately 12 fold difference observed by Alderson et al. (1991). This suggests
that the the precise culture conditions used in this study were not optimal. However,
the response to IL-7 by the whole blood is approximately 7 fold greater than
background suggesting that use of the whole blood culture system combined with IL-6
assay by ELISA has potential for the determination of IL-7R function in XSCID
patients. However, as fresh, pre-transplant blood samples are required for such an
analysis, suitable patient material was limited.

6.3.3 Analysis of IL-7 responses in an XSCID patient using the whole blood
culture system

Patient 16 was admitted to Great Ormond Street Children's Hospital in March 1995
and identified as a potential XSCID case due to his immunodeficiency, sex, and his T
/B^ phenotype. Moreover, the patient's family had a history of early male deaths on the
maternal side (see Appendix II for pedigree) and his B cell surface expression of
found to be negative, as described in the previous chapter. In addition the
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was

Figure 6.4: IL-6 ELISA of plasma from normal whole
blood stimulated for 24 hours
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response of this patient's B cells to IL-2, IL-4, IL-13 and IL-15 were found to be
consistent with those observed in XSCID B cells (studies performed by Mr. D.
Matthews of the Cellular Immunology Unit, Institute of Child Health) as described by
Matthews et al. (1995). However, although all eight exons of the

gene were screened

for mutations by SSCP no bandshifts were observed and time constraints have
prevented the sequencing of the entire gene. The causative mutation in this patient
therefore remains unknown but all the evidence available favours an XSCID diagnosis.

Therefore, as fresh pre-transplant blood samples were available, IL-7R function was
investigated in this patient, alongside a normal control (healthy male adult), by use of
the assay developed as described above. Figure 6.5 shows the response of both normal
monocytes and patient 16's monocytes to LPS in whole blood culture. This indicates
that in spite of the immunodeficiency observed in patient 16 his monocytes are still
capable of producing IL-6 in response to this non-specific stimulus, although the level
of IL-6 produced is less than that observed in the normal control. Figure 6.6 shows the
response of both normal monocytes and patient 16's monocytes to IL-7 in whole blood
culture. These results are plotted as fold increase over background in order to facilitate
a direct comparison of patient and normal responses since the absolute IL-6
concentration was greater in the patient samples (discussed in Section 6.4.2). These
results indicate that the response of the patient's monocytes to IL-7 are very similar to
that of the normal monocytes. The fold increase over background of
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Figure 6,5: IL-6 ELISA of plasma from XSCID and normal
blood treated With LPS
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Figure 6.6: IL-6 ELISA of plasma from XSCID and normal
blood treated with IL-7
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Assay o f the IL-6 content o f plasma separated from whole blood treated
with IL-7 at 300U/ml for 3, 6 or 27 hours IL-6 was assayed by use o f an
ELISA kit (R&D Systems) and plasma samples were diluted to fall within
the range o f the standards supplied with the kit (3 to 300pg/ml). The
response is expressed as a fold increase over background which was
calculated by dividing the IL-6 concentration o f each IL-7 treated sample
by the IL-6 concentration o f the corresponding sample to which no
additions had been made

229

the IL-7 response at 27 hours after IL-7 stimulation of the patient monocytes is 3.6,
which compares well with a value of 4.9 for the normal monocytes.

Unfortunately, attempts to perform this analysis with blood samples from two other
probable XSCID patients (patients 15 and 17) and with additional samples from
patient 16 have been unsuccessful. In addition, pre-bone marrow transplant material
from confirmed XSCID cases has not been available. It has become clear that at this
stage of its development this assay is not a reliable one and on a number of occasions
no response to IL-7 has been observed in either normal or patient samples. However,
although this assay was attempted with patient 16 on four occasions, on no occasion
has an IL-7 response been observed in the normal and not the patient, which would
directly contradict the results described above. Attempts were made to assess the inter
culture variability of IL-6 production by use of multiple reduced volume cultures to
determine whether the difference between the background response in the negative
control samples and the response to IL-7 was statistically significant. Under these
conditions there was also no response to IL-7 by either the patient or normal control
samples, however, the inter-culture variation observed for the positive and negative
controls was not of the order that would explain the differences between background
and IL-7 responses described above (data not shown).
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6.4 Discussion
6.4.1 Possible causes of non-specific activation of purified monocytes

One possible cause of non-specific activation of the monocytes is the method used for
their purification. Separation of monocytes by adherence to plastic or glass (Edelson
and Cohn, 1976) or to BHK microexudate (Ackerman and Douglas, 1978) is simple
and requires no special equipment. However, adherence has been shown to be an
activation event that can induce both gene expression and protein secretion
(Fuhlbrigge et al, 1987; Haskill et al, 1988). This fact also has implications for the
further handling of the monocytes during purification, for example when washing, and
subsequent culture, as these processes inevitably bring the monocytes into contact with
additional plastic surfaces.

Another possible cause of non-specific activation is the introduction to the culture
system of exogenous endotoxin. Monocytes are extremely sensitive to endotoxin with
respect to IL-6 production (Alderson et al, 1991). Therefore if the media or serum
used in the purification or culture of the monocytes were contaminated with endotoxin
it is possible that this could have caused non-specific activation.

6.4.2 Advantages and disadvantages of whole blood culture system

The main advantages of using the whole blood culture system is that there is minimal
manipulation of the monocytes involved and as the only additions made are IL-7 or
LPS in small volumes of media, there is little opportunity to introduce exogenous
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endotoxin. Thus the probable causes of non-specific activation are significantly
reduced.

The disadvantages of the whole blood culture system largely stem from the fact that
the samples are heterogeneous and it is difficult to control for the many potential
variables. For example, the number of monocytes in each blood sample may not be
equivalent, especially in the patients where it is known that the peripheral blood
mononuclear cell subsets are not normal (see Appendix I). Moreover, it is difficult to
obtain a matched control since whole blood from the normal control includes T cells,
unlike that from XSCID patients, and their contribution to this system is not known,
although the secretion of IL-6 by T cells is insignificant compared to that of
monocytes (Alderson et al, 1991). It is possible that the observed difference in the
absolute concentration of IL-6 produced by patient monocytes as opposed to normal
control monocytes in response to IL-7 and in the absence of stimulus may be due to
the absence of T cells. This is because the activation of monocytes including the
secretion of cytokines is antagonised by IL-4 (Essner et al, 1989; Hart et al, 1989;
Lehn et al, 1989; Cheung et al, 1990; Donnelly et al, 1990; Gibbons et al, 1990;
Standiford et al, 1990) the major source of which is T cells (Banchereau, 1994). Thus
in normal blood IL-6 production may be dampened by the effects of IL-4. A possible
development of the assay to deal with this problem would be prior T cell depletion of
normal samples, for example by use of CD2 (T cell and NK cell specific marker)
coated magnetic beads. However, such an approach would involve additional
manipulation of the samples with the concommitant risk of non-specific activation of
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the monocytes. Moreover, from the results described above it would seem that the
absence of T cells does not prevent IL-6 production.

Other factors that cannot be controlled include any drugs that the patients may be
receiving, and any ongoing infections that they may which may influence the
activation state of the monocytes.

6.4.3 Possible causes of whole blood culture assay variability

As discussed in the previous section the whole blood is a heterogeneous system which
is difficult to control, and therefore is probably inherently prone to variability. In
addition, the anticoagulant used when collecting blood samples in these experiments
was heparin which is known to bind IL-7 (Kimura et al, 1991). Therefore, it is
possible that the amount of heparin present in the blood may be a source of variability
as the collection bottles used do not contain a measured quantity of heparin as for most
purposes it is only required in excess. Thus, a possible improvement of the assay
would be the use of a carefully controlled quantity of heparin or the use of an
alternative anticoagulent, such as EDTA. Another factor which may have varied
between those experiments where an IL-7 response was observed and those where it
was not, is the time elapsed between collection of blood samples and the start of the
assay, and consequently the temperature variation to which the samples were subjected
prior to culture at 37°C. Finally, the extent and frequency of mixing of the samples
after additions and during the culture period to prevent settling may be a further source
of variation. However, a careful balance between mixing the samples sufficiently and

233

handling the monocytes gently in order to prevent non-specific activation must be
achieved. In addition a mechanised means of gentle agitation may be required due to
length of the culture period, if this is a parameter that requires careful control.

Clearly a rational step by step analysis considering each parameter in isolation would
be required to identify the cause(s) of variability in this assay and thereby develop a
reliable assay. Such an approach could not be pursued during this study due to limited
time and resources.

6.4.4 Possible improvements for the assay of IL-7R function in the absence of
functional

In order to verify the preliminary results described here that monocytes from XSCID
patient's blood can respond to IL-7 in a manner similar to monocytes from normal
controls the assay of IL-7R function requires improvement. Thus, either the assay of
XSCID monocyte responses to IL-7 requires further development or an alternative
approach must be sought.

One possibility would be to return to the use of purified monocytes, which has the
advantage of being a well controlled system. For such an approach to be successful an
alternative means of purification would have to be found. There are other methods
available for the purification of monocytes from peripheral blood mononuclear cells
which do not involve adherence to plastic. Sedimentation with colloidal silica particles
can be used for monocyte purification but silica has also been shown to activate
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monocytes (Heppelston and Styles, 1967). By contrast, cell sorting by flow cytometry
induces minimal activation if antibodies which do not stimulate signal transduction are
used, such as LeuM3 or LeuM5. Probably the best method for monocyte purification
which does not activate the monocytes and gives good yields is counterflow
centrifugal élutriation (Wahl et al, 1984). This technique separates cells on the basis
of their size and density, however, it requires the use of specialised equipment.

If purified monocytes were to be used in the IL-7 assay the possibility of endotoxin
contamination would have to be eliminated. Therefore all media and serum used would
have to be certified endotoxin free by the manufacturer or batch tested for endotoxin
contamination, for example by use of a commercially available endotoxin detection
kit.

Careful analysis of the whole blood culture system may permit the identification and
elimination of the sources of variability in this assay. If the assay could be made to be
more reliable it would be possible to continue with this approach.

Another approach to assay IL-7R function would be to examine the responses of
activated B cells from XSCID patients by the method described by Joshi and Choi
(1991). However, possibly the best way to discover the role of

in the IL-7R would

be to examine the responses of normal human T cells and thymocytes to IL-7 in the
presence of a y^ antibody which interferes with its normal function. This approach has
been successfully used to examine the role of y^ in the response of murine thymocytes
(Hozumi et al, 1994), murine spleen cells (Rondo et al., 1994b) and a murine T cell
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line (CT6) (He et al, 1995a) to IL-7 and the results of these studies are discussed in
more detail in Section 7.3.

6.4.5 Implications of these results for IL-7 receptor structure and signalling

Assuming that these preliminary results could be substantiated and that patient 16 is an
XSCID case it would seem that, in monocytes at least, a functional

is not required

for the cells to produce IL-6 in response to IL-7. However, when human IL-7Ra and
normal or truncated

were co-transfected into a mouse pro-B cell line it was found

that a functional y^ protein was required in order for there to be a proliferative response
to IL-7 (Kawahara et al, 1994). These observations would appear to be contradictory
unless it is postulated that there are two IL-7 receptors, one which requires y^ and one
which does not. Such a model is not without precedent as a similar model is proposed
for the IL-4/IL-13 receptor system (Lin et al, 1995; Callard et al, 1996). Moreover,
there is evidence that more than one IL-7R exists (Noguchi et al, 1993; Page et al,
1993; Rondo et al, 1994b) (discussed in detail in Section 7.3). In addition, a new
cytokine has recently been described, thymic stromal lymphopoietin (TSLP), which
has functional similarities to IL-7 and binds to the IL-7Ra chain (Friend et al, 1994;
Peschon et al, 1994). Therefore, it is possible that the receptor for this new cytokine
may play some part in y^ independent IL-7 responses. The implications of these results
with respect to IL-7R structure and the role of IL-7 in T cell development will be
discussed in further detail in Section 7.3.
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CHAPTER 7

DISCUSSION
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7.1 Identification of the XSCID Gene - Was Positional Cloning the Best
Approach?

As described in Section 1.1/4 there are three approaches to the cloning of disease
genes: functional cloning, the candidate gene approach and positional cloning.
However, at the time when efforts were first made to identify the gene responsible for
XSCID functional cloning and the candidate gene approach were not feasible. This
was because the primary affected tissue is mature T cells and thymocytes which fail to
develop. Thus material for biochemical and functional analysis was not available such
that no aberrant protein or biochemical function could be identified and there was little
data to provide an insight into likely candidates.

Positional cloning of the XSCID gene was pursued for several years by a number of
the groups including this laboratory and the most recently published positional data
placed the SCIDXl locus within a region estimated to be 3 to 5 cM (Markiewicz et al,
1993). This is estimated to be approximately equivalent to 3 to 5Mb and therefore
represented a region which could feasibly be cloned into YACs. This refinement was
achieved by the use of a number of microsatellite loci which mapped to the SCIDXl
critical region. The work presented in Chapter 3 represents a similar attempt to use
highly polymorphic micro satellite loci to refine the SCIDXl region. Unfortunately,
these loci transpired to lie outside the SCIDXl region but their mapping has aided in
similar strategies involved in the cloning of the X-linked deafness gene (Bitner
Glindzicz et al, 1994; Huber et al, 1994; de Kok et al, 1995).
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Study of the responses of XSCID canine T ceils to IL-2 (Felsburg et al, 1992)
suggested an involvement of a component of this cytokine signal transduction pathway
in XSCID. However, the genes for both the known components of the 1L-2R, the a
and p chains, were known to lie on autosomes (Gnarra et al, 1990; Shibuya et al,
1990). Therefore, when a third component of the 1L-2R was identified (Takeshita et
al, 1992a) this was considered a good candidate for the XSCID gene and was
confirmed to be responsible for XSCID (Noguchi et al, 1993c; Puck et al, 1993b).
Thus, the candidate gene approach proved to be successful in the isolation of the
XSCID gene. However, positional cloning was a prerequisite to this approach in order
to define the chromosomal region in which SCIDXl lies and was, until relatively
recently, the only feasible approach.

7.2 Effects of mutations in the

gene on cytokine signal transduction

During this study a total of eleven different mutations of the y^ gene have been
identified in XSCID patients. Four cause amino acid substitutions and seven disrupt
the gene, its transcription or its translation. It is clear that mutations which prevent y^
from being expressed on the cell surface must, for that reason alone, prevent normal
1L-2R function whilst at least some of those which are unlikely to interfere with
expression can be postulated to interfere with ligand binding or signal transduction.

Two of the seven disruptive mutations cause premature stops prior to the
transmembrane region, a single base insertion in patient 11 and a nonsense mutation in
patient 6 , and would therefore be expected to prevent y^ expression at the cell surface.
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In addition the large deletion found in patient 1 includes the transmembrane region
such that no surface expression would be anticipated.

Two small deletions found in exon 5, patient 2 and the affected individuals from
family 7, both result in the same Ifameshift and premature stop in exon 6 which
consequently disrupts the transmembrane region and might therefore be expected to
prevent y,. cell surface expression. This outcome was confirmed by the observation that
7c specific immunofluorescent staining of B cells from patient 2 was negative.

The splice site mutation found in patient 4 was shown, as expected, to disrupt mRNA
structure, possibly by the skipping of an exon. Consequently it was not surprising that
surface staining of EBV transformed B cells from this patient was found to be
negative.

The only disruptive mutation identified which might not be expected to affect surface
expression is the intracellular nonsense mutation found in patients 5 and 8 . This
mutation creates a stop codon in place of the sixth amino acid after the transmembrane
region such that 81 carboxy terminal amino acids are lost. However, clearly the loss of
81 of 86 intracellular residues caused by this mutation would be expected to prevent
any signal transduction activity of the

chain. Studies of fibroblastoid cells expressing

a reconstituted 1L-2R including a y^ chain lacking 68 C-terminal amino acids, created
by site directed mutagenesis, indicated that this region is not required for the formation
of intermediate or high affinity lL-2Rs (Asao et al, 1993). However, Asao et al
(1993) found that this y^ mutant could reconstitute neither the proliferative response.
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the activation of protein phosphorylation, nor the activation of the oncogenes c-fos, cjun and c-myc when co-expressed with IL-2Ra and |3 chains, unlike the wild type
form. These results indicate that the carboxy terminal 68 amino acids are not required
for surface expression of y^. but are absolutely required for signal transduction. Thus, the
truncated form of y^ expected in patients 5 and 8 may also be expressed but will be
unable to transduce signals to any intracellular pathway.

The four missense mutations include one which is intracellular, and all occur at
residues conserved between mouse, man and dog (Takeshita et al, 1992a; Cao et al,
1993; Henthom et al, 1994). The intracellular amino acid substitution, found in
patients 3 and 14, changes the second residue after the transmembrane region from an
Arg to a Gin, this is illustrated in Figure 7.1a. This may have an impact on the surface
expression of y^ in the patients with this mutation as this Arg represents the second
charged amino acid immediately downstream of the transmembrane region which is
thought to have a role in anchoring the transmembrane region on the intracellular side.
If expression is not affected it is possible that the residue substituted may have a role
in signal transduction although, in view of its proximity to the membrane, this seems
unlikely. A report by Disanto et a/. (1994b) suggests an alternative outcome of this
mutation. The case of mild XSCID described in this study was caused by a G to A
substitution at the 3' end of exon 1 which appeared to cause some disruption of normal
splicing (DiSanto et al, 1994b). As a result approximately 80% of transcripts showed
disrupted splicing due to the use of a cryptic splice donor site in intron 1 such that
27bp of intronic sequence were included in the mRNA. It has been reported that
mutations at the penultimate base of an exon adjacent to a splice donor site can reduce
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the usage of these sites in RNA splicing (Aebi et al, 1986). Interestingly, the mutation
found in patients 3 and 14 is an analogous substitution at the 3' end of exon 6 .
Moreover, three potential cryptic splice donor sites can be found in intron 6 . These
sites are as follows: CG/GTAGC, TG/GTGAT and GG/GTGAT (Figure 7.1b). All
three sites show close similarity to the wild type splice donor site of CG/GTGAG,
conform reasonably well to the consensus donor site (Shapiro and Senapathy, 1987),
and include the canonical GT at positions 1 and 2 of the intron. The use of any of these
three sites would result in a premature stop codon immediately after the mutated codon
and consequently the loss of 84 of 86 intracellular amino acids. Clearly, as described
for the intracellular nonsense mutation found in patients 5 and 8, this would interfere
with all signal transduction mechanisms. Figure 7.1b illustrates the outcome of
aberrant splicing of this exon/intron boundary. Unfortunately it was not possible to test
which of the two potential outcomes illustrated in Figures 7.1a and b resulted from this
mutation in the patients studied here, as there was no material available for surface
expression or RT-PCR investigation from either patient 3 or 14.

The remaining three missense mutations are extracellular; patient 9 has an Arg to Cys
substitution in exon 5, patient 10 has a Leu to Ser substitution in exon 4 and patient 13
has a Glu to Lys substitution in exon 2. Such amino acid changes would not
necessarily be expected to interfere with cell surface expression of

However,

specific immunofluorescent staining of both frozen peripheral B cells from patient
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Figure 7.1a: Amino acid substitution caused by the mutation found in patients 3 and 14
Normal
GAA CGG ACG ATG CGC CGA
'

W <8^ L

E

Mutant
TGG CTG GAA GAG ACG ATG CGC GGA

Normal and mutant cDNA (above, 5' to .V) and amino acid (below, amino to carboxy terminal)
sequences are shown.The shaded area indicates part of the transmembrane region. The boxed
areas highlight the codon affected by this mutation.

Figure 7.1b: Consequences of splice site disruption in patients 3 and 14
Normal

TGG CTG GAA ÇG.

Exon 7

Intron 6

Exon 6

g tga gatttggagaagcccagaaaaatgaggaaaacqcrtacfc ..8 3bp. .tggtgat..64bp. .gggtgat. .5 0bp. .G

ACG ATG

^
W

L

E

T

R

M

Mutant
ETGG^CTG GAA CA

E

0

g tga gatttggagaagcccagaaaaatgaggggaacggtagc..8 3bp..

..64bp.•gggtgat..50bp..G

ACG ATG

STO P

Normal and mutant genomic DNA (above) and amino acid (below) sequences are shown. The shaded area indicates the end of the
transmembrane region. Upper case represents coding sequence, lower case represents intronic sequence. Wildtype splice donor site
is underlined in normal genomic DNA sequence. Potential cryptic splice donor sites are underlined in mutant genomic DNA
sequence. Mutated base shown in bold.

9 and EBV transformed B cells from patient 13 was negative. There are three possible
explanations for this observation; either a sequential epitope for TUGh4 is disrupted, a
structural epitope for TUGh4 is disrupted or the protein structure is so disrupted that it
is unstable and is not expressed. The first of these possibilities seems unlikely to be the
case for both substitutions as the residues involved are some distance apart. In order to
discuss the relative merits of the latter two possibilities the deduced structure of
must be considered,

is a member of the cytokine receptor superfamily and

consequently has some homology to the growth hormone receptor (GHR), in that they
share the four conserved Cys residues responsible for two disulphide bridges plus a
number of other residues which are conserved as hydrophobic or identical
(Bamborough et al, 1994). The crystal structure of GHR has been elucidated (de Vos
et a l , 1992) and the combination of this data with the homology between GHR and y^
in computer modelling studies has permitted a model to be suggested for the
extracellular structure of y^ (Bamborough et al, 1994). Figure 7.2 illustrates this model
which consists of two domains; the fibronectin type III (FNIII) domain and the
cytokine receptor (CK) domain, each of which consists of seven P-sheets. The residues
affected by missense mutations in patients 9, 10 and 13 are highlighted in Figure 7.2.

In the case of patient 9 it can be seen that the mutated amino acid lies within p-sheet
strand F of the FNIII domain. The residue affected is conserved between human GHR,
human and murine y^ and human and murine IL-4Ra and the F p-sheet strand is also
highly conserved between members of the cytokine receptor superfamily
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Figure 7.2: Schematic representation of the extracellular region of
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Boxed regions indicate p-sheet strands, lines indicate loop regions between sheets.E B A C’ C F G refers to the
nomenclature of the sheets from Bamborough et al. (1994).
Residues affected by mutations indicated by ^patient 13, %patient 10 and ^patient 9.

(Bamborough et al, 1994). This conservation may reflect the fact that the aromatic
residues of the eonserved WSXWS motif are thought to be layered between
hydrophobic residues of this P-sheet (Bamborough et al, 1994). Therefore the
mutation in patient 9 may disrupt this interaction with the WSXWS motif and result in
a loss of tertiary structure which may affect either the antibody epitope or the protein
stability. Another possible consequence of this amino acid substitution is a disruption
of the interaction between the F and G p-sheet strands which may influence the
structure of the F-G loop which is thought to have a role in cytokine binding
(Bamborough et al, 1994). In this respect it is interesting to note that Disanto et al
(1994a) report a mutation (P6) which causes a substitution of a Cys for an Arg in the F
p-sheet strand. The affected residue lies at the end of the F P-sheet strand proximal to
the F-G loop and results in very low binding of IL-2 to patient EBV transformed B
cells. This position is four amino acids carboxy terminal of the residue affected in
patient 9 and suggests that the mutation found in patient 9 may also affect cytokine
binding.

Patient 13 has a missense mutation which substitutes a Lys for the Glu at the amino
terminal end of P-sheet strand B of the CK domain. Thus, like the mutation in patient
9, it is possible that this amino acid change may disrupt the tertiary structure of the
protein such that the TUGh4 epitope is lost or the protein is not expressed due to its
instability. Since the affected residue lies at the end of a p-sheet it is also possible that
the structure of the A-B loop may be influenced by this mutation. However, the role of
this loop in ligand binding and interactions between receptor subunits is unknown and
therefore the consequence of this mutation for these interactions cannot be postulated.
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The negative results of the immunofluorescent staining studies of patients 9 and 13
suggest that the loss of

function may be due to a loss of

cell surface expression.

However, it is also possible that either or both of these mutations disrupt the TUGh4
epitope and loss of function is due to an impairment of ligand binding or receptor
subunit interactions. Studies using antibodies with alternative epitopes are required to
distinguish between these possibilities.

The Leu to Ser substitution found in patient 10 affects a residue which lies on the loop
between the p-sheet strands C and C of the FNIII domain. Therefore of the three
extracellular missense mutations this is the least likely to destabilise the p-sheet based
tertiary structure of the y^ protein and interferes with surface expression. Unfortunately
it was not possible to determine the effects on surface expression of this mutation as no
material suitable for investigation was available.

Discussion of the possible functional consequences of the missense mutation found in
patient 10, assuming it is expressed, requires further consideration of the structure of y^
and the complex it forms with the cytokines for which it is a receptor component. The
computer modelling studies of Bamborough et al. (1994) examined the interactions
between IL-2 and IL-4 and their respective receptors and highlighted the regions of y^
that are important for the ligand-receptor interaction. Figure 7.3 (taken from
Bamborough et a/. (1994)) shows the models for each of these interactions and
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Figure 7.3: Interactions of human

with IL 2 and IL-4 as determined by computer modelling (adapted from Bamborough e t al., 1994)
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The regions around the interfaces of IL-2 and IL-4 with y^ are shown. The cytokine is displayed in yellow and y^ in pink. The stippled surfaces
represent the buried surface area on the cytokine. On the left is shown the interaction between helix D of IL-2 and involving IL-2 Glnl26. On
the right is shown the interaction between helix D of IL-4 and y^ involving IL-4 Tyrl24. Since Bamborough et al. have used a different
numbering system for the y^ protein sequence, E128 is equivalent to Glul84.

indicates that Gln^g^ (labelled E128 in Figure 7.3 as the authors use a different
numbering system) of the human

chain plays an integral part in the interaction with

both IL-2 and IL-4. Interestingly the position affected by the mutation in patient 10 is
Leuig3, that is the residue immediately amino terminal of Glu^g^. Clearly the change
from an aliphatic to a polar (Ser) residue at this site may have a significant effect on
the interactions of the adjacent residue with its counterparts within the cytokines.
Moreover the importance of the cytokine residues thought to interact with Glu^g^ of the
7cchain for the activation of their receptors, that is Gin^26 and Tyri24 of IL-2 and IL-4

respectively, has been indicated by studies of mutant forms of these cytokines. It has
been found that murine IL-2 proteins with substitutions at Gln^^i (equivalent to human
Glni26) have modest defects in IL-2R binding and were potent antagonists of native
IL-2 action (Zurawski and Zurawski, 1992). Likewise human IL-4 with a substitution
of Asp for Tyr at position 124 is a partial antagonist of native IL-4 action (Kruse et al,
1991; Kruse et al, 1992; Aversa et al, 1993). These IL-2 or IL-4 mutants are thought
to bind to IL-2RaP or IL-4Ra respectively but are unable to bind to y^ and therefore
cannot activate the receptor complexes (Zurawski et al, 1990; Zurawski and Zurawski,
1992; Duschl, 1995). Thus these mutant cytokines can competitively inhibit the action
of native IL-2 and IL-4 by occupying the cytokine binding site without activating the
receptor. Further evidence for the importance of the residues of the C-C' loop of the
FNIII domain in cytokine binding comes from mutational studies of the IL-2Rp and
the common p chain of the GM-CSF, IL-3 and IL-5 receptors which showed that this
region was important for high affinity cytokine binding (Imler et al, 1992; Woodcock
et al, 1994). Thus the amino acid substitution mutation found in patient 10 may
disrupt the cytokine/y^ binding and consequently, although the cytokine can still bind
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to other components of the receptor complex, in the absence of

binding no signal is

transduced.

7.3 The role of

in the IL-7R

The IL-2Ry chain became known as the common y chain, y^, because of its functional
participation in the receptors for IL-2, IL-4, IL-7, IL-9 and IL-15. Thus the failure of T
cell and NK cell development in XSCID patients may result from the loss of response
to a single critical cytokine or a combination of cytokines. The results of a number of
studies have suggested that IL-7 may fill the role of the single critical cytokine
(discussed in detail in Section 1.6.7). Consequently the structure of the IL-7R and the
role of jc in its function is important when considering the possible causes of the
XSCID phenotype. Prior to the discovery that y^ was part of the IL-7R only one
subunit of this receptor had been cloned (Goodwin et al., 1990). This protein, now
referred to as the IL-7Ra chain, is 90kD and a member of the cytokine receptor
superfamily. Although further IL-7R components have yet to be cloned there is
evidence that additional chains may be involved and that more than one IL-7R exists.

Early investigation of the murine IL-7R by kinetic and equilibrium binding studies
suggested the existence of two receptors with different binding affinities (Park et al.,
1990). In addition. Page et al. (1993) have identified a novel high affinity IL-7 binding
protein of approximately 76kD which is expressed by activated T cells (Page et al,
1993). Moreover, the authors showed that this p76 could not be the product of
differential glycosylation or alternative splicing of the conventional IL-7Ra (Page et
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al, 1993). Transfection studies of COS-7 cells were also used to elucidate the structure
of the 1L-7R. COS-7 cells, which do not express

(Kondo et al, 1994b), were

transfected with IL-7Ra or lL-7Ra and y^ and the binding of [^^^I]-IL-7 determined.
Interestingly, two IL-7 binding species were identified when IL-7Ra was transfected
in to the COS-7 cells alone indicating the presence of an endogenous chain with lL-7
binding activity which may account for the intrinsic IL-7 binding site detected on
COS-7 cells (Goodwin et al, 1990). Moreover, when IL-7Ra and y^ were both
transfected in to COS-7 cells a third high affinity IL-7 binding species, similar in
affinity to that found on normal PBMCs, was identified (Noguchi et al, 1993b). These
results suggest the existence of three classes of IL-7R with low, intermediate and high
affinity. Other evidence which favours such a model of the IL-7R comes from binding
studies of the murine IL-7R on the IL-7 dependent cell line IxN/2b. (Kondo et a l ,
1994b). These studies found that the presence of the anti-y^. antibody, TUGm2, reduced
the affinity of the high affinity site without significantly affecting the number of sites,
and the low affinity site was unaffected. In contrast when A7R34, a blocking antibody
against IL-7Ra, was used only low affinity receptors were detected. Finally, the
human pre-myeloleukaemia line THP-1, like COS-7 cells, expresses an intrinsic low
affinity lL-7 binding species (Armitage et al, 1992) but does not express y^(Takeshita
et al, 1992a), IL-7Ra or p76 (Page et al, 1993). This would seem to confirm the
existence of an as yet unidentified IL-7 binding chain which may combine with one or
more of the known chains to form receptors of various affinities.

The question is, therefore, how can the results presented in Chapter 6, which suggest
that in human monocytes at least the IL-7R can function in the absence of normal y^.
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be reconciled with what is known about the IL-7R. Moreover, other studies have made
observations which would seem to directly contradict the results obtained during this
study. Firstly, Kawahara et al. (1994) transfected components of the human IL-7R into
an IL-3 dependent mouse haematopoietic cell line BAF-B03 and reported that a
functional IL-7R could only be reconstituted if both the IL-7Ra chain and a functional
Yc chain were present (Kawahara et al, 1994). Secondly, several studies have shown
that antibodies which can block the function of murine

to some extent inhibit the

proliferative response of murine spleen cells and CT6 cells, or the differentiation
response of pro-T cells and bone marrow cells to IL-7 (Noguchi et al., 1993b; Hozumi
et al, 1994; He et al, 1995a and b). One model that can explain some of these
observations is represented in Figure 7.4a. It is proposed that there are at least two IL-7
receptors one of which requires IL-7Ra and y^ and the other requires IL-7Ra and the
unidentified IL-7 binding chain present on COS-7 and THP-1 cells. Such a model is
not without precedent as the current model for the IL-4/IL-13 receptors involves two
receptors both of which use the IL-4Ra or pi 40 chain whilst one requires

and the

other requires an IL-13 binding protein, which remains to be identified (see Figure
7.4b). The IL-4Ra/yc complex forms the high affinity IL-4R and the IL-4Ra/IL-13
binding protein complex forms the IL-13R and is likely to form the low affinity IL-4R
(Lin et al, 1995; Callard et al, 1996). The comparison with the
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Figure 7.4: Models of the structures of the IL-7 and TSLP Receptors and the IL-4 and IL-13 receptors
(A) IL-7 and TSLP receptors

(B) IL-4 and IL-13 receptors
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IL-4/IL-13 system seems more probable when the discovery of the new cytokine
thymic stromal lymphopoietin (TSLP) is considered (Friend et al, 1994; Peschon et
al, 1994). TSLP is a recently described murine cytokine with functional similarities to
IL-7 which binds to the IL-7Ra chain (Friend et al, 1994; Peschon et al, 1994), and
therefore seems to have a similar relationship to IL-7 as that between IL-4 and IL-13.
Thus, the IL-7Ra/yc complex may form the high affinity receptor whilst the IL7Ra/unidentified protein complex forms the intermediate affinity receptor and the
unidentified chain alone is the low affinity IL-7 binding species. TSLP may bind to
one or more of these species. How the p76 protein described by Page et al (1993) fits
in to such a model is not clear, but it is possible that in particular cell types or under
certain activation conditions the IL-7R may be trimeric or that p76 might replace IL7Ra in the dimeric receptors.

The model proposed could explain the results of the various binding studies described
above, and the transfection studies of Kawahara et al (1994). However, the blocking
of IL-7R function by anti-y^ antibodies in various murine systems is more difficult to
explain. It is possible that these observations result from differential expression of the
unidentified IL-7R chain in the various cell types examined. Moreover, in the studies
of spleen cells and pro-T cells anti-y^ antibodies caused partial inhibition of IL-7
responses, whilst use of anti-y^. and anti IL-7Ra antibodies caused complete inhibition
(Hozumi et al, 1994; Kondo et al, 1994b). The difference in the effect of these
antibodies suggest that blocking of the IL-7Ra/yc complex causes a reduction in the
IL-7 response but that another complex may exist which involves IL-7Ra such that
when this is also blocked there is almost no response.
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In conclusion, whilst it is clear that IL-7Ra cannot respond to IL-7 alone the results of
this study suggest that, in human monocytes at least, the additional component(s) do
not have to include

This interpretation may also explain the fact that although lL-7

is thought to be very important in B cell development (Saeland et al, 1991 ; Saeland et
al, 1992; Peschon et al, 1994; von Freeden Jeffry et al, 1995), XSCID patients have
normal or elevated numbers of B cells.

7.4 XSCID and T cell development

An understanding of how mutations of the y^. gene have such a profound effect on the
development of T cells is a fundamental part of understanding XSCID. Considering
the number of cytokine receptors that include y^, and the importance of some of their
ligands in T cell development (discussed in Section 1.6.7), it should, perhaps, not be
surprising that XSCID patients have very few or no mature T cells. There remains the
question, however, of whether it is the combined effect of loss of function of several
cytokine receptors or one single critical receptor that is so devastating. There is
evidence which suggests that a single cytokine might be responsible, with IL -7 as the
best candidate (discussed in detail in Section 1.6.7). In particular, the observation that
the lL-7Ra chain and the lL-7 knockout mice have defective lymphoid development
(Peschon et al, 1994; von Freeden Jeffry et al, 1995) unlike those for lL-2, lL-4, lL-2
and lL-4, and IL-13 (reviewed in Zlotnik and Moore, 1995 see Table 7.1) is very
suggestive that lL-7 is not redundant. However, it is important to note that disruption
of the lL-7Ra chain does not affect the response to lL-7 in isolation since it is
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Table 7.1: Cytokine and cytokine receptor knockout mouse models
Knockout

Phenotype

References

Mouse Model
IL-2

IL-4

IL-2 and IL-4
IL-7
w
LA
IL-2RP

No defects of lymphocyte development. Premature lethality; normal T-cell subset composition, but

Schorle et al, 1991;

dysregulated immune system; inflammatory bowel disease.

Kundig et al, 1993

No defects of lymphocyte development. CD4^ (Th2)-produced cytokines reduced; serum IgGl and

Kuhn et al, 1991;

IgE reduced.

Kopf et al, 1993

No defects of lymphocyte development. Paradoxical increase in T-cell proliferation.

Sadlack et a l , 1994

Lymphopenia; thymic cellularity reduced 20-fold, CD4/CD8 subsets normal. B cell development

von Freeden Jeffry et

blocked at the transition from the pro-B to the pre-B cell stage

al, 1995

No defects of lymphocyte development. Deregulated T cell activation leading to exhaustive

Suzuki et al., 1995

differentiation of B cells and high serum levels of IgGl and IgE; autoimmunity.
IL-7Ra

Early lymphocyte expansion severely impaired. Thymic cellularity reduced 90-99%, T cell

Peschon et a l , 1994

differentiation blocked at CD4*° stage in mice « 1 % normal control celluarity, normal CD4/CD8
subsets in mice with >1% normal control cellularity. B cell development affected at pro-B cell stage
Yc

Lymphopenia; absence of NK cells, severely reduced numbers of intestinal intraepithélial

Cao et al, 1995;

lymphocytes. Markedly reduced thymic size and cellularity but normal patterns of expression of

DiSanto et al, 1995

CD4, CD8, TCR-ap and CD3

now implicated in the TSLP receptor (Friend et al, 1994; Peschon et al, 1994). In
addition, as discussed in the previous Section, the results described in Chapter 6, and
the observations of a number of studies suggest that there is more than one IL-7R.
Consequently, were IL-7 a non-redundant cytokine for human lymphoid development,
the loss of function of

would not necessarily completely inhibit IL-7R function.

Furthermore, whilst the various mouse models have been informative about the role of
various cytokines in murine lymphoid development, there is still no mouse model the
phenotype of which exactly matches that of XSCID patients (see Table 7.1). Even the
mouse models where the y^. gene has been disrupted have a phenotype which is
different from that of XSCID patients, having some mature T cells and reduced levels
of mature B cells (Cao et al, 1995; DiSanto et al, 1995), suggesting that there are
important differences between mouse and human lymphoid development with respect
to the role of y^. There is also the possibility that another cytokine which uses y^ in its
receptor may alone be critical for human T cell development. For example IL-9 which
is known to be involved in some stages of murine T cell development (see Table 1.2
and reviewed in Zlotnik and Moore, 1995) could be a candidate but as yet there is no
evidence to support or refute such a hypothesis.

There are a number of facts which seem to argue in favour of the idea that T cell
development fails in XSCID because of a loss of function of a combination of cytokine
receptors. Firstly, many cytokines exhibit redundancy, that is where two or more
cytokines elicit the same response from a particular cell type. This is particularly the
case when cytokines share receptor components (reviewed in Leonard, 1994) and
Taniguchi, 1995) and is not unexpected as they therefore share common signalling
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pathways, such as the JAK/STAT signalling pathways (Lin et al, 1995; Stahl et al,
1995; Taniguchi, 1995). Moreover, some cytokines have a related or partner cytokine
which has structural and functional similarities and may share receptor components,
for example IL-4 and IL-13, IL-2 and IL-15 (Grabstein et al, 1994; Zurawski and de
Vries, 1994; Callard et al, 1996). Thus, if the function of one cytokine were blocked it
might be expected that the action of other cytokines, binding to similar receptors,
could represent an alternative pathway. Secondly, throughout murine thymocyte
development cytokines are found to act in combinations (see Table 1.2 and reviewed
in Zlotnik and Moore, 1995) such that loss of function of a receptor component
common to the factors involved might have a more severe impact than the absence of
any individual cytokine. Finally, many stages of thymocyte development involve the
expansion of a small population of a particular phenotype and the proliferation of such
thymocyte subsets is often stimulated by cytokines which use Ycin their receptors (see
Table 1.2 and reviewed in Zlotnik and Moore, 1995). Thus it is possible that the
absence of mature T cells results from the cumulative effect of sub-optimal cytokine
stimulation at each of these expansion steps.

In conclusion, inhibition of IL-7 responses may have the greatest impact on T cell
development in XSCID. This is suggested by the observation that XSCID thymocytes
appear to arrest during TCR-p rearrangement (Sleasman et al, 1994) and IL-7 is
thought to be important at this stage of murine T cell development (Muegge et a l ,
1993). However, the additional impairment of the responses to other cytokines using
during earlier and subsequent expansion steps may be responsible for the almost
complete failure to produce mature T cells and NK cells.
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7.5 XSCID and B cell development

Discussion of B cell development in XSCID patients and their carrier mothers presents
a paradox. On the one hand XSCID patients have normal or elevated numbers of B
cells whilst many carrier women have unilateral X-inactivation in their B cells (Conley
et a l, 1988; Goodship et al, 1991) suggesting that mutations of the

gene impair B

cell development. One explanation of these apparently contradictory observations is
that those B cells with the mutant X chromosome active have a selective disadvantage
with respect to those B cells with the normal X chromosome active but the defect is not
sufficient to prevent the B cells from completing development altogether. For example,
if a cytokine which uses y^. in its receptor were required as a cofactor for an expansion
step during B cell development, it would follow that those B cells expressing the
normal y^. might proliferate more than those expressing the mutant form. Thus, in the
affected individuals, where the B cells have only the mutant allele for y^, B cell
development would proceed to produce mature B cells, but this process may not be as
efficient as in a normal individual. In the carrier women developing B cells lacking
functional y^ must compete with B cells expressing the normal protein and consequently
they may become significantly under represented at the mature B cell stage.

An alternative explanation is that B cell development, up to the point of release from the
bone marrow, is unimpaired by mutations in the y^ gene, but that subsequent maturation
and concomitant expansion in response to antigen is blocked. Thus, in female carriers B
cells with the normal X chromosome active would expand and differentiate in response
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to antigen, unlike with the mutant X chromosome active. In the affected individuals the
situation is quite different because naive B cells released in to the peripheral blood
cannot further differentiate because of the absence of T cell help.

The second suggestion is supported by reports in the literature. In a study of B cell Xactivation in carriers of XSCID, Conley et al (1988) produced a series of somatic cell
hybrid lines that selectively retained the human active X chromosome from EBV
transformed B cells from several carrier women (Conley et al, 1988). The authors found
that a small number of the B cell hybrids had retained the mutant X chromosome.
Therefore, to determine if these hybrids were derived from a less mature subset of B
cells, cells were separated in to surface IgM^ and surface IgM' cells prior to EBV
transformation and hybrid production. It was found that the less mature IgM^ B cells
showed normal random X-inactivation in contrast to the significantly unilateral Xinactivation of the more differentiated IgM’ B cells (Conley et al, 1988). The activity of
XSCID peripheral blood B cells in response to various cytokines has been investigated
and it was found that they were unable to proliferate in response to IL-2 or IL-15
(Matthews et a l, 1995). This suggests that during maturation steps dependent on these
cytokines, B cells with an active mutant X chromosome would have a selective
disadvantage. Such a maturation step is the terminal differentiation of B cells in to
memory or plasma cells in which IL-2 has been implicated (Arpin et al, 1995). In
addition, Minegishi et al (1994) examined the generation of antibody diversity in
peripheral blood B cells from XSCID patients and found that all known primary
mechanisms such as the addition of N regions and the use of diverse D and

elements

were active, whilst there was almost no somatic mutation which requires T cell help
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(Minegishi et al, 1994). Thus, it would seem likely that the unilateral X-inactivation
found in the B cells of many carriers of XSCID results from a differential ability of B
cells with the mutant or normal X chromosome active to mature.

A further inconsistency of B cell development in the absence of a functional

chain is

the observation that targeted disruption of the y^ gene in mice causes a marked reduction
in the number of mature B cells (Cao et al, 1995; DiSanto et al, 1995), in complete
contrast to the phenotype of XSCID patients. In view of the number of cytokine
receptors that use y^. and the fact that some of these ar e thought to be important for B cell
development, for example IL-4 and IL-7 (Saeland et al, 1991; Saeland et al, 1992;
Banchereau, 1994; Peschon et al, 1994; Ryan et al, 1994; von Freeden Jeffry et al,
1995), it is perhaps more surprising that B cells develop in normal or elevated numbers
in XSCID patients than that they do not in the knockout mouse. This difference may
result from the redundant activity of a cytokine that does not use y^ in its receptor
providing an alternative source of stimulation during B cell development in humans but
not in the mouse. A potential candidate for such a cytokine is IL-13, since the IL-13R
does not require y^, (He and Malek, 1995; Lin et al, 1995; Matthews et al, 1995; Ohiri et
al, 1995; Zurawski et al, 1995) and mouse B cells do not respond to it (Zurawski and de
Vries, 1994). However, the role, if any, of IL-13 in human B cell development remains
unknown.

During this study a patient with an atypical phenotype was investigated (patient 14) who
had no B or T cells in whom a mutation in the y^ gene was identified. In view of the fact
that the evidence described here seems to suggest that mutations in the y^ gene affect B
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cell maturation but not development this observation is difficult to explain. One
suggestion would be that the particular mutation that this boy has impairs B cell
development as well as T cell development. However, this cannot be the case as another
patient with an identical mutation has a classical T'/B^ phenotype (patient 3). Thus the
difference between these two patients must be one of genetic background or
environmental factors. The B cell X-inactivation pattern of patient 14's mother was
studied to try to differentiate between these possibilities but as the pattern was unilateral
no conclusions could be drawn. Therefore it remains unclear why patient 14 has no B
cells but further investigation of other male SCID patients with a TVB phenotype for
mutations in the

gene may reveal other such cases and further investigation of them

may reveal a common environmental or genetic factor. The existence of a case such as
patient 14 highlights the fact that although the

may be more important for B cell

maturation than B cell development it must still have a role in B cell development which
under particular, as yet unknown, genetic or environmental conditions becomes critical.

7.6 Improvement of the service offered to XSCID patients and their families

Prior to this study the diagnosis of XSCID in patients admitted to Great Ormond Street
Hospital, London, was made on the basis of a combination of some or all of the
following factors: immunological phenotype, sex, family history, genetic linkage
analysis and maternal T cell X-inactivation status. Now by use of the mutational
analysis described in chapter 4, 80% of cases identified by one or more of the factors
described above can be unambiguously diagnosed by the identification of a causative
mutation in the y^ gene. Currently the method described in this study is under further
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development in the Clinical Genetics Laboratory of Great Ormond Street Hospital,
London, to increase the detection rate by use of a range of amplification and
electrophoretic conditions (see Section 4.4.1.2) and in order for it to be included as a
routine assay. In addition, as described in Section 4.3.3 knowledge of the precise
nature of the lesion has allowed the development of unambiguous carrier status assays
for women in several XSCID families. There have also been three pregnancies in
XSCID carrier women for which it has been possible to offer a prenatal diagnostic test
based upon the information generated by mutational analysis (see Section 4.3.3). In
two cases the foetus was found to be female and therefore no further test was required
but in the third an assay using the ARC technique identified an affected male
(described in Section 4.3.3.2). Prenatal diagnostic tests of this kind have the advantage
that even in the event of germline mosaicism, a case of which is reported by Puck et
fl/.(1995), the result obtained for the foetus is unambiguous.

Finally, the use of

specific immunofluorescent staining as described in Chapter 5

may be of value as a tool in the diagnosis of XSCID in the future. However, as
described in Section 5.3.3 the protocol using TUGh4 would require some development
to improve the signal amplitude, or possibly an alternative antibody would be required.
In addition a panel of normal age matched controls would have to be investigated to
ensure that

expression is not affected by the age of the subject. If these difficulties

can be overcome such a method may be very useful since it involves only standard
immunological techniques and therefore it is possible that for cases of SCID such an
analysis might be included in the routine analysis of lymphocyte subsets, especially if
a directly conjugated antibody were developed.
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7.7 Future work

There are several aspects of

structure and function which could be further

investigated both under normal conditions and in the disease state. For example the
immunofluorescent staining studies described in Chapter 5 would be more informative
if repeated with an antibody known to have a different epitope to TUGh4 or if cells
were also stained intracellularly or subject to western blot analysis. In addition, the
results described in Chapter 6, that XSCID monocytes can respond to IL-7, need to be
substantiated in order to resolve the role of

in the IL-7R. As discussed in detail in

Section 6.4.4 this may be achieved by improvement of the assay used during this study
and/or development of an alternative approach. Moreover, the role of y^ in additional
cytokine receptors such as the IL-9R and the TSLP receptor remains to be elucidated.
However, like IL-7, development of suitable assays for IL-9R function may present
difficulties as T cells, the primary target cells of this cytokine (Uyttenhove et al., 1988;
Houssiau et al, 1993), are absent in XSCID patients. There is also the possibility that
y^ may have a role in the receptors of as yet undiscovered cytokines which would
require characterisation.

The intracellular signalling pathways associated with y^ and its partner components of
various cytokine receptors has been the subject of several reports and is discussed in
more detail in Section 1.5. However, as yet, little is known of the effects of loss of
function of y^ on these signalling pathways. Examination of the impact of the absence
of yc on each of the signalling mechanisms involved may indicate which pathways are
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dependent on y^. For example, it may be possible to determine whether there is any
difference in the impact on the JAK/STAT pathways as opposed to the src related
tyrosine kinase pathways. Moreover, as

is a common component of several receptors

such an analysis may indicate which signalling pathways are involved in the responses
common to several cytokines, such as proliferation, and which are involved in
responses unique to a particular cytokine or subset of cytokines.

Finally, a better understanding of how y^. interacts with other cytokine receptor
components and proteins involved in downstream signalling events may identify
additional candidate genes for cases of SCID with the T'/B^ phenotype which are not
X-linked. Such an approach was successful in identifying mutations in the JAK3 gene
as causative in 3 cases of autosomal recessive SCID with the T7B^ phenotype (Macchi
et al, 1995; Russell et al, 1995).

7.8 The future for treatment of XSCID patients

Currently the only cure available for XSCID is bone marrow transplantation. Where
possible a HLA matched transplant is sought from an unaffected sibling and such
transplants now have a success rate of over 90%. However, for only 30% of cases does
such a donor exist, and for haploidentical parental grafts the success rate falls to 50 %
(Fischer et a l, 1990). Under such circumstances immunosuppression or T cell
depletion of the donor cells is required to achieve engraftment and prevent graft versus
host disease. Clearly such complications could be avoided if XSCID patients ould be
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given a transplant of their own bone marrow which had been modified by gene therapy
such that all haemopoietic lineages expressed functional y^..

SCID diseases have become a model system for the development of gene therapy
protocols because although rare they are caused by single gene defects and the
causative gene is now known for many of them. In addition the affected cells are of
haemopoietic lineages which can be isolated from peripheral blood. The first approved
clinical trial of gene therapy involved the ex vivo transduction of T cells from AD ASCID patients with a retroviral vector expressing ADA and is reported to have been
partially successful (Blaese et al., 1995). However, the optimal target for transduction
by gene therapy of haemopoietic lineages are the self renewing pluripotent
haemopoietic stem cells (PHSCs). If these PHSCs can be transduced it is suggested
that a permanent cure could be achieved. Moreover, in the case of diseases such as
SCID where affected cells fail to develop or have a survival defect the progeny of
transduced PHSCs would presumably have a selective advantage over the progeny of
untransduced PHSCs and therefore rapidly outnumber the affected cells. Thus only a
small proportion of PHSCs would have to be transduced to achieve a cure. In murine
and Rhesus monkey experimental models it has been possible to transduce PHSCs
with ADA (van Beusechem et al., 1990; van Beusechem et a l, 1992). Furthermore,
recent reports of the results of simultaneous transduction of peripheral blood
lymphocytes and bone marrow cells (Bordignon et a l, 1995) or CD34^ umbilical cord
blood cells (Kohn et al., 1995) with retroviral vectors carrying ADA have been
encouraging.
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XSCID is a good candidate disorder for gene therapy for a number of reasons. Firstly,
it is uniformly fatal by the age of two years unless treated by bone marrow transplant,
the success of which is variable. Secondly, there is thus far no reason to suspect that
has any oncogenic potential. Thirdly, the target somatic cell population, that is the
bone marrow, is reasonably accessible. Lastly, because the y^ is a component of a
system already well investigated, and one which continues to be the subject of intense
research, its normal function is already relatively well understood.

Gene therapy is a realistic long term prospect for the treatment XSCID, however, there
are some potential obstacles. For example, where the mutation of the y^. gene does not
interfere with cell surface expression there may be a problem of the endogenous
mutant

having a dominant negative effect. However, one of the main challenges for

the future will be the development of culture systems and vectors which permit the
maintenance and transduction of stem cells without inducing differentiation such that
genuine PHSCs can be transduced and returned to the patient. In addition, vector
design must include control elements to ensure that the y^, gene is expressed in the
correct tissues at the appropriate stages of development and that expression is at a level
sufficient to reconstitute normal cell function. This is an ongoing area of investigation
in this laboratory.

The work presented in this study illustrates how once the gene responsible for an
inherited disorder is cloned there are immediate benefits for current patients and their
families and ultimately there is the prospect of curative gene therapy.
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Appendix I: Clinical phenotypes of patients studied (where data available)
Patient
1

Age On Admission
(Months)
4

2

9

4

< 1

5

6

K)
-0

7A

< 1

9

8

1 0

5

Lymphocyte Subsets
T cells : 0.5%
B cells : 97%
NK cells : <0.5%
Monocytes : 7%
Lymphocyte Count
T cells ; 1%
B cells : 93%
NK cells : 3%
Monocytes : 4%
Lymphocyte Count
T cells : Negative
B cells : 18%
Monocytes ; 5%
Lymphocyte Count
T cells : 0%
B cells : 96%
NK cells : 1%
Lymphocyte Count
T cells : 1%
B cells : 50%
T cells : Negative
B cells ; 82%
T cells : 4%
B cells : 76%
NK cells : 13%
Monocytes ; 10%
Lymphocyte Count

Comments
Died 12 months post-BMT

: 1.25xl0^/ml
Alive and well 18 months post-BMT

: 0.92xl0^/ml
Alive and well several years post-BMT

: 0.7x10^/ml
Alive and well 2 years post BMT

: 1.9xloVml
Alive with good partial reconstitution o f immune function several years
post-BMT
Died following three unsuccessful BMTs
Died due to GVHD caused by an unirradiated blood transfusion

: 1.83xlO^/ml

Patient
1 1

Age On Admission
(Months)
7

14

5

15

5

16

8

17

6

18

6

19

8

K)

\o

oo

Lymphocyte Subsets
T cells : 1%
B cells : 97%
Lymphocyte Count
T cells : 13%
B cells : 1%
Lymphocyte Count
T cells : <0.5%
B cells : <0.5%
NK cells : <0.5%
Lymphocyte Count
T cells : 3%
B cells : 91%
NK cells : 2%
Monocytes : 8 %
Lymphocyte Count
T cells ; 3%
B cells : 96%
T cells ; 0%
B cells : 98%
NK cells : 2%
Lymphocyte Count
T cells : 13%
B cells : 61%
NK cells : 14%
Monocytes ; 14%
Lymphocyte Count

Comments
Alive and well 2 months post-BMT

: 4.5x10^/ml
Died

6

months post-BMT

: 0.2xl0Vml
Died 2 weeks after admission due to GVHD caused by an unirradiated
blood transfusion
: 0.48x10^/ml
Stayed well for 6 months on weekly infusions o f immunoglobulins preBMT
Multilocular cystic nephroma removed prior to BMT
Alive and well 3 months post-BMT
: 3.51xlO^/ml
Died 2 weeks after admission due to GVHD caused by an unirradiated
blood transfusion
Died 1 month after an unsuccessful BMT

; l.OxloVml
Alive and well 3 months post-BMT

: 1.39xl0^/ml

Patient
23

A ge On Admission
(Months)
4

24A

< 1

24B

< 1

25
to
\o

26

5

28

8

30

2

BMT : Bone marrow transplant
GVDH : Graft versus host disease

Lymphocyte Subsets
T cells : 48%
B cells : 45%
NK cells : 1%
Monocytes : 22%
Lymphocyte Count
T cells : 0%
B cells : 54%
Lymphocyte Count
T cells : 5%
B cells ; 3%
monocytes : 9%
Lymphocyte Count
T cells : Negative
B cells : 85%
NK cells : 3%
Monocytes : 5%
T cells : <1%
B cells : 22%
T cells : 4%
B cells : 85%
Monocytes : 35%
T cells : 42%
B cells : 65%
Monocytes : 3%
Lymphocyte Count

Comments
Died shortly after a second unsuccessful BMT

: 5.64xl0Vml
Deceased
: l.lx lo V m l
Deceased

; 1.08x10^/ml
Deceased

Alive with good partial reconstitution o f immune function several years
post-BMT
Died following unsuccessful BMT

Alive several years post-BMT but suffers from chronic GVHD

: 0.65x1 oVml

Appendix II: Pedigrees for the families studied

Family 1

Family 2

u

T ®

m

Patient 1

Patient 2

Family 3

Patient 3

Family 4

Family 5

Patient 4
Patient 5
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Family 6

Patient 6

Family 7

G

Éù ÉèjÉè

G>

Patient 7A
*
Patient 7B
* Samples from both of these affected individuals used in this study

301

Family 8

ÜQlMD
Patient 8

Family 9

Family 10

U

ùWW^
Patient 9

Family 11

Patient 10

Family 12

Patient 11

* Indicates obligate carrier subject to mutational analysis

302

Family 13

Family 15

Family 14

O

-r ®

(èh -Q (r) ®
m

Patient 13

m

Patient 15

Patient 14

Family 16

m
Patient 16

Family 17

Family 18

Family 19

R

Patient 17

O

Patient 18

303

Patient 19

Family 20

Family 21

* Each of these pregnancies had different paternity

Family 22

tO
■

304

■

Family 23

It ®
m

Patient 23

Family 24

O
T®

0

T®

*

à

•k
Patient 24A

*
Patient 24B

* Samples from both of these affected
individuals used in this study

Family 25

Patient 25

305

Family 26

Patient 26
* These individuals died in infancy, cause undefined

Family 27

Family 28

<S)

<5)

0

0

Patient 28

Patient 21

hK)
i

Family 29

Family 30

i

Patient 30

Patient 29

R: indicates random T cell X-inactivation (non-carrier)
U: indicates unilateral T cell X-inactivation (carrier)
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Appendix III: Fragment sizes of Ikb ladder standard (Life Technologies)

12216bp
11198bp
lOlSObp
9162bp
8144bp
7126bp
6108bp
5090bp
4072bp
3054bp
2036bp
1636bp
1018bp
506, 517bp
396bp
344bp
298bp
220bp
201 bp
154bp
134bp
75bp
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Appendix IV: Published mutations of the
Reference

Exen

gene

cDNA Pesitien

Genemic Pesitien

115

115

DNA Sequence Change

Pretein Sequence Change

Cemments

Affected
Disante et a l , 1994b

1

G ^ A er insertien e f

Asp 3 9 ^ A sn er aberrant

Atypical/mild XSCID

27bp e f intrenic sequence

message and premature step

Majer message aberrant
Substituted pretein functienal

I s h n e t a l , 1994

Puck

U
)
o

a/., 1993b

2

2

186

Exen 2 deleted ffem

Frameshift at Asp^g and

N e IL-2 binding

cDNA

premature step

N e staining with TUGh4

564

T->A

Cys6 2 ^ Step

Markiewicz er a/., 1994

2

2 0 2

580

G ^A

Glugg^Lys

Markiewicz er a/., 1994

2

241

619

C^T

G lug,^ Step

841

A^G

Splice accepter site created

Tassara et a/., 1995

Intren 2

Puck era/., 1993 b

3

341

927

G ^A

GlyiM—^Asp

Disante et a l , 1994a

3

344

930

G ^A

C ysiis^Phe

Neguchi e /a /., 1993c

3

355

941

A^T

LySii9^Step

Markiewicz er a/., 1994

3

430

1016

C^T

Ghii4 4 -> Step

1041

G ^A

Message unstable

IL-2 binding affected

Puck era/., 1993b

Intren 3

Puck era/., 1993b

4

458

1252

T->A

Ile,5 3 ^ A sn

Ishii era/., 1994

4

467

1261

C^T

Alaj 5 5 —>Val

N e IL-2 binding

Disante et a l , 1994a;

5

676

2233

C^T

Arg226^Cys

IL-2 binding affected

Pepper era/., 1995

Splice dener site disrupted

Reference

Exen

cDNA Pesitien

Genemic Pesitien

696 er 697

2253 er 2254

DNA Sequence Change

Cemments

Pretein Sequence Change

Affected
Markiewicz

ût/., 1994

Puck et a/., 1995

5

5

Between 702

Between 2259

and 703

and 2260

Deletien e f lbp:A and

Frameshift at Serjss and

exen

premature step in exen

6

skipped in seme

6

er 7 if

trancripts

exen

Duplicatien and insertien

Duplicatien and insertien e f 3

Asseciated with female germline

e f 9bp: CAGCATTGG

amine acids : Gin His Trp

mesaicism

6

skipped

between Ala 2 3 4 and Ghijss

U)

g

Disante et a l , 1994a

5

720

2277

G->C

Trp240“^Cys

IL-2 binding affected

Disante et a l , 1994a

5

722

2279

G-^T

Ser24i-^Ile

IL-2 binding affected

Disante et a l , 1994a

6

812-815 er

2901-2904 er

816-819

2905-2908

7

865

3206

C^T

Arg289^Step

7

878

3219

T^A

Leu293^GLn

Neguchi et a l , 1993c

7

923

3264

C^A

Ser308-^Step

Ishii et a l , 1994

8

Between 954

Between 3650

Deletien e f 2bp; GA frem

Frameshift at Ser3 2 o and

Nermal IL-2 binding but ne

and 960

and 3656

the sequence GAGAG

premature step

signalling

N eg u ch ieta /., 1993c ;

Deletien e f 4bp: GATT

Frameshift at Leu 2 7 2 and

IL-2 binding affected

premature step

Pepper et a/., 1995
Schmalstieg

Causes mild phenetype, XCID

et al,. 1995

PUBLICATIONS ARISING FROM THIS WORK

Clark, P.A., Lester, T., Villard, L., Fontes, M. and Kinnon, C. (1994). Deletion mapping
of the DXS986, DXS995, and DXS1002 loci defines their order within Xq21. J. Med.
Genet. 31, 344-345.
Lester, T., de Alwis, M., Clark, P.A., Jones, A.M., Katz, F., Levinsky, R.J., and Kinnon,
C. (1994). Trisomy X in a female member of a family with X linked severe combined
immunodeficiency: implications for carrier diagnosis. J. Med. Genet. 31, 717-720.
Clark, P.A., Lester, T., Genet, S., Jones, A.M., Hendricks, R., Levinsky, R.J. and Kinnon,
C. (1995). Screening for mutations causing X-linked severe combined immunodeficiency
in the IL-2Ry chain gene by single-strand conformation polymorphism analysis. Hum.
Genet. 96, 427-432.
Matthews, D.J., Clark, P.A., Herbert, J., Morgan, G., Armitage, R.J., Kinnon, C., Minty,
A., Grabstein, K.H., Caput, D., Ferrara, P., and Callard, R.E. (1995). Function of the
interleukin-2 (IL-2) receptor y chain in biologic responses of X-linked severe combined
immunodeficient B cells to IL-2, IL-4, IL-13, and IL-15. Blood 85, 38-42.

310

