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SUMMARY

Eight types of X-linked immunodeficiency diseases
have been described. In this thesis, I will focus on
four, viz X-linked agammaglobulinaemia (XLA), X-linked
severe combined immunodeficiency (X-linked SCID), Wiskott-
Aldrich syndrome (WAS) and X-linked hyperimmuno-
globulinaemia M (X-linked hyperIgM). Their clinical
features, treatment and prognosis as well as cellular and
genetic aspects are reviewed in Chapter 1; followéd by
objectives of the studies presented in this thesis, viz
localization of’the gene loci of XLA and X-linked SCID,
clinical application of the linked DNA probes in families
with XLA and identification of the B cell defects in
patients with XLA and WAS. The practical issues of
collecting patients and families for linkage analysis, as
well as their immunological profiles and pedigrees are
given in Chapter 2. = Various laboratory techniques
employed in these studies are detailed in Chapter 3.
There are five sections in Chapter 4, which is on the
genetic studies of XLA. Section one reviews the principle
of linkage analysis, genetic heterogeneity and restriction
fragment length polymorphism (RFLP). Results of the
genetic localization of XLA to Xg21.3-g22 are presented in
section two. Evidence of non-allelic genetic hetero-
geneity in XLA is presented in section three, followed by
the analysis of all the family data of XLA in the
literature in order to estimate the proportion of families

unlinked to Xg21.3-g22, which is probably 10-20%. The
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posterior probability of each family being linked to
Xg21.3-g22 is also estimated. Section four describes the
clinical application of the two linked probes, S21 and
pXGl2, in the genetic counselling of thirteen families
with XLA; as well as developing a method of risk
calculation allowing for non-allelic genetic hetero-
geneity. Seven obligate carriers under the age of 45 can
all be offered prenatal diagnosis. Of the thirty-four
females at risk of being carriers, seventeen have their
risks increased, fifteen decreased and two unchanged by
the RFLP results. Eleven of the seventeen women whose
risks were increased are under 45 years of age and seven
of them can be offered prenatal diagnosis. Successful
predictions have been made in a newborn male infant and a
male fetus at risk of being affected with ZXLA. Section
five presents the evidence that X-linked hyperIgM is not
an allelic genetic disease with XLA. Chapter 5 presents
the results of the genetic localization of X-linked SCID
to Xqll-ql3 and the clinical application of the linked
probe, c¢pX73, in carrier detection. The results of the
functional studies 6f Epstein-Barr virus (EBV) tranformed
B-cell lines from patients with XLA and WAS are presented
in Chapter 6. B cell lines from patients with WAS did not
differ from normal B cell lines in any of the functional
assays I have used. However, differences were found in B
cells from patients with XLA. EBV-transformed B cell
lines from patients with XLA did not proliferate in
response to KGl-a supernatant and they did not produce IgG

in the presence or absence of various B cell growth and
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differentiation factors. Finally, Chapter 7 summarises the
two approaches of investigations adopted in this thesis,
which are applicable in investigating any diseases of

single gene defect; future directions are also speculated.
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Chapter 1 INTRODUCTION

1.1 PRIMARY IMMUNODEFICIENCY DISEASES

Since the first recorded case of primary
agammaglobulinaemia in a boy over 35 years ago by Bruton
(1952), an ever increasing number of primary immuno-
deficiency diseases have been described, affecting nearly
all aspects of immunity (Rosen et al 1983, 1984a, 1984b).
Specific deficiencies in the B-cell (antibody) system, T-
cell (cellular immune) system, phagocytic system or
'complement system have all been described (Rosen et al
1983) and the primary immunodeficiencies can be classified
into these four types depending upon which arm of
immunity is predominantly affected (Stiehm and Fulginiti

1980).

Antibody immunodeficiencies are the most common and
comprise about 50 percent of the primary immuno-
deficiencies; cellular immunodeficiencies comprise about
40 percent and most of these patients also have associated
antibody deficiencies. Phagocytic immunodeficiencies
account for 6 pércent and complement deficiencies 4
percent of the total primary immunodeficiencies (Stiehm

and Fulginiti 1980).

1.1.1 INCIDENCE

vThe most prevalent immunodeficiency is selective IgA
deficiency, with an average frequency of 1 in 568 amdng
blood donors (Hanson et al 1983). It can occur in healthy

individuals but may also be associated with recurrent
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infections, atopy and autoimmunity. There is otherwise
very little data on the incidence of primary immuno-
deficiencies. In countries where immunodeficiency
registers were established (Sweden, Australia and Japan),
the incidences of various primary immunodeficiencies have
been estimated (Fasth 1982, Hayakawa et al 1981, Hosking
and Roberton 1983). The overall incidence of significant
symptomatic antibody deficiency was between 1 in 8,000 to
1 in 11,000 live births and that of severe combined
immunodeficiency to be 1 in 70,000 live births (Hosking
and Roberton 1983, Fasth 1982). In Sweden, the incidence
of granulocyte deficiencies was estimated to be 1 in
15,000 1live births (Fasth 1982). Apart from C9
deficiency, which is relatively common (0.1%) in Japanese
people, other complement deficiencies are extremely rare
(Rother 1986). C9 deficiency is not associated with

clinical disease.

1.1.2 AGE AND SEX

The age and sex profile of the primary
immunodeficiencies can be estimated from a survey of
hypogammaglobulinaemia in 176 patients (MRC working party
1969). Although it is a study on hypogammaglobulinaemia
only and may include some acquired immunodeficiency cases,
it still reflects the overall impression of the age and
sex pattern of primary immunodeficiencies; 17 percent of
the diagnosed cases were in infants less than 1 year old
and 41 percent were in children age 1 to 15 years old.

Therefore, children accounted for 58 percent of the cases
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and three-quarters of these were under age 5 years (MRC
working party 1969). There was a predominance of males
(83 bercent) in these children under age 15 years while in
adults over age 15, only 41 percent were male (MRC working
party 1969). This probably reflects that late-onset
common variable immunodeficiency is more prevalent in

females (Stiehm and Fulginiti 1980).

1.1.3 BASIC DEFECTS

The basic defects in most of the primary immuno-
deficiencies are not known. The few diseases whose
biochemical defects are well understood include adenosine
deaminase deficiency (Cohen et al 1978a), purine
nucleoside phosphorylase deficiency (Cohen et al 1978b),
X-linked chronic granulomatous disease (Teahan et al
1987), bare lymphocyte syndrome (de Preval et al 1985,
Lisowska-Grospierre et al 1985) and leucocyte adherance
defect (Lisowska-Grospierre et al 1986). For the majority
of the immunodeficiencies, identification of the defect is

still limited to the cell types and function involved.

‘1.1.4 GENETIC INHERITANCE

Genetic factors ai:e pre-eminént in many of the
immunodeficiencies and genetic predictions are possible in
some of the well-defined diseases (Lau and Levinsky
1988a). Several immunodeficiency diseases are inherited as
single-gene defects, either in X-linked or autosomal
inheritance (Table 1). There are others in which

inheritance pattern is not clear but familial occurence is
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Table 1

PRIMARY IMMUNODEFICIENCY DISEASES OF MENDELIAN INHERITANCE

AUTOSOMAL RECESSIVE INHERITANCE

Severe combined immunodeficiency due to:

1. Adenosine deaminase deficiency

2. Purine nucleoside phosphorylase deficiency

3. Absence of HLA class I and/or II (Bare lymphocyte syndrome)
4, Reticular dysgenesis

Leucocyte adhesion deficiency

Ataxia telangiectasia

Chronic granulomatous disease

Chediak-Higashi syndrome

Short-limbed dwarfism with severe combined immunodeficiency

X-LINKED INHERITANCE

X-linked agammaglobulinaemia

X-linked severe combined immunodeficiency

Wiskott-Aldrich syndrome

X-linked hyperimmunoglobulinaemia M

X-linked chronic granulomatous disease

X-linked lymphoproliferative disease’

X-linked properdin deficiency

X-linked agammaglobulinaemia w1th growth hormone deficiency
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evident, e.g. selective IgA deficiency (Nell et al 1972).

There are at least eight X-linked immunodeficiency
diseases described (Table 1). Six of these result from
some defects within the lymphoid system, viz X-linked
agammaglobulinaemia, X-linked severe combined immuno-
deficiency, Wiskott-Aldrich syndrome, X-linked hyper-
immunoglobulinaemia M, X-linked lymphoproliferative
disease (Purtilo et al 1977,Hamilton et al 1980) and X-
linked agammaglobulinaemia with growth hormone deficiency
(Fleischer et al 1980). The remaining tWo, viz chronic
granulomatous disease and properdin deficiency, involﬁe
the phagocytic and the complement systems respectively,
and their basic biochemical defects have been elucidated
recently (Teahan et al 1987, Dinauer et al 1987, Densen et

al 1987).

1.1.5 X CHROMOSOME AND THE LYMPHOID SYSTEM

Since at least six immunodeficiency diseases
involving the lymphoid system are X-linked and neither the
immunoglobulin genes nor the T-cell receptor genes are
themselves X-linked, it has been suggested the X-linked
disease 1loci might include regulatory genes responsible
for lymphocyte development. This hypothesis is supported
by some work on a mouse model (CBA/N mice) for X-linked
immunodeficiency (Cohen et al 1985a, 1985b). CBA/N mice
have an X-linked mutation, xid, which renders them
incapable of producing antibodies to soluble poly-
saccharide (Scher 1982). Cohen et al (1985a, 1985b)

isolated a murine X-linked cDNA clone, termed XLR (X-
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linked, lymphocyte-regulated) which is closely linked to
the =xid locus and is developmentally expressed in
lymphocytes from normal mice but not from those carrying
the xid mutation; XLR represents a family of about ten
genes. Therefore, with a developmentally-regulated
expression which is restricted to lymphocytes, the XLR
genes may well be responsible for regulating lymphocyte
development in the mouse. Recently, Siegel et al (1987)
found a single major XLR transcript, termed pMl, expressed
by both B and T lymphocytes by analysing XLR cDNA clones
generated from B-lineage tumours and from thymic tissue.
This XLR transcript codes for a protein of 24 kilodaltons
and its predicted amino acid sequence displays homology to
the nuclear envelope constituents 1lamins A and C.
However, the gene as defined by pMl is not closely linked
to #id, in contrast to other members of the XLR gene
family (Siegel et al 1987, Cohen et al 1985a). Moreover,
a cDNA clone identical to pMl was isolated from a CcDNA
library from splenic RNA from a mouse strain BXSB.xid with
the disease xid, thereby ruling out the possibility that
the xid mutation is associated with any direct change in
the sequence of this major XLR transcript, pMl (Siegel et
al 1987). In humans with Wiskott-Aldrich syndrome, there
is also a defect in producing antibodies to polysaccharide
antigens (Blaese et al 1968) as with the CBA/N mice, but
unlike the mouse disease, Wiskott-Aldrich syndrome affects
T-cell and platelet function as well (Blaese et al 1968).

Therefore, it is probable that there is also a series of
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X-linked genes in the human responsible for regulating
lymphocyte development, the abberations of which will lead
to the various X-linked immunodeficiency diseases. In
this thesis, I will focus on X-linked agammaglobulinaemia,
X-linked severe combined immunodeficiency, Wiskott-Aldrich

syndrome and X-linked hyperimmunoglobulinaemia M only.
1.2 X-LINKED AGAMMAGLOBULINAEMIA

1.2.1 DEFINITION

X-linked agammaglobulinaemia (XLA) is a syndrome in
boys with serious and recurrent bacterial infections
starting usually in the second half of first year of life,
characterised by a markedly diminished level of all serum
immunoglobulin isotypes, a lack of circulating B cells,
inability to make antibodies even after stimulation with a
potent antigen and absence of plasma cells in lymphoid
tissue (Rosen et al 1984a, 1984b). Cellular immunity is
intact and X-linked inheritance ascertained from pedigree

analysis.

1.2.2 CLINICAL FEATURES

-In 1952, Bruton described the first boy with
agammaglobulinaemia. Lederman and Winkelstein (1985) then
reviewed 96 patients with XLA. The patients usually
present with recurrent bacterial infections between three
and nine months of age as earlier onset is prevented by
maternal antibodies which only decline to insignificant
levels after first few months of life. The pyogenic

infections include mainly recurrent sinopulmonary
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infections, osteomyelitis, meningitis and sepsis; the
organisms are usually encapsulated such as haemophilus
influenzae, pneumococci and streptococci. Immunity to
viruses is in general intact with the exception of
persistent and wusually fatal echovirus infection,
especially of the central nervous system (Wilfert et al
1977, Bardelas et al 1977) and possibly to hepatitis B as
well (Good and Page 1960, Thomas et al 1974). Resistance
to fungal infection and to tuberculosis, which depends on
cellular immunity, remains intact. Other infectious
complications include diarrhoea and malabsorption
secondary to giardiasis (Ochs et al 1972) and chronic
arthritis secondary to ureaplasma urealyticum (Stuckey et
al 1978). Inadvertent administration of live oral
poliovirus vaccine has also led to paralytic poliomyelitis
(Wright et al 1977) and therefore no live vaccine should

be given to patients with XLA.

1.2.3 TREATMENT AND PROGNOSIS

The main stay of treatment is adequate immunoglobulin
replacement therapy and aggressive treatment of any
infection. This is in order to minimise end-organ damage
such as bronchiectasis and cor pulmonale, which now
accounts for the majority of morbidity and mortality
(Lederman and Winkelstein 1985). Unlike certain other
immunodeficiencies, such as Wiskott-Aldrich syndrome and
ataxia-telangiectasia, there is only a minor association
with malignancy. Only 2 cases of cancer were observed

amongst 274 patients with XLA in the immunodeficiency-
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cancer registry survey between 1975 and 1977 (Spector et

al 1978).

1.2.4 CELLULAR DEFECTS

The primary_defect in XLA is a lack of B lymphocytes
in the circulation and lymphoid tissue (Siegal et al 1971)
although pre-B cells are usually present in the bone
marrow (Pearl et al 1978). It has been postulated that
the underlying defect involves differentiation of B
lymphocytes. However this defect is not complete as these
patients do have small amount of serum immunoglobulins and
very low number of circulating B cells (Conley 1985).
Epstein-Barr virus transformed lymphoblastoid cell 1lines
have been derived from the peripheral blood (Levitt et al
1984) and bone marrow (Fu et al 1980) of these patients
and were shown to secrete IgM (Levitt et al 1984).
Therefore, these patients do have small number of B
lymphocytes which are capable of differentiating into

antibody forming plasma cells.

The defect in B cell differentiation could be
intrinsic or extrinsic to the B cells. In vitro study of
peripheral blood mononuclear cells from patients has
demonstrated a suppressor effect upon differentiation of
normal lymphocytes to plasma cells (Siegal et al 1976,
Herrod and Buckley 1979). However, +this in-vitro
suppression was not observed in all the patients studied
and could be a secondary phenomenon. No in-vitro
immunoglobulin synthesis or secretion was demonstrated

from the patients' peripheral blood mononuclear cells,
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whether unstimulated or stimulated with pokeweed mitogen
(Choi et al 1972, Herrod and Buckley 1979). The
functional in-vitro study has not been able to resolve the
issue whether the primary defect involves the B cells
intrinsically or whether the failure of B cell development
is secondary to some non-B cell defect. However, it is
now clear from X chromosome inactivation analysis of the
carriers (see following section) that the primary defect

of XLA does involve the B cells intrinsically.

Edwards et al (1978) reported deficiency of ecto-5'-
nucleotidase in patients with congenital agamma-
globulinaemia but it has been subsequently shown to be a
secondary effect due to absence of B cells (Thompson et al
1979). B cells have at least three times the activity of
ecto-5'-nucleotidase of T cells and hence the simplest
explanation for reduced activity of ecto-5'-nucleotidase
in peripheral blood mononuclear cells from patients with
XLA is the absence in these patients of B cells (Thompson
et al 1979, 1980). Ecto-5'-nucleotidase seems to be a
marker of B cell maturation and its role in normal B cell
function is unknown. Banks et al (1976) has reported
absence of B 1lymphocytes in a horse with primary
agammaglobulinaemia, which may be comparable to XLA in
man.

1.2.5 PHEﬁOTYPIC HETEROGENEITY WITHIN AND BETWEEN FAMILIES
In an extended pedigree of XLA with seven affected
males, Leickley and Buckley (1986) demonstrated

heterogeneity in terms of clinical presentation, serum
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immunoglobulin concentrations (one had a normal IgA and
tetanus antibodies) and B cell phenotypes (the two
youngest patients had normal percentage of surface
immunoglobulin positive cells). This suggests the primary
defect in XLA may affect B cells at more than one stage
of‘development rather than just at the level of pre-B

cell.

There are reports of phenotypic hetérogéneity between
patients from different families as well (Landreth et al
1985a, Dobozy et al 1986, Golay and Webster 1986).
Landreth et al (1985a) divided six boys with agamma-
globulinaemia and lack of circulating B cells into two
groups based on absence and presence of pre-B cells in the
bone marrow. The group with normal percentage of pre-B
cells in bone marrow is that of classical XLA and that
without is a variant. Dobozy et al (1986) reported 4 boys
with XLA in one family had high percentages of mouse
erythrocytes rosette forming (MERF) cells in their
peripheral blood while 2 other boys with XLA in another
family had few MERF cells; hence suggesting B cell defects
in XLA occur at different stages of differentiation in
these two families. MERF cells represent a subpopulation
of human B cells positive for both sIgM, sIgD and C3
receptors but 1largely negative for IgG Fc receptors
(Lucivero et al 1981). Therefore, there may be genetic
heterogeneity in XLA giving rise to differences in the

phenotypes observed between families.
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1.2.6 GENETIC ASPECTS

Early studies to demonstrate linkage between XLA and
other X-linked phenotypic and protein polymorphisms, viz
colour blindness and Xg blood group, have been
unsuccessful (Sanger and Race 1963, Goldblum et al 1973,
Mensink et al 1984). With the availability of X-
chromosome specific DNA probes which detect restriction
fragment length polymorphism (RFLP), linkage study of X-
linked diseases have become more feasible (Drayna and
White 1985). During the tenure of my research fellowship
several studies have been reported concerning genetic
linkage in XLA. Kwan et al (1986) demonstrated closé
linkage between XLA and 2 random DNA probes, 19.2 (DXS3)
and S21 (DXS17), mapping the XLA locus to Xg21.3-g22.
This finding was confirmed by Mensink et al (1986a) but
the question of non-allelic genetic heterogeneity was
raised. Our group (Chapter 4, this thesis) again
confirmed the mapping of the XLA locus to Xg2l1.3-g22 and
extended the linkage with another probe, pXGl2 (DXS94)

(Malcolm et al 1987).

The question of non-allelic genetic heterogeneity has
complicated the clinical application of such linked DNA
probes (Mensink et al 1987a) but a novel method of genetic
risk calculation has been described to take into account
the uncertainty due to non-allelic genetic heterogeneity
(Chapter 4, this thesis, Lau et al 1988b). It will be
essential to investigate the few XLA families which do

show non-allelic genetic heterogeneity whether the
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patients have other less apparent difference in their
immunological defects from those with XLA which map to

Xq21.3-g22.

The Lyon hypothesis states that permanent inactivation
of one of the two X chromosomes occurs at random in every
somatic cell in the female early in embryogenesis (Lyon
1961). The pattern of X chromosome inactivation is then
transmitted in a stable fashion to all progeny cells. It
seems the gene, the abberation of which leads to XLA, is
essential for the development of B cells. Therefore there
is only one population of mature B cells with the normal X
chromosome active in female carrier of XLA who is
immunologically indistinguishable from normal (Conley et
at 1986, Fearon et al 1987). Conley et al (1986)
established this by demonstrating XLA female carriers who
were heterozygous for glucose-6-phosphate dehydrogenase
(G6PD) and who only expressed one of the G6PD isoenzymes
in their mature B cells while T cells and granulocytes
-expressed both isoenzymes. Using recombinant DNA probes
which simultaneously detect RFLP and patterns of
methylation of X chromosome genes, Fearon et al (1987)
demonstrated the pattern of random X chromosome
inactivation in T cells and granulocytes in female
carriers of XLA, but not in B cells where only one of the
two X chromosomes was preferentially active.

Furthermore, Schwaber et al (1983) reported Epstein-
Barr virué (EBV) transformed pre-B cells from patients

with XLA produced exclusively immunoglobulin u-heavy chain
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constant (Cu) region without the normally associated
heavy chain variable (Vy) region while only 5 percent of
normal pre-B cells produced these incomplete u-heavy
chains. It was postulated that the enzymes specific for
translocation of variable genes or regulatory genes
necessary for pre-B cells to differentiate to a stage
utilizing these enzymes may be encoded on the XLA locus.
However, EBV-transformed B cell lines from XLA patients
were shown to be able to form complete VyDJy
rearrangements (Mensink et al 1986b). It was suggested
that if the XLA gene is involved in IgH and/or IgL chain
rearrangement, such rearrangements can still occur but at
a reduced frequency (Mensink et al 1986b). It has been
further postulated that the XLA gene may control the
relative accessibility of the Vy 1locus to the common
recombinase system which assemble the V-region genes of
both the immunoglobulin and T-cell receptor of B and T
cells respectively (Yancopoulos et at 1986, Mensink et al
1986b). Therefore, it seems the XLA defect is a relative
but not an absolute block in B cell differentiation at the

pre-B cell stage.
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1.3 X-LINKED SEVERE COMBINED IMMUNODEFICIENCY

1.3.1 DEFINITION

X-linked severe combined immunodeficiency is
diagnosed on the basis of a complete absence of mature T
célls, lack of T cell proliferation whereas B cells are
detected in normal or increased numbers, suggesting this
disease results from a block in T cell differentiation
(Griscelli et al 1978, Gelfand and Dosch 1982,1983).
Patients have significant functional deficiency of both T
and B cell systéms, despite presence of B cells.
Unequivocal X-linked inheritance can only be ascertained

from pedigree analysis of disease segregation.

1.3.2 CLINICAL FEATURES

Patients most commonly present with a triad of
failure to thrive, persistent oral candidiasis which is
refractory to treatment, and recurrent diarrhoea, commonly
secondary to enteric viruses (Gelfand and Dosch 1983).
The age of presentation is usually within the first six
months of age. Pulmonary infections with pneumocystis
carinii, cytomegalovirus, measles virus or parainfluenza
virus are usually fatal. Chronic hepatitis secondary to
cytomegalovirﬁs or other unknown agents is common and a
variant of sclerosing cholangitis with focal disappearance
of bile ducts is also recognised. Progressive multifocal
leukoencephalopathy due to a papova-virus, JC, has also
been described in a four year old with severe combined

immunodeficiency (ZuRhein et al 1978).
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1.3.3 TREATMENT AND PROGNOSIS

Patients usually die before the age of two unless
bone marrow transplantation (BMT) is attempted. With human
leucocyte antigen (HLA) matched BMT, the success rate is
over 90 percent and with HLA mismatched BMT, only 50
percent (Fischer et al 1987). Various means of depleting
T cells in the donor marrow in order to prevent graft-
versus-host disease in HLA-mismatched BMT have been
attempted (Reinherz et al 1982, Morgan et al 1986, Buckley

et al 1986).

In the past when no HLA-matched donor has been
available, several approaches have been followed. These
include fetal liver transplantation (Buckley et al 1976),
fetal thymus transplantation (Hitzig et al 1965) and
cultured thymic epithelium transplantation (Hong et al
1976). These are now considered not to be an option since
HLA-mismatched BMT for severe combined immunodeficiency
has become a relatively successful treatment (Fischer et

al 1987).

1.3.4 CELLULAR DEFECTS

Severe combined immunodeficiency (SCID) is a
heterogenous group of diseases (Gelfand and Dosch 1983),
of which the X-linked form is only one variety. The B
lymphocytes from these patients have been shown to undergo
terminal differentiation in vitro in the presence of
normal T cells and pokeweed mitogen (Pahwa et al 1980),
however it is not clear which type of SCID is actually

involved. Another piece of evidence for the functional
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integrity of SCID B cells is that following donor T-cell
engraftment in bone marrow transplantation in two
patients, one 6f which has the X-linked variety, host B
cells have become functional (Griscelli et al 1978). The
origin of the B cells was determined by sex chromosome

analysis as the donor and the host were of opposite sexes.

The primary defect seems to be a block in the T-cell
differentiation (Gelfand and Dosch 1982) and the thymus is
also uniformly dysplastic with marked 1lymphocyte
depletion, absence of corticomedullary demarcation and

absence of Hassall corpuscles.

1.3.5 GENETIC ASPECTS

Female carriers of X-linked severe combined
immunodeficiency are immunologically normal and there is
no immunological means of detecting carrier status.

However, there are now two approaches to resolve this.

Our group has mapped the gene of X-linked SCID to
Xgl1l-gql3 in a study of 9 families (Chapter 5 this thesis,
de Saint Basile et al 1987). There is no evidence of non-
allelic genetic heterogeneity so far and a lod score of
5.27 at 06=0.00 was obtained with the marker cpX73 (DXS
159), which can be used carefully for carrier detection

and prenatal diagonsis.

Another approach 1is based on the effect of
Lyonisation. Puck et al (1987) first demonstrated non-

random X-chromosome inactivation pattern in the T cells of
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three obligate female carriers of X-linked SCID by a
combination of two techniques: first, human/rodent hybrids
to separate and identify the active and inactive human X
chromosomes, and second, Southern blot hybridization with
X-linked restriction fragment length polymorphisms to
distinguish the two X chromosomes. They then identified
an at-risk female as a carrier and excluded two using this
approach. Recently, our group has used gene probes from
the 5' end of the hypoxanthine phosphoribosyltransferase
(HPRT) and phosphoglycerate kinase (PGK) genes, which will
detect both a restriction fragment length polymorphism énd
also a difference in methylation between the active and
inactive X chromosome, to demonstrate non-random X-
chromosome inactivation pattern in the T cells of obligate
female carriers of X-SCID (Goodship et al 1988) and used

this approach to ascertain carrier status.
1.4 WISKOTT-ALDRICH SYNDROME

1.4.1 DEFINITION

Wiskott-Aldrich Syndrome (WAS) is an X-linked
recessive immunodeficiency characterised by the triad of
thrombocytopaenia, eczema and recurrent infections
involving all classes of microorganisms. Immunologically
there is defective antibody response to a variety of
bacterial, viral and protein antigens, especially to
polysaccharide antigens. Blood group antibodies (IgM
isohaemagglutinins) are usually absent. Delayed skin
hypersensitivity responses are also impaired (Blaese et al

1968).
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1.4.2 CLINICAL FEATURES

Wiskott first described the syndrome in 1937 (Stiehm
and Fulginiti 1980) and Aldrich et al (1954) described
another child in which the pedigree analysis suggested an
X-linked inheritance, and it was confirmed rapidly by
other workers (Wolff and Bertucio 1957, Krivit and Good
1959). Patients usually present with petechiae or a
bleeding episode in the first six months of 1life. They
soon develop eczema and recurrent infedtions with various
bacterial, viral (herpes simplex and cytomegalovirus) and
fungal (candida) agents (Cooper et al 1968). Severe
reactions to immunization, particularly polysaccharide
vaccines, may ensue with exacerbations of bleeding and

eczema.

Variants of WAS have been described. Canales and
Mauer (1967) described 7 male members of a 4-generation
family with thrombocytopaenia and some with 1low
isohaemagglutinins and isolated increases in IgA levels,
but without recurrent infection or eczema. Evans and
Holzel (1970) described a girl with features of WAS but no

thrombocytopenia.

1.4.3 TREATMENT AND PROGNOSIS

Acute bleeding episodes usually respond to
transfusion of fresh platelets which should be irradiated
to prevent graft-versus-host reactions. Bleeding in WAS
tends to decrease with advancing age and splenectomy

should not be undertaken 1lightly as it results in
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increased risk of fulminating septicaemia. Infections
should be treated early and aggressively. However,
patients still die of the consequences of bleeding, as
intracranial haemorrhage, or infection, as disseminated
herpes simplex virus infection in the first ten years of
life (Cooper et al 1968). Later, there is a high risk of
developing malignancies, particularly lymphomas and

systemic reticuloendotheliosis (Spector et al 1978).

Bach et al (1968) achieved reconstitution in a 2 year
old boy with WAS by histocompatible bone marrow
transplantation following high-dose cyclophosphamide. A
15-year follow-up report of the same patient showed he has
had full T cell, partial B cell and no haematopoietic
engraftment (Meuwissen et al 1984). He has had no serious
infections or bleeding episodes. With better results of
bone marrow transplantation (Fischer et al 1987), it is a
definite option to be considered seriously as most
patients eventually develop malignancies (Spector et al

1978).

1.4.4 CELLULAR DEFECTS

Both T and B cell defects occur in the WAS, but the
most consistent and characteristic defect is the inability
to form antibody to polysaccharide antigens (Krivit and
Good 1959, Cooper et al 1968, Blaese et al 1968).
Patients do not form isohaemagglutinins or antibodies to
such antigens as pneumococcal polysaccharide and

lipopolysaccharide Vi from E. Coli. Although IgG
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antibodies to polysaccharides are predominantly restricted
to IgG2 in man, patients with WAS have been shown to have
normal levels of the different IgG subclasses, including
IgG2 (Nahm et al 1986). Blaese et al (1968) also
demonstrated poor antibody responses to various bacterial

and viral antigens.

T cell abnormality was demonstrated by decreased
responsiveness to dinitrochlorobenzene sensitisation and
skin-test antigens (Blaese et al 1968) and it has been
shown there is a gradual loss of cellular elements in the
thymus-dependent areas of the lymphoid organs (Cooper et

al 1968).

Haematological abnormalities include thrombo-
cytopaenia, lymphopaenia, eosinophilia and haemolytic
anaemia. The platelets in the WAS are small when compared
to normals or other acquired destructive thrombocytopaenia

(Murphy et al 1972).

It is difficult to explain the above cellular defects
with a unifying mechanism but Parkman et al have (1981)
suggested an absence of a surface glycoproteini of
molecular weight 115 kDa could be the primary defect in

the WAS (Remold-O'Donnell et al 1984).

1.4.5 GENETIC ASPECTS

Female carriers of WAS are clinically normal and
cannot be detected by immunological means. Shapiro et al
(1978) has reported a method of carrier detection based on

a stress test to demonstrate abnormal platelet
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aggregation, but it has not been substantiated elsewhere.
Later, Gealy et al (1980) described a WAS carrier who was
also heterozygous for glucose-6-phosphate dehydrogenase
(G6PD), and who only expressed one of the isoenzymes in
platelets and T cells, but both isoenzymes in erythrocytes
and neutrophils. It was soon substantiated by Prchal et
al (1980) in another female who was doubly heterozygous
for both WAS and G6PD. This WAS carrier only expressed
bne of the G6PD isoenzymes in her platelets, T cells, B
cells, monocytes and granulocytes, while her fibroblasts
expressed both isoenzymes. This method of carrier
detection can only be applied to a minority who are

heterozygous for G6PD.

Recently, the WAS gene locus has been mapped to the
pericentric region using restriction fragment length
polymorphism (Peacocke and Siminovitch 1987) and genetic
prediction becomes possible by gene tracking . Kohn et al
(1987) also demonstrated non-random X chromosome
inactivation pattern in the T cells of obligate WAS
carriers by using the same technique as Fearon et al
(1987) for XLA and Goodship et al (1988) for X-linked
SCID. This can be used to detect carriers who are
heterozygous for the DNA probes from the 5' end of the

genes of PGK and HPRT.
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1.5 X-LINKED HYPERIMMUNOGLOBULINAEMIA M

1.5.1 DEFINITION

X-l1linked hyperimmunoglobulinaemia M (X-linked
hyperIgM) is a syndrome in boys with recurrent bacterial
infections, characterised by absent or decreased serum
levels of IgG, IgA and IgE, but elevated or normal IgM.
X-linked inheritance can only be ascertained from pedigree
analysis of disease segregation. (Stiehm and Fulginiti

1980).

1.5.2 CLINICAL FEATURES

Rosen et al (1961) reported the first two cases in
two separate families and the X-linked inheritance has
since been established in several families. The patients
usually present with recurrent bacterial sinopulmonary
infections during the first or second year of 1life.
Neutropaenia is a frequent concomitant feature and is
associated with stomatitis and mouth ulcers. Pneumocystis
carinii pneumonia in early infancy can be the presenting
feature, suggesting abnormal T cell function (Marshall et
al 1964). In addition to susceptibility to infections,
some patients are prone to wvarious manifestations of
autoimmune process, such as thrombocytopaenia, haemolytic
anaemia, nephritis and arthritis (Goldman et al 1967).
This syndrome has been reported in a few females (Rosen
and Bougas 1963), indicating clinical and genetic
heterogeneity (Kyong et al 1978). Furthermore the

syndrome can be secondary to infection as it may be seen
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in children with congenital rubella (Schimke et al 1969,

Geha et al 1979).

1.5.3 TREATMENT AND PROGNOSIS

Treatment is the same as for X-linked agamma-
globulinaemia, viz adequate immunoglobulin replacement and
aggressive treatment of any infection to minimise end-
organ damage. A return of the IgM to normal levels
usually indicates an adequate immunoglobulin replacement.
Prognosis is generally better +than in X-linked

agammaglobulinaemia (Stiehm and Fulginiti 1980).

1.5.4 CELLULAR DEFECTS

The central defect of this syndrome is a failure of
switch from IgM to IgG secretion, but whether it is due to
an intrinsic B cell defect or lack of help from another
cell type is not clear. Geha et al (1979) in a study of 9
such patients, reported normal T cell function and
identified a unique subpopulation of large B cells which
secrete IgM spontaneously in large amounts; they concluded
that the defect is intrinsic to B cells, which fail to
switch from IgM to IgG synthesis. However, Mayer et al
(1986) demonstrated IgM to IgG switch in B cells of 8 out
of 9 such patients by using T cells derived from a patient
with a Sezary-like syndrome. They concluded a defect in

"switch T cells" may be pathogenic in this syndrome.

1.5.5 GENETIC ASPECTS
This syndrome of immunodeficiency with hyperIgM can

result from either genetic or environmental causes, such
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as congenital rubella (Schimke et al 1969). The
inheritance pattern is initially described of X-linkage
but families with autosomal recessive inheritance have
also been reported (Mayer et al 1986). Recently, the gene
locus for X-linked hyperIgM has been mapped to Xq24-g27 by
linkage with restriction fragment length polymorphism in
one family (Mensink et al 1987b). We also analysed
another family with X-linked hyperIgM in which at 1least
two recombinations were observed with the DNA probes
linked with XLA, viz 19-2 (DXS3), S21 (DXS17) and pXGl2
(DXS94), thereby indicating a distinct 1localisation for
the genetic defect in X-linked hyperIgM from that for XLA
(Chapter 4, this thesis). Carrier detection and prenatal
diagnosis should not be attempted by gene tracking in this
disease until more such families are studied to see

whether there is non-allelic genetic heterogeneity.
1.6 DECLARATION AND OBJECTIVES OF STUDIES PRESENTED

1.6.1 DECLARATION

When I started my research fellowship in the
Iﬁstitute of Child Health in January 1986, there was
already an active research programme into X-linked
immunodeficiencies as well as basic B cell physiology. My
responsibility within this extensive research programme
has been defined as mainly in the family linkage study of
X-linked agammaglobulinaemia and X-linked severe combined
immunodeficiency, - subsequently the genetic counselling
using the linked probes, as well as investigation into the

in-vitro B'cell function of patients with X-linked
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agammaglobulinaemia and Wiskott-Aldrich syndrome. I was

personally involved in recruiting all the families, except

families 15 and 17, and collecting blood samples for DNA
extraction and establishing B cell lines. I did all the

Southern blotting in the linkage study of XLA using pXG1l2

(DXS94) and in that of X-linked SCID using cpX73 (DXS159)

and pXGl2 (DXS94). After establishing the linkage of XLA

with probes from Xg21.3-q22, I was responsible in
contacting potential female carriers in these families and
providing genetic counselling with the use of probes S21

(DXS17) and pXGl2 (DXSQ4), including doing the Southern

blotting. I carried out the mathematical analysis of the

RFLP data and was personally involved in developing the

risk calculation which takes into account non-allelic

genetic heterogeneity presented in this thesis. I also
designed and performed all the B cell functional studies

described in chapter 6.

1.6.2 LOCALIZATION OF THE GENE LOCI OF X-LINKED
AGAMMAGLOBULINAEMIA AND X-LINKED SEVERE COMBINED
IMMUNODEFICIENCY
Human X chromosome accounts for about 6 percent of

the total genomic DNA and its total genetic length was

estimated to be about 200 centimorgans (Davies 1985).

With the application of restriction fragment 1length

polymorphisms (RFLP) as genetic markers (Botstein et al

1980), a map spanning the entire X chromosome is almost

complete (Drayna and White 1985) and any X-linked disease

locus could now be mapped within ten centimorgans of at

least two markers.
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Since the basic genetic defects of neither X-linked
agammaglobulinaemia nor X-linked severe combined
immunodeficiency is known, it would be desirable to map
these disease loci using RFLPs which then open up the
possibility of carrier detection and first trimester
prenatal diagnosis. It may also lead to the accurate
delineation of the underlying genetic defect, as has been
achieved with X-linked chronic granulomatous disease
(Royer-Pokora et al 1986, Dinauer et al 1987). We
therefore carried out 1linkage analysis of families with
these two X-linked immunodeficiency diseases (Chapter 4
and 5, this thesis).

1.6.3 CLINICAL APPLICATION OF THE LINKED DNA MARKERS IN
FAMILIES WITH X-LINKED AGAMMAGLOBULINAEMIA

Using the strategy of gene tracking (Pembrey 1986),
there is enormous potential for carrier detection and
first trimester prenatal diagnosis in monogenic diseases.
However, non-allelic genetic heterogeneity has complicated
this approach in X-linked agammaglobulinaemia (Mensink et
al 1987a). We have nevertheless evaluated the feasibility
of this approach in genetic prediction in thirteen
families and developed a novel method of genetic risk
calculation which takes into account the uncertainty due
to non-allelic genetic heterogeneity (Chapter 4, this

thesis).
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1.6.4 IN VITRO STUDY OF B CELL FUNCTIONS OF PATIENTS WITH
X-LINKED AGAMMAGLOBULINAEMIA AND WISKOTT-ALDRICH
SYNDROME

There is both immunological and genetic evidence to
implicate that the B cells are primarily affected in both

X-linked agammaglobulinaemia and Wiskott-Aldrich syndrome

as reviewed above. Therefore, it will be essential to

investigate these patients' B cell functions in detail and
we have chosen the Epstein-Barr virus transformed B cell
lines as an experimental model for evaluation of their
responses to various B cell growth and differentiation

factors in order to detect any possible defect (Chapter 6,

this thesis).
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Chapter 2 PATIENTS AND FAMILIES

2.1 INTRODUCTION

Several practical issues of linkage analysis arose
from this study which are by no means unique. Since X-
linked agammaglobulinaemia (XLA) and X-linked severe
combined immunodeficiency (X-linked SCID) are relatively
rare diseases, any one paediatric centre is not likely to
have enough affected families for 1linkage study.
Therefore over one hundred letters were initially sent to
paediatricians, geneticists and immunologists in the
United Kingdom just to ascertain such families suitable
for linkage analysis. Obviously, families with sporadic
cases or with only one surviving son, whether affected or
unaffected will not be informative. The next step was to
ensure the diagnosis was correct in the index patient.
The clinical history should be compatible. Immunological
investigations should also be characteristic of the
disease concerned. No family refused to co-operate in the
study after the nature and possible benefits of the
project were explained to them. A detailed and extended
family history was then taken. A decision was made which
members would contribute to the lod score in the linkage
analysis, and they were then approached for their blood to

be taken.

Since there was no test available for female carriers
of XLA or X-linked SCID, a woman was only considered to be
a carrier if she has had two or more affected sons or she

has had at least an affected brother and an affected son.
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Such defined female carriers were then generally typed
first for the DNA probes. Only if they were heterozygous
would their offsprings be informative for linkage analysis
and hence they were typed in turn. However in a
multigenerational family, due to missing or partial
information, the situation is not always that cut and
dried. There is as yet no best schedule such that the

number of individuals to be typed is minimized (Ott 1985).

Another assumption made for the linkage analysis was
that XLA and X-linked SCID in a male should usually
manifest some symptoms before one year of age. Therefore,
any absolutely healthy male over one year of age could be
classified as unaffected, without their immunological
stateA formally investigated. This classification
criterion was applied to the healthy brothers of both
affected boys and female carriers, as well as the men who

married into the pedigree from the population.

In one family (family 7), a case of monozygotic male
twins was encountered. Genetically, they have to be taken
as a single individual whose genotype has been
independently expressed twice. For linkage analysis, they
have to be coded as one and the same individual. If they
were dizygotic twins, they should obviously be coded as

two separate individuals.
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2.2 X-LINKED AGAMMAGLOBULINAEMIA

Index patients of families 1-14 (Figure 2-1) have all
been investigated either in the Hospital for Sick Children
and Northwick Park Hospital, London, Newcastle General
Hospital or East Birmingham Hospital. They all fulfilled
the clinical features and immunological profiles (Table 2)
of X-linked agammaglobulinaemia (XLA). Parents of all
index patients were contacted directly. Explanations
regarding the study were given and consent to participate
obtained before a detailed family history was taken.
Blood samples from patients and other relevant family
members were then collected in ethylenediamine
tetraacetate (EDTA) directly or via their own family
doctors in order to extract DNA. Attempts were also made
to establish Epstein-Barr virus transformed B cell 1lines

from separated mononuclear cells from the patients.

Family 15 (Figure 2-1) reported initially by Jamieson
and Kerr (1962) was obtained through Dr. Donnai,
Manchester. The only affected surviving male was
reinvestigated by Dr. Roifman in Toronto, Canada and
confirmed to have panhypogammaglobulinaemia and 1lack of
peripheral B cells, the characteristic immunological

profile of XLA.
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Figure 2-1 Pedigrees of fifteen families with X-linked

agammaglo'bminaemia (Families 1-15)
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PATIENTS WITH XLA

(G/L) %

T B

Family | Patient |IgG Iga IgM cells cells
1 IT-3 *3.1 <0.1 <0.1 85 <1
II-15 *1.9 <0.1 <0.1 nd nd
2 IT-2 *2.3 <0.1 <0.1 75 <1
II-4 *1.9 ' <0.1 <0.1 60 nd
3 II-3 <0.6 <0.1 <0.1 normal <1
4 III;1 0.45 0.05 0.45 normal <1l
IIT-2 *1.9 0.02 0.07 normal <1
5 ITT-1" <0.6 <0.1 <0.1 nd nd
ITI-3 0.55 <0.1 <0.1 nd nd
6 ITT-1 <0.6 <0.1 <0.1 normal <1l
I1T-2 <0.6 <0.1 <0.1 normal <1l
7 III-1 *1.85 0.05 0.02 nd nd
III-3 trace not trace nd nd

detected

IT1-4 *1.26 0.1 0.05 nd nd
8 I1T-1 0.15 0.05 0.2 nd nd
IT1-2 0.01 0.05 0.05 75 <1l
9 ITTI-2 <0.6 <0.1 <0.1 normal <1
10 III-1 <0.6 <0.1 <0.1 normal <1
ITI-2 <0.6 <0.1 <0.1 normal <1l
ITTI-3 <0.6 <0.1 <0.1 normal <1l

(continued next page)
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(G/L) $

T B

Family Patient IgG IgA IgM cells cells
11 II-1 <l.0 <0.1 <0.1 nd <1
ITI-2 1.2 <0.1 <0.2 75 <1
12 ITI-2 0.95 <0.1 <0.1 nd nd
ITI-3 0.1 <0.1 <0.1 nd nd
II1-4 0.8 <0.2 0.09 nd nd
13 II-1 *¥2.0 <0.1 <0.1 normal <1
14 II-1 <0.1 <0.1 <O;1 normal <1l

not done

o)
[oR
nu

on immunoglobulin replacement
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2.3 X-LINKED SEVERE COMBINED IMMUNODEFICIENCY

Three families were collected (Figure 2-2) and the
index patients all fulfilled the diagnostic criteria of
the World Health Organization Committee on Immuno-
deficiency (Rosen et al 1983), wviz absence of T
lymphocytes and 1lack of T-lymphocyte proliferation with
normal or increased numbers of B lymphocytes. One family
was obtained through Dr. S. Strobel from Germany, one
through Dr. T. Espanol from Spain and the last family has
been under our care for years and is of Turkish-Cypriot
origin from London. Similarly, blood samples were

collected from family members for DNA analysis.

2.4 X-LINKED HYPERIMMUNOGLOBULINAEMIA M

One family was studied (Figure 2-3) and the index
patient was diagnosed as having X-linked hyperIgM at the
Hospital for Sick Children, London. He had abnormally
high serum IgM levels, no serum IgG or IgA and his B cells
which were present in normal numbers had only IgM and IgD

on the cell surface.

2.5 WISKOTT-ALDRICH SYNDROME

Six patients, all from different families, were
diagnosed as having Wiskott-Aldrich Syndrome (WAS) either
in the Hospital for Sick Children, London or Booth Hall
Hospital, Manchester. They again fulfilled the diagnostic
criteria of WAS, viz thrombocytopaenia, eczema, lack of
isohaemagglutinins and variable degree of T cell
deficiency. Preservative-free heparinised blood were

obtained from these six patients for establishing Epstein-
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Figure 2-2 Pedigrees of three families with X-linked
severe combined immunodeficiency (Families 16-18)
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Barr virus transformed B cell lines. Linkage study was
not possible due to limitation of suitable families for

linkage analysis.
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Chapter 3 METHODOLOGY

During the tenure of my research fellowship, the
following laboratory techniques have been used in the
various projects. Materials used are detailed in appendix
1. The mathematical aspects of linkage analysis are given

in Chapter 4.

3.1 PREPARATION OF DNA FROM VENOUS BLOOD

Fresh blood has to be collected in tubes containing
the anticoagulants ethylenediamine tetraacetate (EDTA) or
heparin, otherwise the sample will clot and provide
little DNA. The sample may be kept at +4° C for several
days without deterioration, or frozen and kept
indefinitely at -70°C or up to six months at -20°C. 30 ml
of ice-cold distilled water was added to 10 ml of thawed
venous blood. It was then spun at 2000 RPM, 4°C for 20
minutes. Supernatant was poured off and the nuclear
pellet at the bottom was retained. 25 ml of ice-cold 0.1%
Nonidet P40 solution was added to the pellet. The pellet
was re-suspended and was spun at 2000 RPM, 4°c for 20
minutes; supernatant was decanted again. 2.5 ml of 75mM
NaCl/25mM EDTA (pH8) was added to pellet and resuspended
thoroughly. 125 microlitres of 10% SDS, and 1 mg
proteinase K (10 mg/ml) were added in turn. It was then
left at 37°C overnight or 56°C for 3 hours. 2.5 ml of 75mM
NaCl/25mM EDTA (pH8) and 5 ml of phenol (saturated with
50mM Tris pH8.0) were added. It was mixed well and spun at
3000 RPM, 4°C for 20 minutes. The top aqueous layer which

contains DNA was retrieved. 2.5 ml phenol and 2.5 ml
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chloroform were added, mixed well and spun at 3000 RPM,
4°C for 15 minutes. The top layer was taken again and 5
ml chloroform was added. It was then spun at 2000 RPM, 4°cC
for 5 minutes. The last step was repeated once. The top
layer was taken. 0.5 ml 3M sodium acetate (pH 5.2) was
added and topped up to 15 ml with ice-cold ethanol and
mixed well. DNA would precipitate out as threads and
could be fished out on glass rod. DNA was allowed to dry
and put into 0.5 ml TE solution in eppendorf tube and spun

at 4°C to dissolve overnight.

3.2 SOUTHERN BLOTTING

5 micrograms of DNA, approximately 15 microlitres of
DNA as prepared in (3.1]) were digested with 10 units of
enzyme under the manufacturer's conditions. 1 microlitre
of 1 mg/ml bovine serum albumin (BSA) and 1 microlitre of
0.1M spermidine were added as well in a final volume of 25
microlitres. Incubation was carried out for at least 4
hours. 5 microlitres of bromophehol blue/25% glycerol/EDTA
was added as a loading dye to each sample of digest. 0.8%
agarose gel plate was prepared by dissolving 2 grams of
electrophoresis grade agarose powder in 250 ml Tris E
buffer, then 12.5 microlitres ethidium bromide (10 mg/ml)
was added. Each sample was loaded into a well. Hind III
digested lambda marker was put onto the first left hand
lane. The gel was run submerged in Tris E buffer for 16
hours at approximately 1.5V/cm or 50 mA. DNA migrates to
the positive electrode. The gel was checked and

photographed under ultra-violet light with a ruler by the
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side. The gel was then soaked in denaturing solution for 1
hour, followed by one hour in neutralising solution,
twice. The Southern blot was then set up for an overnight
transfer of DNA to a nitrocellulose or nylon filter with
20xSSC (Southern 1975). The filter was rinsed with 2xSSC,
and then baked at 80°C for 3 hours. After baking, the
filter was damped in 2xSSC and put into a plastic bag. 5
ml pre-hybridization solution for 125 ml gel was added
into the plastic bag. All bubbles were squeezed out and
the bag was double sealed. It was left at 65°C (water
bath) for 3 to 12 hours. The filter was retrieved from
the plastic bag and put into a second bag with the radio-
labelled probe (boiled for 5 minutes just prior to use)
added into the 5 ml prehybridization solution. It was
left at 65°C (water bath) overnight. The filter was
removed and washed three times with 3xSSC/0.1% SDS at room
temperature for 20 minutes each. It was checked with
beta-counter for background radioactivity and bands. If
there was too much background, the filter was washed once
with 0.5xSSC/0.1% SDS at 65°C for 20 to 30 minutes. The
lower the concentration of SSC and higher the temperature,
the more strigent the wash is. The filter was dried and
wrapped in cling film. The position of wells was marked
and orientation of filter labelled with'radioactive ink.
The filter was then autoradiographed in cassettes with
intensifying screens at -80°C using Kodak XAR-5 film. It
was left for varying periods of time depending on strength

of signals. Examples of the autoradiographs using the
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probes S21, 19-2, pXGl2 and cpX73 are presented in figure

3-1.

3.3 OLIGOLABELLING OF DNA PROBES

DNA probe to be used was diluted into 50 ng/ml of
distilled water. 1 microlitre of DNA probe was added to 8
microlitres of water, which was boiled for 2 minutes. The
DNA probe was then added to 11.4 microlitres of LS and 1
microlitre of BSA solution on ice. 50 microCi of [32P]
dCTP (5 microlitres) was added, followed by 2.5 units of
DNA polymerase I Klenow fragment. The solution was mixed
gently and left at room temperature overnight. Two
microlitres of loading dye was added to the 25 microlitres
of radio-labelled DNA probe. It was made up to 100
microlitres with 3xSSC. The solution was put down a
column of Sephadex G50 in 3xSSC and eluants at 100
microlitres aliquots were collected as successive 100
microlitres of 3xSSC were put down through the column.
Aliquots of eluants were checked for peak 1level of
radioactivity and the 4 maximum aliquots were pooled. The
cpm of the pooled radiolabelled DNA probe was measured on
a scintillation counter and it was used at 1x106 cpm/ml of
hybridization solution.
3.4 ESTABLISHING EPSTEIN-BARR VIRUS TRANSFORMED B CELL

LINES FROM PERIPHERAL BLOOD MONONUCLEAR CELLS

10 ml of venous blood was collected into a container
wetted with preservative-free heparin. An equal volume of
RPMI 1640 medium supplemented with 25mM Hepes was used to

dilute the blood. It was then layered onto Ficoll-Hypaque
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Figure 3-1 Autoradiographs showing the DNA polymorphism
detected with the four X chromosome specific probes:
S$21, 19.2, pXG 12 and cpX73.
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(1.077 kg/l) (2 volumes of diluted blood to 1 volume of
Ficoll-Hypaque) and spun at 1000 g for 20 minutes at room
temperature. The centrifuge brake was off to prevent
disturbance of the interface. Mononuclear cells were
collected from the interface and washed twice with at
least an equal volume of RPM1 1640 with 25mM Hepes; these
were spun at 200g for 15 minutes. 1 ml of marmoset cell
line B95-8 supernatant (Miller et al 1972) containing the
Epstein-Barr virus was added to the cell pellet, which
was resuspended gently and incubated at 37°C for 1 hour.
It was then washed and spun again. The mononuclear cells
were then resuspended in RPM1 1640 with 25mM Hepes and
10% fetal calf serum (FCS) at a concentration of 0.5-1x106
cells/ml. Cyclosporin A at a final concentration of 1
ng/ml was added. Aliquots of 2 ml were dispensed into
each well of 24-well Costar plate which was then
incubated at 37°C, in an atmosphere of 5% CO, in air.
Lymphoblastoid cell clumps were usually seen by the end of
2 weeks (Figure 3-2). When cell growth was vigorous, the
cell line was expanded by transferring to an upright
culture flask. Cell lines obtained from patients were
either used for experiments immediately or frozen down in
large number of aliquots for future experiments, in order

to ensure the cell lines were still polyclonal.



Figure 3-2 Micrograph showing Epstein-Barr virus transformed
lymphoblastoid cell clumps.
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3.5 MEASUREMENT OF IgG/IgM IN CULTURED CELL SUPERNATANT
BY ENZYME-LINKED IMMUNOSORBENT ASSAY

80 microlitres of affinity purified goat anti-human
IgG/IgM (Sigma), at a concentration of 0.5 microgram/ml (1
in 2000) in bicarbonate buffer pH9.6, were dispensed into
each well of a 96-well Sterilin Cooke round-bottomed
microtitre plate which was then incubated in a moist box
at room temperature overnight. The plate was washed
thrice with bicarbonate buffer. 100 microlitres of 4%
normal goat serum (NGS) diluted in bicarbone buffer were
added to each well and left at room temperature for one
hour. The plate was washed thrice with 0.05% Tween 20 in
normal saline.. 80 microlitres of test supernatant, or
standards diluted in normal saline with 0.05% Tween 20 and
4% NGS were added and incubated at room temperature for
60-90 minutes. An 1l1l-point standard curve using double
dilutions of either pooled normal human serum or partially
purified IgG/IgM at 1000 nanogram/ml was set up in
duplicate on each plate along with buffer only =zero
standard. An example of the standard curve is given in
figure 3-3. The plate was washed five times with 0.05%
Tween 20 in normal saline. 80 microlitres of horseradish
peroxidase (HRP)-conjugated affinity purified goat anti-
human IgG/IgM diluted to 1:1000 in normal saline
containing 0.05% Tween 20 and 4% NGS were added to each
well. The plate was washed five times with 0.05% Tween 20
in normal saline. 80 microlitres of o-phenylenediamine
diluted to 0.5 mg/ml in phosphate/citrate buffer

containing 0.015% hydrogen peroxide were added to each
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Figure 3-3 Standard curve of IgG measurement by enzyme linked
immunosorbent assay
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well as substrate. This reagent was made up just prior
to use. The plate was then incubated in the dark at room
temperature to allow colour development. For HRP, 15
minutes was usually sufficient. Further development was
then stopped by adding 40 microlitres of 2M sulphuric acid
to each well; and the absorbance read on an automatic
ELISA plate reader at 492 nm. A standard curve was
constructed, from which the value of test supernatants
were read.
3.6 ASSAY FOR RESPONSES OF EPSTEIN-BARR VIRUS
TRANSFORMED B CELL LINES AND INDICATOR B CELL LINES
TO VARIOUS FACTORS

Cell lines were sub-cultured 24-48 hours prior to use
in order to ensure vigorous log-phase growth. Cells were
cultured in triplicate at concentrations between 1 and
20x103 cells/well in 96-well flat-bottomed microtitre
plates. The culture medium was RPM1 1640 supplemented
with 2mM L-glutamine, 25mM Hepes and FCS (2% for growth
and 5% for differentiation assay). Various factors were
added to give final concentrations as indicated in each
experiment. When assaying for proliferation, the cultures
were incubated at 37°C, 5% CO,, for 3 days and pulsed with
1 microCi/well (37 kBqg) of tritiated thymidine (3HTdR) for
the last 8 hours. Cells were then harvested onto glass
fibre filter discs using an automated cell harvester and
incorporated 3HTdR determined on a liquid scintillation
counter. When assaying for differentiation, the cultures
were incubated for 5-6 days and the immunoglobulin levels

in supernatant measured by enzyme-linked immunosorbent
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assay (ELISA). The preliminary experiments to establish
the above parameters, such as cell concentrations and
length of culture, are detailed in Chapter 6.
3.7 INDIRECT IMMUNOFLUORESCENCE ANALYSIS OF EPSTEIN-BARR

VIRUS TRANSFORMED B CELL LINES

0.5x10° cells frdm normal and XLA EBV-transformed B
cell lines were incubated with each of the following
monoclonal antibodies, 8EBl1 (CD19), Bl1 (CD20), BL13/10Bl1
(CD21), MHM6 (CD23) and G28-10 (CD39), in 100 microlitres
of holding medium containing 2% FCS and 0.01% sodium azide
in LP3 tubes for 30 minutes on ice. Medium alone was used
as the negative control. The cells were then washed twice
in cold medium containing 2% FCS and 0.01% sodium azide.
They were then incubated with 100 microlitres of pre-
titrated fluorescein isothiocyanate (FITC)-conjugated goat
anti-mouse immunoglobulin for a further 30 minutes on ice.
they were washed twice and were then analysed on a
fluorescent activated cell sorter.
3.8 COMPUTER PROGRAMMES USED IN LINKAGE ANALYSIS AND

GENETIC RISK CALCULATION

LIPED (Ott 1974), a computer programme, has been used
throughout to analyse the two-point linkage data in the
family studies and to calculate genetic risk on an IBM-PC.
HOMOG (Ott 1983), another computer programme, was used to
assess the problem of non-allelic genetic heterogeneity in’
X-linked agammaglobulinaemia. The underlying concepts and
mathematical aspects of linkage analysis and genetic

heterogeneity are discussed in Chpater 4. The calculation
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of the genetic risk depending on the proportion of
unlinked families wiil also be explained fully in Chapter
4. A small computer programme has been written to help to
do the calculation of the variation of the genetic risk of
an individual as the proportion of unlinked families

varies (appendix 2).
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Chapter 4 GENETIC STUDIES OF X-LINKED AGAMMAGLOBULINAEMIA

4.1 INTRODUCTION

4.1.1 GENETIC LINKAGE

Linkage is the occurence of two 1loci on one
chromosome sufficiently close together so that something
less than completely independent assortment takes place
(McKusick 1969). If two loci are on separate non-
homologous chromosomes, then independent assortment
occurs. Even if the two loci are on the same chromosome,
if they are far apart, crossing over can still result in
independent assortment. The proportion of such crossing-
overs out of all opportunities for crossing-overs is
called the recombination fraction, denoted by theta (9).
For linked gene loci, theta is less than 50% and for
unlinked gene loci, theta is 50%. Linked loci are on the
same chromosome and theta is a measure of genetic
distance. For two linked loci, the smaller the theta, the
smaller is the physical distance between them. However,
there is no linear relationship between genetic and
physical distance. A mapping function relating genetic to
physical distance has been used to translate theta into
map distance, measured in centimorgan (cM) (Emery 1986).
For smaller map distance (less than 20 c¢cM), one
centimorgan means 1% recombination (Emery 1986). One
centimorgan is approximately equivalent to one million
base pairs in human (Barlow and Lehrach 1987).
Recombination of X-linked genes can obviously only occur

in females with two X chromosomes.
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4.1.2 LINKAGE ANALYSIS

The objective of linkage analysis of two loci is to
determine the value of theta and how significantly smaller
it is than O0.5. The method most used as developed by
Morton (1955) is nowadays called the "lod scores" method
(Ott 1985). The principle of this maximum likelihood
method of linkage analysis can be described as follows.
The probability or 1likelihood, L(0.5), that the observed
family data conform to the behaviour of two loci under
full recombination without 1linkage 1is calculated.
Similarly, the likelihood, L(©), that the identical family
data are the result of two linked loci under a specified
recombination fraction, ©, is determined. The ratio of
these two likelihoods, L(©)/L(0.5), is called the odds for
and against linkage, and expresses the odds for and
against linkage. This odds ratio has to be determined for
each family. In order to summate the linkage data for
different families, it is much more convenient to express
the odds ratio in decimal logarithm, the so-called lod or

lod score (logarithm of the odds),
Z(Q) = lOglo[L(e)/L(o.S)] ® e 0 0000 ® ® 00 00 00000 00 (1)

The lod scores, Z(©), for different families can simply be
added together to give a combined score for a given ©
value. To estimate the recombination fraction, one
calculates Z(6) for the sequence of © wvalues from 0 to
0.5. The value of © at which Z(6) is largest is the most

likely wvalue for the recombination fraction. If Z(©) is
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highest at ©=0.5, negative evidence for 1linkage is
obtained. By construction, Z(©)=0 in this situation. If
Z(©®) is highest at 6<0.5, evidence for 1linkage is
obtained. This maximum value of lod score, Z(é), at the
most likely recombination fraction ,é, is a statistical
measure in the test of the null hypothesis of free
recombination, ©=0.5, against the alternative hypothesis
of linkage, ©<0.5. Linkage is considered significant when
Z(é) is equal to or greater than a wvalue of 3,
corresponding to odds for linkage of at least 1000 to 1.
Likewise, values of 6 with a lod score of Z(©)<-2 are

considered very implausible and linkage is excluded at

these values of 6.

It is important to construct confidence intervals for
the maximum likelihood estimate of the recombination
fraction by the lod score method described above. A
simple method is recommended by the committee on Methods
of Linkage Analysis and Reporting, Eighth Human Gene
Mapping Workshop (Conneally et al 1985). A horizontal
line is drawn at a distance of 1 lod score below the peak
lod score. The two points of intersection between the
straight line and the lod score curve mark the two end
points of the confidence coefficient for ©. The
- associated confidence interval is at least one of 90% and
better than 95% in large data sets. LIPED, a computer
programme, has been written (Ott 1974) to compute the lod
scores at various thetas for each family provided with the

genotypes of the two loci tested. It takes into
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consideration all the pedigree information and is used in

most two-point linkage analysis.

4.1.3 HETEROGENEITY

Linkage analysis can reveal disease heterogeneity by
demonstrating a difference in the recombination fraction
between disease and marker loci in different families.
One explanation for this is that the same disease
phenotype can be casued by mutations at different gene
loci in different families. Assume there are two types of
families, those with linkage and those without and the
disease phenotypes in these two types of families are
impossible to differentiate between one another at the
present time. One, therefore, cannot predivide these
families into linked or unlinked types before performing
the linkage analysis. Under such circumstances, the
admixture test (A-test) is used to determine whether the
data support presence of heterogeneity at a significant
level, and to jointly estimate the proportion of linked
families (a) and ©, the recombination fraction in these
families (Conneally et al 1985, Ott 1983, 1985,1986a).
The proportion of unlinked families will then be (1l-a)
with 6=0.5. Let Li(©) be the likelihood of the ith family
and Li(0.5)=1. The corresponding lod score is given by
Zi(e)=logloLi(e). With heterogeneity (Ott 1983), the 1lod

score of the ith family becomes

Zi(a,0) = logig [QLi(B)+1-a] .eceeccccccscanses (2)

where a denotes a sequence of a-values at which lod scores
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are computed. The pair of values (a,©) at which the total

lod score
Z(a,Q) =210g10 [QLL(BO)+1-8] .cceeececcccccsecss (3)

is highest, determines the maximum likelihood estimates of
proportion of 1linked families ,é, and recombination
fraction of these families, é. Li(é) is then the
conditional likelihood of the ith family, given that this
is.a linked family, while 5 is the prior probability that
any family belongs to the linked group. By Bayes' formula,
the posterior probability, wi, that the ith family be

linked, is given by
Wi=aLi(e)/[aLi(e)+1-a] ® ® ¢ 0 00000000000 ees s OGO (4)

When a and © in (4) are réplaced by their respective
maximum likelihood estimates (é and é) one obtains the
estimated posterior probability, &i, of linkage for the
ith family. The input data for the A-test are the lod
scores Zi(©) at a sequence of ©-values for each individual
family. A computer programme (HOMOG) has been written by
J. Ott (1983, 1985) to carry out the computations.
Approximate 95% confidence intervals for both a and © are
also given by this programme. The number of families
required to detect or exclude linkage heterogeneity has

also been estimated (Ott 1986b).

Subsequently, families can be classified as being of
the linked group by different rules (0Ott 1983). The more

reliable rule under most circumstances for a family to be
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of the linked group is that wisa. (Oott 1983, 1985).

4.1.4 RESTRICTION FRAGMENT LENGTH POLYMORPHISM

Bacterial restriction endonucleases recognize
specific sequences in DNA and catalyze endonucleolytic
cleavages, yielding fragments of defined 1lengths.
Throughout the human genome there are neutral base changes
that may create or remove restriction endonuclease sites,
leading to differences in the lengths of restriction
fragments after digestion of génomic DNA by restriction
endonucleases (Botstein et al 1980). These restriction
fragment length polymorphisms (RFLPs) can also result from
differing copy numbers of a simple tandemly repeating
sequence within a fragment (Jeffreys et al 1985, Wong et
al 1986). RFLPs are inherited as simple Mendelian co-
dominant markers and provide a potentially large number of
linkage markers for following disease genes through
families (Botstein et al 1980). The technique to analyse
the pattern of RFLPs is called Southern blotting (Southern
1975), described in Chapter 3, this thesis. The DNA probe
used to reveal the RFLPs can either be the gene of
interest or just recombinant DNA sequence of no function
from various sources, such as human genomic or cDNA
libraries (Botstein et al 1980), or X-chromosome library
(Davies et al 1981). For monogenic diseases with unknown
underlying defects, it is now possible to map the gene
loci by linkage analysis as long as there are recombinant
DNA probes which reveal RFLPs near enough to the gene

loci. It has been calculated in order to provide an
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adequate genetic map for the entire human genome of 33
Morgans in length, one would need ét least 150 polymorphic
DNA probes evenly spaced at about 0.2 Morgans (Botstein et
al 1980). For the human X-chromosome, there are now more
than 20 well characterised DNA marker loci with RFLPs
spanning a genetic length of about 200 recombination units
(Drayna and White 1985, Davies 1985). The distribution of
these RFLP markers on the X-chromosome is such that any X-
linked disease locus will map within ten recombination
units of two markers provided enough informative families

are available for linkage analysis.

One potential limitation of this approach is the
degree of polymorphism of the RFLP marker loci, which
should have at 1least two alleles with appreciable
frequency. The maximum rate of heterozygosity of any two
alleles RFLP marker is only 0.5 when the frequency of each
allele being O.5. The more polymorphic a locus is, the
more useful it is for linkage analysis. One way to
measure the degree of polymorphism is the polymorphism
information content (PIC) (Botstein et al 1980). The PIC
is the probability that an offspring of a random mating
between a carrier of a rare dominant gene and a non-
carrier is informative for linkage between the locus of
the dominant gene and the marker locus. As more and more
RFLP markers are defined, this aspect should not be a
major 1limiting step in the linkage analysis. For rare
genetic diseases, the availability of informative families

is the major limitation. The number of families required
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to establish linkage depends on the size and structure of
the pedigrees as well as the degree of linkage between the
disease locus and RFLP marker used. Multigenerational
pedigrees are more useful than nuclear families and large
families give considerably more information than smaller
families (Botstein et al 1980). Less families are needed
if the linkage between disease locus and the RFLP marker

is tight.

4.2 LINKAGE ANALYSIS BETWEEN X-LINKED AGAMMAGLOBULINAEMIA
AND RANDOM DNA FRAGMENTS FROM Xq21.3-q22

The underlying defect of X-linked agammaglobulinaemia
(XLA) is still unclear and there is no immunological
method of detecting carriers (Chapter 1, this thesis).
Carrier detection is however feasible by demonstrating the
pattern of non-random X-chromosome inactivation which is
present in the B cells of female carriers (Fearon et al
1987) but the techniques are difficult. Prenatal
exclusion based on B-cell enumeration has been performed
but it is only limited to mid-trimester fetal bloéd
samplying (Durandy et al 1986). Furthermore the
heterogeneity with respect to the presence or absence of B
cells in some XLA patients (Leickley and Buckley 1986)
renders this approach unreliable for prenatal diagnosis.
An alternative strategy of offering carrier detection and
prenatal diagnosis in monogenic diseases of unknown
aetiologies is to localise the defective gene by linkage
analysis with DNA probes. Using the approach of gene

tracking, such genetic prediction then becomes feasible
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(Pembrey 1986). We therefore started a family linkage
study of XLA two-and-a-half years ago with this objective

in mind.

X-chromosomes of all mammals are thought to carry
homologous genes as a special method of control is
involved in X-chromosome inactivation which would make it
difficult for genes to be exchanged between the X-
chromosome and autosomes during evolution (Lyon 1988).
Since the X-linked immunodeficiency disease (xid) gene in
the mouse has been mapped between PGK (phosphoglycerate
kinase) and Ags (alpha-galactosidase) (Berning et al
1980), it has been thought that the human X-linked
immunodeficiency genes might also be mapped to a
comparable location at the middle of the long arm of the
human X chromosome. Indeed, two separate and parallel
family studies of XLA (Kwan et al 1986, Mensink et al
1986a) were published during the tenure of my research
fellowship demonstrating linkage of the XLA gene locus to
DXS17 (S21) and Di?3 (19.2) in the region of Xg21.3-g22.
By that time, we héig collected 12 XLA families suitable
for linkage analysis and in colloboration with a French
group headed by Professor C. Griscelli in Paris and Dr. J.
L. Mandel in Strasbourg who contributed data from 3 XLA
families, we also mapped the XLA gene locus to Xqg21.3-22
with probes S21 and 19.2; in addition we demonstrated
close linkage with a further probe pXGl2 (DXS94) (Malcolm
ef al 1987). The results of this linkage study and of the

clinical application in genetic counselling in these
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families are presented in this chapter.

4.2.1 LINKAGE OF 19.2, S21 AND pXGl2 IN FAMILIES WITH XLA

DNA from members of the XLA families were analysed
by Southern blotting for RFLPs using the probes 19.2, S21
and pXGl2. The 15 XLA families which were used for the
linkage analysis are families 1-8, 10-12 and 14 (Figure 2-
1) plus the 3 French families. The RFLP data with the 3
probes, viz 19.2, S21 and pXGl2 are shown in table 3 and
the pedigrees with the RFLP data of S21, pXGl2 and/or 19.2
are shown in figure 4-1. 19.2 detects a Taqgq 1 polymorphism
with alleles of 5.0 kb or a doublet of 2.9 and 2.2 kb; S21
a Taq 1 polymorphism with alléles 2.2 kb and 2.0 Kkb; pXG1l2

a Pst 1 polymorphism with alleles 7.2 kb and 6.5 kb.

9 families were informative for linkage analysis with
19.2, 10 families with S21 and 11 families with pXG1l2.
The RFLP data for each probe were analysed by the computer
programme, LIPED (Ott 1974) to test for linkage with the
XLA disease locus. For LIPED one has to specify the gene
frequencies at each gene locus. Since XLA is a rare
disease of unknown frequency, its gene frequency was
arbitrarily set at 0.0001, which is the lowest allowed for

in LIPED (Ott 1985). Hence the gene frequency of the
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Table 3

RFLP DATA OF TNE 15 XLA FAMILIES AND ONE X-LINKED HYPERIgM FAMILY

Family Individual 19.2 pXG12 - 821

1 I-1 (0.C.) 1,2 1,2 1,2
I-3 1 2 1
I-6 nd 1,2 1,2
I-9 _ nd 1 2
I-10 A nd 1,2 1,2
I-11 1 1 1
I-12 (0.C.) 1,2 1,2 1,2
I-13 1 1 1
I-14 (0.C.) 1,2 1,2 1,2
II-1 1 2 1
II-2 1 2 1
II-3 (aff) 1 2 1
II-5 nd 1,2 1,2
II-7 nd 1,2 1,2
II-8 nd 1,2 1,2
I1I-11 1 2 1
II-12 1,2 1 1,2
II-13 1 1,2 1
II-14 1,2 1 1,2
II-15(aff) 1 2 1
III-1 1,2 2 1

(continued next page)
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Family Individual 19.2 pXG12 S21
1 III-2 1 1,2 1
I1I-4 nd 2 1
ITI-5 1,2 1,2 1
III-6 2 1 2
ITT-8 nd 1 2
2 I-1 (0.C.) 1,2 2 1,2
I-2 (0.C.) 1,2 2 1,2
I-3 2 2 1
I-4 1,2 2 1,2
IT-1 2 nd 2
II-2 (aff) 1 nd 1
II-4 (aff) 1 nd 1
II-5 1,2 2 1
IT-6 2 nd 2
3 I-1 nd 1 1
I-2 (0.C.) 2 1,2 1,2
II-1 1,2 1 1,2
II-2 2 2 1
II-3 (aff) 2 1 2
I1I-7 nd 2 1
ITI-2 nd 1 1

(continued next page)
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Family Individual 19.2 pXGl2 S21

4 I-1 nd 2 1
I-2 nd 1,2 2
II-1 (0.C.) 2 1,2 1,2
IT-2 nd 1 2
IT-3 nd 2 2
II-4 nd 2 1,2
ITT-1(aff) nd 1 2
ITT-2(aff) nd 1 2
ITTI-3 nd 2 1
ITI-4 nd 2 2

5 I-1 nd 2 1
I-2 nd 1 nd
II-1 (0.C.) 1,2 1,2 1
II-2 nd 1 1
III-1(aff) 2 2 nd
ITT-2 1 1 nd
III-3(aff) 2 2 nd

6 I-1 nd 1 nd
I-2 nd 1,2 1
II-1(0.C.) 1,2 1,2 1
II-2 nd 1 nd
II-3 nd 1,2 1
IT-4 nd 1 nd
IIT-1(aff) 1 2 nd
ITI-2(aff) 1 2 1

(continued next page)
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Family Individual 19.2 pXG12 S21

7 I-2 (0.C.) 2 1,2 1,2
II-1 (0.C.) 2 2 1
II-2 (0.C.) 2 2 1
I1-3 " nd 2 1
II-4 nd 2 1
IT-6 nd 1 2
I1-7 nd 1 2
III-1(aff) nd 2 1
ITII-2 nd 2 1
III-3(aff) 2 2 1
III-4 (aff) 2 2 1

8 I-2 nd 1,2 1,2
II-1 (0.C.) 2 2 1,2
I1-2 nd 1,2 1
III-1(aff) 2 nd 2
ITII-2(aff) 2 nd 2

9 I-1 nd 2 1
I-2 nd 2 1,2
IT-1 nd nd 2
II-2 (0.C.) nd 2 1,2
II-3 nd 2 1,2
III-2(aff) nd 2 1
III-3 nd 2 1,2

(continued next page)
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Family Individual 19.2 pXG12 S21
10 I-1 2 1 nd
I-2 1 1,2 nd
II-2 (0.C.) 1,2 1,2 1
II-3 1 2 nd
II-6 1,2 1,2 nd
I1-7 1,2 1 nd
III-1(aff) 2 1 nd
IITI-2(aff) 2 1 nd
III-3 (aff) 2 1 nd
11 I-1 nd 1 nd
I-2 (0.C.) 1 1,2 1
II-1 (0.C.) 1 1,2 1
III-2(aff) 1 2 1
12 I-2 1,2 1,2 1,2
II-2 (0.C.) 2 2 1,2
II-5 1 1 1
IT-6 1 nd 1
ITT-1 nd nd 1
IIT-2(aff) nd nd 2
III-3(aff) nd nd 2
ITI-4 (aff) nd nd 2

(continued next page)
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Family Individual 19.2 pXG12 S21
13 I-1 nd nd 1
I-2 nd nd 1,2
II-1 (aff) nd nd 1
II-2 nd nd 2
14 I-2 (0.C.) 1,2 1 1
II-1 (aff) 1 1 nd
II-2 (aff) 1 1 nd
II-3 (aff) 2 1 nd
15 I-1 (0.C.) 2 1,2 1,2
I-2 1 1 1
II-1 (0.C.) 1,2 1,2 1,2
II-5 (0.C.) 1,2 1 1
IIT-1 2 2 2
ITII-° 2 nd nd
19 I-1 (0.C.) 1,2 2 1,2
X-linked
hyperIgM I1-2 2 2 1
II-5 (0.C.) 1,2 1,2 1
II-6 (0.C.) 1,2 1,2 1
IIT-1 1 1 1
ITI-2 2 2 1
III-5(aff) 2 2 1
ITI-8 1 1 1
0.C. = obligate carrier
aff. = affected
nd = not done
allele 1 = larger fragment
allele 2 = smaller fragment(s)
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normal allele at the XLA gene locus was set at 0.9999.
The gene frequencies of the two alleles of each probe were
set at the known values. The input and output files of
LIPED for each of the three probes are included in
appendix 3. The summation of lod scores at various theta
values for the three probes against the XLA locus are
given in table 4. No recombination was found with using
S21 or pXGl2. One cross-over was observed with 19.2 in a
family which was non-informative for either S21 or pXG1l2

(family 14).

4.2.2 MAPPING OF PXG12

pXGl2 was originally mapped to the proximal part of
the long arm of the X chromosome (Davatelis et al 1985,
Goodfellow et al 1985). Two lines of evidence now suggest
it lies between 19.2 and S21. In a man with
choroideraemia but normal immunity, high resolution
éhromosome studies showed that the band Xg21 was about
half its normal size, probably due to a deletion of sub-
band Xg21.1 (Hodgson et al 1987). DNA studies from him
showed both the X loci of DXYS1 (pDP34) and DXS3 (19.2)
were deleted but not the locus of DXS17 (S21). A clear
6.5kb allele of pXGl2 was however observed (Figure 4-2),
showing that pXGl2 lies outside the DXYS1-DXS3 segment.
Evidence that it falls below 19.2 rather than above pDP34
comes from a multipoint linkage analysis of 44 families,
which suggests the order being centromere-pDP34-19.2-

pXG12-S21 (Arveiler et al 1987a).
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Table 4

LOD SCORES FOR FAMILIES WITH XLA

LOD SCORES
LOCUS DXS 3 DXS 94 DXS 17
Probe 19.2 pXG1l2 s21
©=0.00 0.49 6.75 4.90
6=0.01 3.39 6.62 4.79
6=0.05 3.68 6.10 4.35
©=0.10 3.46 5.41 3.78
©=0.15 3.09 4.71 3.21
6=0.20 2.66 3.98 2.63
6=0.25 2.20 3.23 2.06
6=0.30 1.71 2.48 ' 1.51
6=0.35 1.23 1.75 1.01
©=0.40 0.78 1.06 0.56
6=0.45 0.36 0.46 0.22

Combined 1lod scores for various recombination fractions (6)
between XIA locus and the listed 1loci 1in 15 XILA families
(families 1-8, 10-12, 14 and three French families).



6.5kb

Pst1/pXG12

Figure 4-2 Autoradiograph showing the 6.5kb allele of pXG 12
in a man with choroideraemia and deletion of sub-
band Xq21.1 (iane b), normal female (lane a).
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4.2.3 DISCUSSION

Although XLA has now been mapped to Xg21.3-g22 (Kwén
et al 1986, Mensink et al 1986a, Malcolm et al 1987), a
comparable region of the X chromosome as the xid gene
locus in the mouse (Berning et al 1980, Lyon 1988), the
two diseases (XLA and xid) are not strictly analogous in
their phenotypes. XLA results in decreased immunoglobulin
of all isotypes in man while xid results in impairment of
antibody response to polysaccharide antigens in mouse
(Scher 1982). Moreover, several human X-linked
immunodeficiencies such as Wiskott-Aldrich syndrome and X-
linked severe combined immunodeficiency have been mapped
to outside this homologous region (Peacocke and
Siminovitch 1986, de Saint Basile et al 1987). Hence,
there does not seem to be a family of genes in this region
of the human X chromosome which is analogous to the family
of XLR genes which are linked to the xid in mouse (Cohen

et al 1985 a&b).

Kwan et al (1986) was the first to find linkage of
XLA with 19.2 at ©=0.04 with a lod score of 3.65 and with
s21 at ©=0 with a lod score of 2.17. Mensink et al
(1986a) soon confirmed the linkage of XLA with 19.2 in a
large pedigree, 66-8, with a lod score of 3.3 at é=0.06,
but presented a family, Z, with indistinguishable
phenotypes from XLA and which had a lod score of -3.14 at
©=0.06. Using the same set of nine families, Ott'et al
(1986) demonstrated two families, Z and EsB, have negative

lod scores at the location of the S21 locus by multi-point
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linkage analysis and‘hence appear not to be linked to the
region of the S21 locus. The other seven families show
linkage of XLA to S21. Hence the hypothesis of
heterogeneity with one linked and one unlinked type is
much more favoured than that of homogeneity (Ott et al
1986). Our data certainly confirmed the linkage of XLA
with 19.2 at 6=0.04 with a lod score of 3.69 and with S21
at é=0 with a lod score of 4.90 (Table 4). We also
extended the linkage of XLA with another proble pXGl2 with
a lod score of 6.75 at é=0 (Table 4). In this linkage
study of 15 families (3 families from the French group),
we have no evidence for genetic heterogeneity. However,
it does not prove there is no heterogeneity as the number
of families required to detect heterogeneity can be quite
large depending on the proportion of linked families (a),
the value of theta between the disease and marker as well
as the structure of the families (Ott 1986b). Generally,
the lower the proportion of linked families and the higher
the 6, the more families one would need to detect
heterogeneity at a significant level. Therefore, we may

simply not have enough families to detect heterogeneity.

On the other hand, there are alternative explanations
for the observed heterogeneity in families Z and EsB as
reported by Mensink et al (1986a) and Ott et al (1986).
The data from family EsB is not totally reliable as one
female (II-1) was assigned as being a carrier on the basis
that one of her sons born before 1950 died between 2

months and 8 years of age (Mensink et al 1986a). For
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family Z, Ott et al (1986) has suggested a possible
autosomal dominant and male limited inheritance, but no
affected male has been reported to produce an affected
son. This hypothesis can be tested by examining the B
cells of the female carriers in this family for pattern of
X-chromosome inactivation (Fearon et al 1987, Conley et al
1986). If the inheritance in family Z is autosomal, the
pattern of X-chromosome inactivation should be random.
Another explanation has been proposed by Mensink et al
(1987a) that grandfather (I-1) in family Z could be a
mosaic in his germ line, in which case grandmother (I-2)
is not a carrier and no recombination need to be
postulated between XLA and S21. This phenomenon of germ
line mosaicism has been demonstrated in Duéhenne's
muscular dystrophy (Darras and Francke 1987) with the
partial deletion of +the muscular dystrophy gene

transmitted twice by an unaffected male.

S21 and 19.2 were placed within bands Xg21.3-g22
(Goodfellow et al 1985). The recombination fraction
between 19.2 and S21 was estimated to be 0.10, that
between 19.2 and pXGl2 0.04 and that between pXGl2 and S21
0.02 (Arveiler et al 1987a). The same study suggested on
multipoint linkage that the order is centromere-19.2-
pXGl12-S21. Our maximum likelihood estimates of theta of
0.04 for 19.2 and of 0 for both pXGl2 and S21 in these
families agree reasonably well with these map distances.
However due to lack of recombination events in these

families, we are not able to place XLA exactly within the
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cluster of centromere-19.2-pXGl12-S21 (Arveiler et al
1987). The XLA locus should nevertheless be nearer to
pXGl2-S21 than 19.2, based on the fact that recombination
was found with 19.2 but not with pXG12/S21 as well as that
19.2 was deleted in a man with choroideraemia and normal

immunity, but not pXGl2.

The issue of non-allelic genetic heterogeneity has
certainly complicated the use of linked RFLPs in carrier
detection and prenatal diagnosis of XLA. In the following
section, further evidence of heterogeneity from another
family (family 15) will be presented and the published
data reviewed together with our own data to ascertain the

extent of heterogeneity.

4.3 NON-ALLELIC GENETIC HETEROGENEITY

Similar disease phenotypes which cannot be easily
distinguished clinically can be the result of mutations at
different gene loci. This phenomenon is called non-
allelic genetic heterogeneity. Linkage analysis has the
potential to reveal such genetic heterogeneity, such as
that in insulin-dependent diabetes mellitus (Harris et al
1985). Another X-linked immunodeficiency disease, X-
linked lymphoproliferative disease (XLP), has been mapped
to Xg24-gqter by linkage with the probe p43-15 (DXS42) in
one large pedigree (Skare et al 1987). However, in a
study of 3 XLP families, Harris et al (1988) could find no
evidence for linkage of the XLP locus to probes in the

region Xg24-gter and their data suggested the XLP locus is



Genetic Studies of XLA Page 81

unlikely to be within Xg21l.3-gter region. This may be due
to the small numbers of individuals analysed in their
study. Alternatively, the single family reported by Skare
et al (1987) may represent a different genetic disease but
with similar phenotype. For X-linked agammaglobulinaemia
(XLA), there is also evidence of non-allelic genetic

heterogeneity (O0tt et al 1986).

4.3.1 FAMILY 15

Subsequent to our original linkage study of XLA as
described above, another XLA family (family 15) was made
available for 1linkage analysis through Dr. Donnai,
Manchester. This family was first reported by Jamieson
and Kerr in 1962. The only affected surviving male is in
Canada and was reinvestigated recently by Dr Roifman,
Toronto; he was found to have the characteristic
immunological profile of XLA. The pedigree of family 15
is shown in figure 4-1 together with the S$S21 and 19.2 RFLP
data; the RFLP data are also shown in table 3. There were
at least two recombinations between the disease locus and
that defined by S21 out of the three observed meioses:
there were no recombinations among the three probes.
LIPED was used to test for linkage of the XLA gene locus
in this family with S21 and 19.2. The input and output
files are included in appendix 4. Negative lod scores
were obtained at all theta values indicating no evidence
of linkage was present. Moreover, the lod scores for the
S21 data at theta=0.03 is more negative than -2.0, hence

linkage is excluded at theta values under 0.03. Germline
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mosaicism cannot explain the two recombinations observed
in family 15. Together with family Z from Ott et al
(1986), there are now at least two XLA families which

appear not to be linked with S21.

4.3.2 ADMIXTURE TEST

To assess the extent o0f non-allelic genetic
heterogeneity in XLA, as much linkage data as possible was
obtained from the published literature (Kwan et al 1986,
Mensink et al 1986a, 1987a, Ott et al 1986) which was then
combined with our own data for the admixture test (0tt
1983). It was analysed with respect to both S21 and 19.2
only because no other data with pXGl2 have been published
other than our own (Malcolm et al 1987). For 19.2, the
lod scores for each individual family at various theta
values‘were obtained by analysing the raw RFLP data of
Mensink et al (1986a) using LIPED (8 families) and by
assuming the 10 families of Kwan et al (1986) contributed
evenly to the total lod score published. Together with
our 10 families which are informative for 19.2, there are
28 families available for the admixture test. Similarly
for S21, the lod scores for each individual family at
various theta values were obtained by analysing the raw
RFLP data of family Z (Mensink et al 1987a) using LIPED,
by plotting the lod score versus theta curve for family
66.8 (Mensink et al 1987a) and by assuming the 4 families
of Kwan et al (1986) contributed evenly to the total 1lod
score. Together with our 11 families which are

informative for S21, there are 17 families available for
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For input data to run the HOMOG, a computer programme
which executes the computation of the admixture test (Ott
1983), the lod scores of each individual family at the
desired theta wvalues are required. Several runs of the
HOMOG were initially executed to determine the range and
interval of the desired theta values for 19.2 and S21
separately. It was then run at interval of 0.01 for the
proportion of linked families (a). The output files for

both 19.2 and S21 are included in appendix 5.

For 19.2, the estimated proportion of linked familes
(a) is 0.87 with a 95% confidence intervals of 0.52 to 1.
The estimated recombination fraction (é) of the linked
families is 0.06 with a 95% confidence intervals of 0.04
to 0.16. For S21 with a smaller set of families to
analyse, the corresponding values of é is 0.83 (95%
confidence interval being 0.46 to 0.98) and é is 0.00 (95%
confidence interval being 0.00 to 0.02). The HOMOG also
tested the hypothesis of heterogeneity with one linked and
one unlinked family type (H2) versus the hypothesis of
homogeneity of 1linkage (H1) as well as versus the
hypothesis of no linkage (HO). The components of chi-
square in approximate chi-square tests (df=degree of

freedom) are given for both 19.2 and S21 as follows.
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19.2 S21
Components| df |Chi-square p-value| Chi-square p-value

H2 VS HI 1 2.7 0.0515 12.7 0.0002
Hl1 VS HO 1 42.2 <0.0001 27.1 <0.0001
H2 VS HO 2 44.8 <0.0001 39.7 <0.0001

Both 19.2 and S21 data support the hypothesis of
heterogeneity more than that of homogeneity, with S21 at a
much more significant level than 19.2, because $21 is much
more closely linked with the disease locus (6=0.00 to

0.02) than 19.2 (6=0.04 to 0.16).

The posterior probability of the ith family being the
linked type (wi) is also computed with confidence limits
corresponding'to the calculated 95% confidence intervals
of both the proportion of the linked families (a) and
theta. The value of wi takes into account of the 1inkége
data of all other families as well as that of the ith
family. The calculated values of wi and the 95%
confidence limits for our families and families Z and 66-8
of Mensink et al (1987a) from the analysis of both S21 and

19.2 data by the admixture test are shown in table 5.

All our families with S21 linkage data apart from

family 15, have a probability (wi) of over 80% of
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POSTERIOR PROBABILITY OF LINKAGE OF FAMILIES WITH XLA

POSTERIOR PROBABILITY OF LINKAGE (wi)

Family name Family S21 19-2

Pomfrett 1 0.95 (0.77-0.99) 0.96 (0.79-1.00)

Lucken 2 0.96 (0.82-1.00) 0.97 (0.82-1.00)

Rushin 3 0.95 (0.77-0.99) ni

Kirsopp 4 0.91 (0.63-0.99) ni

Barton 5 ni 0.96 (0.79-1.00)

Williams 6 ni 0.92 (0.66-1.00)

Pattersen 7 0.95 (0.77-0.99) ni

Cox 8 0.91 (0.63-0.99) ni

Crabbe 9% 0.83 (0.46-0.98) 0.87 (0.52-1.00)

Parry 10 ni 0.96 (0.79-1.00)

Berryman/Fox 11 ni ni

Gerrard 12 0.98 (0.87-1.00) ni

Lindridge 13% 0.83 (0.46-0.98) 0.87 (0.52-1.00)

Mann 14 ni 0.60 (0.15-1.00)
15 0.00 (0.00-0.04) 0.60 (0.15-1.00)
Z 0.00 (0.00-0.07) 0.00 (0.00-1.00)
66-8 1.00 (1.00-1.00) 1.00 (1.00-1.00)

Posterior probability of 1linkage of each XLA family
in the Admixture

RF

LP data

from S21

or 19-2

confidence limits shown in brackets.

*
ni

families with no linkage data
not informative for RFLP tested

using

test; 95%
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belonging to the linked group of families. The value of
wi and its 95% confidence 1limits for each individual
family depend on the maximum lod score, Zi(é) of an
individual family. The higher the wvalue of Zi(é) of an
individual family, the higher the value of wi is and the
tighter the 95% confidence limits of wi will be. When
Zi(é) is greater than 0.3, wi is greater than 0.9. As
Zi(é) rises above 0.9, wi becomes greater than 0.97. 1In a
family with no linkage data of S21, i.e. Zi(é)=0, wi is
the same as (a), the estimated proportion of linked
families, which is 0.83. For families Z and 15 which
appear unlinked to the locus of S21, wi is zero with the

upper confidence limits less than 8%.

Similar observations are made from the analysis of
the 19.2 linkage data by the admixture test, although the
estimated proportion of the linked families (0.87) is
slightly greater than that from S21 data (0.83). It is

because there are more families with 19.2 data available.

4.3.3 DISCUSSION

With the knowledge of the likely proportion of linked
families (é) and the posterior probability of each family
of being the linked type (wi), it may be feasible to use
the linked probes for genetic counselling in the families
classified as of being the linked group by wi>a (Ott 1983,

1985). This aspect is explored fully in the next section.

The identification of a subgroup of XLA families

unlinked to Xg21.3-22 will be important in refining the
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classification of XLA so as to see whether there is any
difference in clinical features and prognosis between the
two groups. It may also facilitate the discovery of
immunological differences between the subgroups of

families.

fn diseases with non-allelic genetic heterogeneity,
detecting linkage by traditional 2-point linkage analysis
is much 1less effective in circumstances where the
proportion of linked families (a) is small even though the
recombination fraction, ©, of the linked probe used is
small. It is because in the overall population, the
chance that the probe will fail to cosegregate with the
disease through a meiosis is the "apparent" recombination
fraction ©6'=6a+l/2(1l-a) (Lander and Botstein 1986).
Therefore if one neglects to take account of even a modest
degree of heterogeneity, linkage can be missed entirely.
In the case of XLA, it is fortunate that the proportion of
linked families is greater than 0.8 and theta for S21 is
still zero, otherwise linkage with Xg21.3-g22 could be
easily missed by the 2-point linkage analysis. Realising
the weakness of 2-point linkage analysis in mapping
heterogenous genetic traits, Lander and Botstein (1986)
proposed two strategies, viz interval mapping and
simultaneous search, which utilize a complete RFLP linkage
map of the human genome. The construction of such a map
has already been attempted (Donis-Keller et al 1987).
Interval mapping involves testing whether a putative locus

‘lies in an interval of known size between two adjacent
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markers. This is a more demanding hypothesis, and hence
one easier to test, than whether the locus is linked to a
single marker at an unknown distance. Simultaneous search
involves testing several trait-causing loci simultaneouly,
therefore in a heterogenous disease, at least one of the
loci will appear to cosegregate with the disease in every
fémily. By using these strategies, it is estimated only
1/3 as many affected families are needed to map a
heterogeneous trait and only 1/5 to 1/50 as many are
needed to detect that genetic heterogeneity is present.
(Lander and Botstein 1986).
4.4 GENETIC PREDICTION IN X-LINKED AGAMMAGLOBULINAEMIA

USING S21 AND PXG12

Excluding the two unlinked families Z and 15, the
combined maximum lod score for S21 versus XLA locus in the
15 linked families published (4 families from Kwan et al
1986, family 66-8 from Mensink et at 1987a, 10 families
from Malcolm et al 1987) is 10.5 at a recombination
fraction © of 0 with 90-95% confidence intervals O to 0.04
(Lau et al 1988b) as defined by taking the range of © at
one less than the maximum lod score (Conneally et al
1985). Since our original publications (Malcolm et al
1987, Lau et al 1988b), the maximum lod score for S21 for
the 15 linked families above has been increased to 10.97
at 6=0 with a 90-95% confidence intervals 0 to 0.02, due
to increase in lod score in one of our families. The lod
score value of 10.97 has not included the lod scores of
several families from Ott et al (1986) which were shown to

be linked to the locus of S21 by multi-point linkage
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meioses were observed with no recombination between the
XLA locus and S21. 22 informative meioses were observed
with no recombination with pXGl2 in 11 XLA families in our
original 1linkage study (Malcolm et al 1987). Since the
recombination fraction between pXGl2 and S21 was estimated
to be 0.02 (Arveiler et al 1987a), we decided to use S21
and pXGl2 in genetic counselling of XLA families, quoting
a recombination fraction of 0.04 (Lau et al 1988b). A
method of risk calculation has also been developed to
allow for non-allelic genetic heterogeneity.
4.4.1 METHOD OF ALLOWING FOR NON-ALLELIC GENETIC

HETEROGENEITY

To allow for non-allelic genetic heterogeneity, a
method of risk calculation has been developed which will
incorporate the probability'rof linkage within each
individual family as well as a specified proportion of
unlinked families (Lau et al 1988b). As estimated by the
admixture test above the proportion of unlinked families
is likely to be between 10% and 20% on the present
published evidence. The true figure for the proportion of
unlinked families is uncertain but one can show what
effect using figures between 10% and 30% have on final

prediction in any particular family.

The formal calculations are as follows. For any
individual the probaility of a specific XLA genotype,
given the pedigree and marker (RELP) data, can be

expressed as:
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Pr(genotype, pedigree)

Pr(genotype |pedigree) = ——-—————cmmmmmmmme o ..(5)

Pr(pedigree)

If there is genetic heterogeneity the numerator and
denominator in this expression (5) will be made up of two
parts, depending on whether the pedigree is linked or
unlinked, for example the numerator will be

Pr(linked).Pr(genotype, pedigree|linked) +

Pr(unlinked).Pr(genotype, pedigree|unlinked) ... (6)

In the first part of the above expression (6), the
prior probability that the disease segregating in that
pedigree is in fact linked with the marker 1locus is
multiplied by the probability of the specific genotype in
the individual in question and the pedigree data given
that the disease is linked to the marker (©6=0.04). In the
second part of the expression (6), it is assumed that the
disease is not 1linked to the marker (i.e. 6=0.5).
Probability (5) can therefore be expressed as:

Pr(linked).Pr(genotype, pedigree|linked) +

Pr(unlinked).Pr(genotype, pedigreelunlinked)

Pr(linked).Pr(pedigree|linked) +

Pr(unlinked).Pr(pedigree|unlinked)

Pr(pedigree|linked) is the probability of the
pedigree assuming fhe XLA genotype of the individual at
risk is unknown and given that the disease is linked to
the marker. These probabilities, together with their
equivalents where the disease is unlinked to the marker,

can be obtained from the computer programme LIPED (Ott
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1974), in which recent versions give specific instructions
for risk calculation. Pr(unlinked) can be wvaried from O
to 1 to see its effect on final genetic risk of an
individual in any particular family. A computer programme
has been written to calculate the risk of an individual of
being a specified genotype as Pr(unlinked) wvaries in
expression (7) (Appendix 2). The input data for this
programme are the values of the probabilities of the
pedigrees in expression (7) which can be obtained from

LIPED.

4.4.2 CARRIER DETECTION AND PREDICTION IN MALES

Out of 13 XLA families counselled (families 1-13), 11
were studied previously (Malcolm et al 1987) and
demonstrated linkage between the XLA locus and probes S21,
pXGl2 and 19-2. One of the other two families has only
one affected male living, with an affected brother who
died. One family (family 13) contains a single affected
male with the mother originally planning for abortion of
any male fetus but opted for prenatal exclusion when she
learnt that it was feasible. The pedigrees and the
segregation of the S21 and/or pXGl2 alleles of these 13
XLA families (families 1-13) are shown in figure 4-1.
Table 6 lists all obligate and potential female carriers
as well as a newborn male and a male fetus at risk from
the 13 families, giving risk estimates and the possibility

of prenatal diagnosis. The final risks combining pedigree
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Pedigree + DNA risk

(%) when proportion of

unlinked families is: Prenatal pre-

Pedigree risk diction with

Subjects (%) 0 0.1 0.3 S=S21,X=XG12
Family 1
I-1 100 (0.cC.) + >45 years
I-12 100 (0.C.) >45 years
I-14 100 (0.cC.) >45 years
I-6 27.27 24.17 24.23 24.38 >45 years
I-10 50 50 50 50 >45 years
II-1 50 95.98 95.08 92.71 ni
IT-2 50 95.98 95.08 92.71 ni
II-5 9.09 1.48 1.62 2.01
IT-7 25 48.13 47.69 46.53 S+X
II-8 25 48.13 47.69 46.53 S+X
II-12 33.33 2.05 2.64 4,22
II-13 50 95.99 95.12 92.8 X
II-14 20 1.04 1.34 2.16
ITI-1 25 48 47 .57 46.4 ni
ITI-2 25 48 47 .57 46.4 X
ITIT-5 16.67 1.03 1.32 2.11

(continued next page)
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Pedigree + DNA risk

(%) when proportion of

unlinked families is: Prenatal pre-

Pedigree risk diction with

Subjects (%) 0 0.1 0.3 S=S521,X=XG12
Family 2
I-1 100 (0.cC.) >45 years
I-2 100 (0.cC.) >45 years
I-4 33.35 58.15 57.7 56.49 >45 years
IT-5 16.68 55.82 55.11 53.21 ni
Family 3
I-2 100 (0.cC.) >45 years
IT-1 20 92 89.29 82.55 S
ITI-2% 16.67 3.69 4.25 5.62
Family 4
I-2 27.28 10.32 11.5 14.1 >45 years
II-1 100 (O.C.) S+X
II-4 9.1 3.46 3.85 4.71
ITI-4 4.57 1.75 1.94 2.38
Family 5
I-2 33.34 0.02 1.52 5.14 >45 years
II-2 100 (O.cC.) X

(continued next page)
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fable 6 (continued)

Pedigree + DNA risk

(%) when proportion of

unlinked families is: Prenatal pre-

Pedigree risk diction with

Subjects (%) 0 0.1 0.3 S=S21,X=XG12
Family 6
I-2 20 63.86 62.7 59.69 >45 years
IT-1 100 (0.C.) X
II-3 10 61.3 59.94 56.43 X
Family 7
IT-1 100 (O0.C.) ' >45 years
I1T-2 100 (0O.cC.) >45 years
II-3 50 96 94.94 92.16 >45 years
IT-4 33.33 92.31 90.95 87.39 >45 years
Family 8
I-2 50 66.63 65.98 64.4 >45 years
II-1 100 (0.C.) S
IT-2 25 5.15 5.92 7.82
Family 9
I-2 42 .86 4.16 10.24 20.35 >45 years
II-2 100 (0.C.) S
II-3 14.3 3.56 5.25 8.05
IITI-3 50 88.65 82.58 72.49 S

(continued next page)
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Pedigree risk

Pedigree + DNA risk
(%) when proportion of
unlinked families is:

Prenatal pre-
diction with

Subjects (%) 0 0.1 0.3 S=S21,X=XG12
Family 10
I-2 8.57 0.00 0.29 1.01
II-2 100 (0.C.) X
IT-6 2.87 0.01 0.11 0.34
IT-7 4.31 0.02 0.17 0.53
Family 11
I-2 100 (0.cC.) >45 years
II-1 100 (0.C.) X
Family 12
I-2 11.11 36.52 36.23 35.42 >45 years
II-2 100 (0.C.) >45 years
Family 13
I-2 66.67 66.67 66.67 66.67 S
II-2° 33.33 5.15 7.97 13.61
d.C. obligate carrier
ni not informative

Newborn male at risk
Male fetus at risk
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and DNA data are calculated assuming the proportion of
unlinked families to be 0%,‘10% and 30%. Of the 17
obligate carriers, 7 are under the age of 45 years and can
all be offered prenatal diagnosis, using S21 in 2, pXGl2
in 4, and either probe in 1, Of the 34 females at risk of
being carriers, 17 have their risks increased, 15
decreased and 2 unchanged by the RFLP results. 11 of the
17 women whose risks were increased are under 45 years and

7 of them can be offered prenatal prediction.

The impact of varying the proportion of unlinked
families in predicting low risks can also be assessed. Of
the 15 women whose carrier risks were decreased, 3 were
already below 5% and 7 were reduced to under 5% if the
proportion of unlinked families is assumed to be 10%. Of
these 7, 6 would still have a risk below 5% if a figure of
30% unlinked families were used; the other would have a

risk of 5.14% (Table 6).

In family 3, II-1 was shown to be at high risk of
being a carrier with both S21 and pXGl2. She was
heterozygous for S21 and hence prenatal diagno@sis was
possible. She was, however, well into the last trimester
of her second pregnancy before the linkage study of XLA
was completed. Pregnancy proceeded to term and a male
infant (III-2) was born. RFLP analysis of cord blood
indicated that he ran a low risk of being affected with
XLA. With the family having 3 meioses supporting linkage
with S21 and the posterior probability of this family

being linked as 0.95, the risk to her son is 4.25-5.62%
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(assuming i0% or 30% unlinked families respectively). He
was shown to have normal numbers of circulating B
lymphocytes and normal immunoglobulin level and is
clinically normal at the age of one year thereby

confirming our prediction.

A woman (family 13) with only one son affected with
XLA but no family history presented for prenatal exclusion
at 9 weeks of pregnancy. She was shown to be heterozygous
for S21 and the affected son inherited the 2.2kb allele.
Chorionic villus sampling was performed and the fetus was
shown to have 46XY karyotype and inherited the opposite
2.0kb allele to the affected boy. A residual risk of 10%
of the fetus being affected with XLA was quoted to the
parents. This figure takes into account the possibility
that the affected boy is a new mutation and that the
mother is linkage phase unknown if she were a carrier.
The calculated risk was 7.97, 10.79 and 13.6% according to
whether 10,20 or 30% of families are unlinked. They
accepted the risk and a male infant was born at term.
Analysis of both cord blood at birth and peripheral blood
at two weeks of age showed a normal number of B
lymphocytes. As he is still under six months of age,

serum immunoglobulins are mainly of maternal origin.

4.4.3 DISCUSSION
Until recently female carriers of XLA could not be
detected, but once linkage to RFLPs was demonstrated it

became possible to use gene tracking in genetic prediction
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(Kwan et al 1986). In our study, of 34 potential
carriers, gene tracking with S21 and pXGl2 gave
information that could be used in genetic counselling in
32. Of a total of 19 obligate or potential carriers under
the age of 45, prenatal prediction using these probes was
possible in 15. However, the present sample is biased
towards optimum family structure since most were selected
for the original linkage study (Malcolm et al 1987). The
combination of S21 (heterozygosity frequency 0.45) and
pXGl2 (heterozygosity frequency 0.48) can beqexpected to
render about 70% of females in other families amenable to
gene tracking. There is no evidence of 1linkage
disequilibrium between S21 and pXGl2, or between XLA and
either probe. There are several potential unrelated
sources of error in using linked probes. The problems of

recombination, non-paternity and new mutation are well

recognised (Pembrey 1986). Here the problem of non-
, S

allelic genetic heterogeneity has been addresed in
N

particular. Until tests independent of 1linkage analysis
can distinguish which gene locus is involved in any
particular XLA family, non-allelic genetic heterogeneity

must be incorporated into any genetic prediction.

It is demonstrated here how one can allow for the
problem of non-allelic genetic heterogeneity in risk
calculation. However, there is still a degree of
uncertainty in risk prediction due to the fact that one
cannot be sure about the true proportion of unlinked

families, whether it is 10%, or perhaps 30%; though it is
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likely to be about 10% on present evidence. This degree
of uncertainty (depending on whether unlinked families are
10% or 30%) is less in a large family (family 1) with
linkage data from many members than a smaller family

(family 9) with little or no linkage data with the marker.

This difference in the degree of uncertainty can be
illustrated by comparing II-12 in family 1 with I-2 in
family 9 where the RFLP results favour a new mutation
during spermatogenesis in I-1. Both are potential
carriers with pedigree risks between 33% and 43% which are
reduced to under 5% with the RFLP results if all XLA
mutations were linked to S21/pXGl2. However, if one
assumes 30% of families are unlinked, the risk of I-2 in
family 9 will be 20.35% while that of II-12 in family 1 is
still 4.22%. The change of these two women's carrier
risks with the proportion of unlinked families is shown in

figure 4-3.

It is also feasible, with the linkage data, to
indicate where the mutation first started in a family,
e.g. in families 5 and 10, the mutation most likely arose
during spermatogenesis in the grandfathers. There are
both practical and biological interests in determining
whether the mutation rate in males and females is equal
with respect to any X-linked disease (Winter 1980).
However, the immediate practical benefit in pinpointing
the mutation in a family is to exclude risks in all
relatives except descendants of the carrier of the new

mutation.
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Figure 4-3 Change of carrier risks with the proportion

of unlinked families rising from 0% to 100%.

Carrier risks calculated from expression (7) with -
'LIPED and programme listed in appendix 2.
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Another potential source of error in using linked
probes for genetic prediction is that of non-paternity.
In family 1, the prediction that the female II-13 is a
carrier which is based on the pXGl2 1linkage data is
paternity dependent; that is if her biological father were
another man, this prediction could be incorrect. However,
a similar prediction that she (II-13) is a carrier, based
on the S21 linkage data, is paternity independent. Using
pXGl2, she (II-13) can also be offered prenatal diagnosis.
Therefore, pXGl2 and S21 used together can get round the
potential error of non-paternity and prdvide prenatal
diagnosis, hence complementing each other in such

circumstances.

A more powerful and univerii} strategy to confirm
family relationship is to useﬁgxtremely polymorphic
minisatellite probe (Jeffreys et al 1985, Wong et al
1986). A locus-specific minisatellite probe, pAg3, which
detects at least 77 different alleles (Wong et al 1986)
has been used to confirm paternity in some of our families
where predictions are paternity-dependent. The chance of
two randomly-selected individuals sharing a same allele
>4kb was estimated to be only 0.016 (Wong et al 1986). The
family relationship of family 15 was also checked and
confirmed by using pAg3. Figure 4-4 shows the Southern
blot of a family using p%G3.’The parents have totally

different alleles as they are not related; father has

alleles a and b, mother ¢ and d. Each of their four
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Figure 4-4 Autoradiograph showing the hypervariable DNA

polymorphism detected with a locus-specfic
minisatellite probe in checking family relationship.
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offsprings should have either ac, ad, bc or bd.

A consensus opinion regarding screening for fetal and
genetic abnormality has been reached by the King's Fund
forum (1987). The purpose of carrier detection should be
to assist informed decision making before pregnancy.
Accurate information on possible risks will allow some
couples to avoid high risk pregnancies, while other
couples may decide to embark on pregnancies that they
would, without this knowledge, have avoided. The purpose
of prenatal diagnosis is to provide the option of not
continuing with an abnormal pregnancy, but should the
mother wish to continue with an affected pregnancy the
prenatal diagnosis would allow the family to prepare to
care for an affected child or to attempt appropriate
treatment as soon as possible after birth. This is
particularly relevant for severe combined immunodeficiency
where both matched and mismatched bone marrow transplants
are curative and the success rate is about 90% for human
leucocyte antigen (HLA) matched and 50-60% for HLA
haploidentical +transplants (Fischer et al 1986).
Therefore, the specific goal of any genetic screening
programme should not be of reducing the incidence of a
disease, but of maximizing options available to couples at
risk for an affected child (Rowley 1984).

4.5 X-LINKED HYPERIMMUNOGLOBULINAEMIA M IS NOT AN ALLELIC

GENETIC DISEASE WITH X-LINKED AGAMMAGLOBULINAEMIA

X-linked hyperimmunoglobulinaemia M (X-1linked

hyperIgM) shares certain similar clinical features with
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that of X-linked agammaglobulinaemia (XLA) (Chapter 1,
this thesis), it is therefore conceivable that X-linked
hyperIgM and XLA could be two allelic forms of the same
genetic disease. However this hypothesis seems very
unlikely from the linkage analysis of a family with X-
linked hyperIgM (family 19). The pedigree is shown in
figure 4-5, with the segregation of the alleles of 19.2,
pXGl2 and S21. At least two cross-overs were observed
between the disease locus and the 3 DNA probes 1linked
with XLA. One cross-over with known phase was observed
with probes 19.2 and pXGl2 as individual III-2 carries
the same haplotype as his affected brother; S21 was
uninformative in this case. Another cross-over was
observed as a normal brother (II-2) has inherited the same
haplotype as his two carrier sisters. As I-1 is also
informative for S21, the cross-over in this case does not

lie between pXGl2 and S21.

The results from this family clearly indicate% a
distinct localisation for the genetic defect in X-linked
hyperIgM from that in X-linked agammaglobulinaemia.
Mensink et al (1987b) has in fact mapped the gene locus
for X-linked hyperIgM to Xq24-gq27 with p43-15(DXS42) in
one family. Unfortunately our family is not informative
for the probe p43-15. Further 1linkage studgushould
however be done on many‘other X-linked hyperIgM families
before decision caﬁ be made regarding clinical application

of the linked RFLP in carrier detection and prenatal

diagnosis.
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Chapter 5 GENETIC STUDIES OF X-LINKED SEVERE COMBINED
IMMUNODEFICIENCY

5.1 INTRODUCTION

The underlying defect of X-linked severe combined
immunodeficency (SCID) is still unclear but the primary
cellular defect seems to be a block in early T cell
differentiation (Griscelli et al 1978, Gelfand and Dosch
1982, 1983). There is no immunological or biochemical
method to detect carriers (Chapter 1, this thesis).
Femaie carriers can however be now identified by the
pattern of non-random X-chromosome inactivation in their
mature T cells (Goodship et al 1988). Prenatal diagnosis
based on enumeration of fetal T cells and their response
to phytohaemagglutinin has been successful but it involves
mid-trimester fetal blood sampling (Linch et al 1984).
'Therefore, it would be desirable to localize the gene on
the X-chromosome by linkage with RFLPs; it then renders
carrier detection and first trimester prenatal diagnosis
feasible by gene tracking (Pembrey 1986). The linkage
analysis of 3 families with X-linked SCID is presented in
this Chapter, which contributes to the mapping of the gene
to Xqll-ql3 in a collaborative study with the French group
headed by Professor C. Griscelli in Paris and Dr. J.L.
Mandel in Strasbourg (de Saint Basile et al 1987).
5.2 LINKAGE ANALYSIS BETWEEN X-LINKED SEVERE COMBINED

IMMUNODEFICIENCY AND DNA MARKERS FROM Xqll-ql3
The three families with X-linked SCID were chosen on

the following two criteria. The diagnosis of SCID was
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ascertained by the demonstration of abscence of T cells,
lack of mitogen-induced T cell proliferation as well as
normal or increased numbers of B cells. (Rosen et al
1983) The X-linked inheritance was established
unequivocally as all 3 families (families 16-18) showed
segregation of the disease in 3 generations (Figure 5-1).
This is essential because children with the variety of
autosomal recessive SCID may have identical immunological
parameters in terms of T and B cell numbers and function
as X-linked SCID. It follows that a family with two or
more affected sons can either be of autosomal recessive or

X-linked inheritance.

The RFLP data of these three families are shown in
table 7 and the pedigrees with the c¢cpX73 and 19.2 data are
shown in figure 5-1. The two-point linkage analysis
between the SCID locus and the loci defined by the four
DNA markers, viz cpX73 (DXS159), 19.2(DXS3), pXGl2(DXs94)
and S21(DXS17) were performed with the LIPED programme
(ott 1974). The input and output files are included in
appendix 6. The lod scores of these three families are
shown in table 8; along with the combined results obtained
from six more X-linked SCID families from the French group

(de Saint Basile et al 1987).

The two-point linkage data suggested that the SCID
gene locus 1is close to cpX73 marker, which defines the
locus DXS159 in Xgll-gl3 (Arveiler et al 1987b). The

marker cpX73 showed complete cosegregation with the
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Table 7
RFLP data of the 3 families with X-linked SCID
Family Individual cpX73 19.2 pXG1l2 S21
16 IT-1 1 2 nd 1
II-2 (0.C.) 1,2 1,2 1 1,2
IT-3 2 2 nd 1
II-4 1,2 1 1 1,2
IT-5 1 1 nd 2
II-6(0.C.) 1,2 1,2 1 1,2
ITI-1 1 2 nd 1
ITI-2 1 1 nd 1
III-4 1,2 1,2 nd 1
ITI-5 1 1 nd 2
ITI-6 1 1 nd 1,2
I1I-7 1 1 nd 1
17 I-1 2 1 2 nd
I-2(0.C.) 1,2 1,2 1 1
IT-1 2 2 2 nd
II-2(0.C.) 2 1 1,2 1
II-3 1 2 1 nd
II-4 1,2 1,2 1,2 1
IT-7 1 2 1 1
ITI-1 2 1,2 1,2 1

(continued next page)
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Family Individual cpX73 19.2 pXG12 S21
18 I-1 1 2 nd nd
I-2 (0.C.) 1 1,2 1,2 1
IT-3 2 2 nd nd
IT-4 (0.C.) 1 1,2 2 1
I1-5 1 2 1 nd
IT-6 1 2 1 nd
III-2(0.C.) 1,2 1,2 2 1,2
III-6 1 2 nd nd
ITII-10(aff) 1 1 nd 1
Iv-2 1 1 nd nd
0.C. = obligate carrier
aff. = affected
nd = not done
allele 1 = larger fragment
allele 2 = smaller fragment(s)
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LOD SCORES

LOCUS DXS159 DXS3 DXS94 DXS17
PROBE cpX73 19.2 pXG12 s21

©=0.00 1.48(5.27) -2.14 (-INF) 0.62(-6.86) 0.48(-7.00)
©=0.01 1.45(5.16) 1.50(2.22) 0.61(-1.43) 0.48(-1.87)
©=0.05 1.30(4.70) 1.95(4.97) 0.55(0.59) 0.47(0.20)
©=0.10 1.12(4.11) 1.93(5.51) 0.48(1.29) 0.44(0.90)
0=0.15 0.93(3.50) 1.77(5.37) 0.40(1.51) 0.39(1.12)
©=0.20 0.75(2.90) 1.55(4.95) 0.32(1.52) 0.33(1.10)
©=0.30 0.39(1.71) 1.03(3.60) 0.17(1.18) 0.19(0.73)

0d scores for various recombination fractions (©) between SCID

.ocus
6, 17, 18).

1 1987).

NF=infinity.

and the listed loci in the three SCID families

(families

The lod scores in brackets are our results combined
rith the results of the six French families (de Saint Basile et
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disease locus in all informative families analysed. The
maximum lod score obtained with c¢pX73 was 5.27 at
recombination fraction ©=0 in the collaborative study (de
Saint Basile et al 1987). The 90% confidence limit for
the recombination fraction between SCID and cpX73 was
estimated to be 0.09. A maximum lod score of 5.51 at ©
=0.11 was also obtained for the linkage between SCID and
19.2 (DXS3). The recombination fraction between cpX73 and
19.2 analysed in another study of larger set of families
was estimated to be about 0.13 (Arveiler et al 1987a).
This indeed suggests the SCID locus is very close to cpX73
but it is not yet decided whether the disease locus lies
distal or proximal to cpX73. The relatively high
recombination fraction found between SCID and pXGl2 or S21
(0.18 and 0.17 respectively, see table 8) clearly shows
that X-linked SCID is located in a different region from
X-linked agammaglobulinaemia, which has been mapped very

close to markers pXGl2 and S21 (Chapter 4, this thesis).

In our three families, only one cross-over was
observed in family 16; that between X-linked SCID and
19.2. Individual III-1, an unaffected male, has inherited
the opposite allele of 19.2 to that of his normal brother

(III-2) and cousin (III-7).

The ethnic backgrounds of our three families are
quite different from one another as well as from the
French families. There was however no evidence for non-

allelic genetic heterogeneity since linkage with probes in
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the Xqll-g2l1 region was observed in all nine families (de

Saint Basile et al 1987).

5.3 GENETIC PREDICTION

With the locus of X-linked SCID mapped to the region
of Xqll-qgl3 in nine families (de Saint Basile et al 1987)
and the lod score of 5.27 with probe cpX73 obtained at
recombination fraction 6=0 (90% confidence limit is 0.09),
it is then possible to use cpX73 for genetic counselling
in families with X-linked SCID. There are the usual
potential sources of error in using linked probes in
genetic prediction, viz recombinations and non-paternity.
However there was no evidence for genetic heterogeneity in
these nine families for X-linked SCID which may further
confound the approach of gene tracking as in X-linked
agammaglobulinaemia (Chapter 4, this thesis). Using cpX73
one can make an earlier prenatal diagnosis in informative
families than by using immunological methods on fetal
blood (Linch et al 1984). However, because of the
possibility of ;ecombination, a control of the presence of
T cells and normal mitogen-induced proliferation of T
cells in fetal blood should still be performed if RFLP
analysis suggests that a fetus has a low risk of being
affected. As for carrier detection, we have been able to

- pacvd
change the&genetic risk of being a carrier substantially
in three potential female carriers in family 16 and one in
family 17 using probe cpX73. It is however not possible
to alter the risk of the other potential female carriers

in families 17 and 18 since the key female carriers are
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not informative for cpX73. Several of the obligate female

carriers can be offered prenatal diagnosis using cpX73.

Using cpX73 and assuming a recombination fraction of
0.09 (the upper 1limit of 90% confidence intervals), the
carrier risks were calculated as follows. For any
individual the probability of a specific SCID genotype,
given the pedigree and marker (RFLP) data, can be
expressed as:

Pr(genotype, pedigree)
Pr(genotype|pedigree) = ——--——-—mmmmmmmmm
Pr(pedigree)

where Pr(genotype,pedigree) is the probability of the
specific SCID genotype in the individual in question and
the pedigree data given that the disease is linked to the
marker at 6=0.09. Pr(pedigree) is the probability of the
pedigree assuming that the SCID genotype of the individual
at risk is unknown and given that the disease is linked to
the marker at ©6=0.09. These probabilities can be obtained
from the computer programme LIPED (Ott 1974). The results

are shown in table 9.

5.4 DISCUSSION
Of the three potential female carriers whose risks

were reduced (table 9), two were reduced to 5% and one to
Senirl s

9%. These are not insignificant risks for a disease agix-

linked SCID. Recently, we have established that DNA
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Table 9

PREDICTION OF CARRIER RISKS IN X-LINKED SCID FAMILIES

Pedigree risk Pedigree and
Subjects (%) _ DNA risk (%)
Family 16
IT-4 33 60
III-4 17 5
ITT-6 50 9
Family 17
II-4 33 5

Carrier risks of females in SCID families as modified by
RFLP results from cpX73 assuming a recombination fraction 6
=0.09.
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methylation analysis can be used for carrier detection in
X-linked SCID (Goodship et al 1988). The principle of the
method is as follows. The Lyon hypothesis states that
permanent inactivation of one of the two X chromosomes
occurs at random in every somatic cell in the female early
in embryogenesis (Lyon 1961). The pattern of X chromosome
inactivation is transmitted in stable fashion to all
progeny cells. In cells requiring the mutant gene for
development, cells with the normal X active will have a
selective advantage, so although the initial inactivation
was random, the mature cell population will show a non-
random pattern of X inactivation. Goodship et al (1988)
demonstrated non-random X chromosome inactivation pattern
in the mature T lymphocytes of two obligate female
carriers of X-linked SCID; while in normal females, the T
lymphocytes showed random X chromosome inactivation
pattern. This method of determining carrier status will
be applicable to at least 50% of Caucasian females who are
informative for the probes from the 5' end of the
hypoxanthine phosphoribosyltransferase (HPRT) and phospho-
glycerate kinase (PGK) genes. These probes detect both a
RFLP which is used to distinguish the paternal X
chromosome from the maternal X chromosome and also a
difference in methylation between the active and inactive
X chromosome. One endonuclease is used to demonstrate the
RFLP and a methylation-sensitive endonuclease to
demonstrate the methylation pattern. The methylation of
the CpG-rich islands (Hpa II tiny fragments islands)

situated at the 5' end of most vertebrate genes is
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associated with inactivation of that gene (Bird 1986).
This method of carrier detection will obviously be
preferred in informative females to that of gene tracking
using linked probes because it will give an absolute
prediction while the 1latter approach only gives a
probability. In fact, II-4 in family 17 has been found to
have the pattern of random X chromosome inactivation in
her T cells with this approach (Goodship et al 1988):
hence confirming the prediction that she is not a carrier
using the 1linked probe cpX73. Neverthéless the gene
tracking approach is teéhnically much easier and is
therefore used first in informative families with clear
cut X-linked pedigrees. DNA methylation analysis can also
distinguish the X-linked form of SCID from recessive form
in families with only two or more affected sons. This in
turn can help to ascertain more X-linked families for

refining the linkage data in this disease.
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Chapter 6 FUNCTIONAL STUDIES OF B CELLS FROM PATIENTS
WITH X-LINKED AGAMMAGLOBULINAEMIA AND WISKOTT-
ALDRICH SYNDROME
6.1 INTRODUCTION
The development of B lymphocytes can be divided into
two main phases, an initial antigen-independent phase
(stem cell to pre-B cell to mature B lymphocyte) and an
antigen dependent phase (B lymphocyte to antibody
secreting plasma cell). Inherited primary immuno-
deficiency diseases involving the B cell may result from
developmental blocks at certain points in either of the
two phases. Therefore, the understanding of the normal
development and differentiation of B cells is
indispensable in the analysis of the possible B cell
defects in X-linked agammaglobulinaemia and Wiskott-

Aldrich syndrome.

6.1.1. DEVELOPMENT OF PRE-B CELL TO B LYMPHOCYTE

The earliest B cell precusors are identified in the
fetal liver during the eigth or ninth week of gestation
when the pluripotent haemopoeitic stem cells first migrate
from the yolk sac to the fetal 1liver; the bone marrow is
then similarly populated (Cooper 1981). Pre-B cells and
their B cell progeny are subsequently generated in the
bone marrow throughout life. Two biological processes are
essential in the generation of a large population of B
cells which are clonally diverse with respect to their
antibody receptors. The first is the rearrangement of the
immunoglobulin variable-region genes and the second is

polyclonal proliferation (Cooper 1987). Antigens play no
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part in this process since pre-B cells lack cell-surface

antibodies.

The immunoglobulin heavy-chain genes are on
chromosome 14, kappa-light-chain genes on chromosome 2 and
lambda-light-chain genes on chromosome 22. Each gene
family consists of multiple exons separated by noncoding
introns. A complex but orderly rearrangement of the exons
of the variable (V), diversity (D) and joining (J) genes
of the heavy-chain has to be executed correctly before
transcription can begin (Tonegawa 1983). When the VDJ-
constant mu transcript is further processed by RNA
splicing, the processed message is translated into mu-
heavy-chain products (Tonegawa 1983). The cytoplasmic
expression of mu chains is the first easily identifiable
marker of the pre-B cell stage. The next step is the
rearrangement of variable (V) and joining (J) genes of the
kappa or lambda light-chain gene families in the small
postmitotic cytoplasmic-mu positive pre-B cells. If the
VJ rearrangement is correct, the RNA transcript can be
processed to form messenger RNA for 1light-chain
production. The light chains are assembled with the mu
chains to form the complete IgM molecules which are then
transported through the Golgi region to the cell surface.
The expression of the surface IgM marks the end of the
pre-B cell stage and the beginning of the B lymphocyte.
The surface IgM positive B cells then produce a long
nuclear transcript, VDJ-Cu-Cd, which is differentially

spliced into VDJ-Cu and VDJ-Cd messenger RNAs; these are
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subsequently translated to generate mu and delta chains
(Cooper 1987). Mature B cells can thus express both IgM

and IgDh antibody receptors with the same specificity.

The regulatory mechanism of the complex
differentiation of the pre-B cells to B lymphocytes
remains largely unknown. Stromal cells in the bone marrow
appear to promote pre-B cell differentiation, possibly via
direct cell contact and by secretion of soluble factors
(Dorshkind 1987, Collins and Dorshkind 1987). Conditioned
medium from a stromal cell line, S17, has been shown to
act as growth factor for murine pre-B cells (Landreth and
Dorshkind 1988). Landreth et al (1985b) identified in the
urine of a patient with cyclic neutropenia a lymphopoeitic
activity that acts as a growth factor for human pre-B
cells. Recently, a murine lymphopoeitic growth factor
designated lymphopoeitin 1 has been purified to a single
25 kilodaltons species from the culture supernatant of an
adherent stpomal cell line (Namen et al 1988). It is
capable of stimulating the proliferation and extended
maintenance of precursor cells of the B cell lineage and
has been shown to be distinct from IL-1, IL-2, IL-3, IL-4,
IL-5, GM-CSF, G-CSF, CSF-1 and IFN (Namen et al 1988).
6.1.2 ACTIVATION, GROWTH AND DIFFERENTIATION OF B

LYMPHOCYTES

The generation of millions of B-cell clones to the
surface IgM/IgD positive stage as described above and
their migration from bone marrow to the spleen and other

peripheral lymphoid tissues are all antigen-independent
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events. B cells that encounter antigens complementary to
their surface immunoglobulin receptors and those that
receive T-cell help will undergo phases of activation,
proliferation and differentiation into antibody-secreting
plasma cells or long-lived memory cells. The mechanism
of isotype switching involves cutting of repetitive DNA
sequences in a switch (s) region upstream of the Cu gene
and splicing with a complementary s region in front of the
next constant-heavy gene to be expressed (Cooper 1987).
The molecular basis of T-cell help has been clarified in
the last few years (Gordon and Guy 1987) and it is now
apparent that the various B-cell factors are not B-cell
specific but can act on many other cell types; when they
act on the B cells, the factorsvare not stage-specific,
and B-cell factors can be derived from non-T cells as well
(O'Garra et al 1988). Hence the control of the B-cell
programme must reside in levels other than those operating

through the direction of single factors.

These soluble factors were originally divided into
two functional groups: B cell growth factors (BCGF),
thought to be involved in B cell activation and
replication, and B cell differentiation factors (BCDF),
responsible for maturation of activated B cells into
plasma cells (Kishimoto et al 1984). This strict
classification based on function has to be reviewed as
recombinant B cell factors (interleukins: IL-4, IL-5, IL-
6) are now available and shown to be pleiotropic (0O'Garra

et al 1988). Other lymphokines originally shown to be
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effective on target cells other than B cells have also
been shown to affect B-cell physiology (IL-1, IL-2 and
gamma-interferon). The functions of these factors on B

cells are reviewed as follows:

6.1.3 INTERLEUKIN 4

Human interleukin 4 (IL-4) or B-cell stimulatory
factor 1 (BSF-1) has been isolated and characterised by
molecular cloning of a human cDNA based on homology with a
mouse IL-4 cDNA (Yokota et al 1986). The DNA sequences of
human and murine IL-4 are 70% homologous and the two
factors mediate several similar activities, such as
inducing IgE secretion by activated B cells, low-affinity
receptors for the Fc portion of IgE (CD23) on resting B
cells (DeFrance et al 1987a), the proliferation of anti-
IgM st<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>