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Abstract

Background: A common genetic basis for IgA defi-
ciency (IgAD) and common variable immunodeficiency
(CVID) is suggested by their occurrence in members of
the same family and the similarity of the underlying B
cell differentiation defects. An association between
IgAD/CVID and HLA alleles DR3, B8, and Al has also
been documented. In a search for the gene(s) in the
major histocompatibility complex (MHC) that predispose
to IgAD/CVID, we analyzed the extended MHC haplo-
types present in a large family with 8 affected members.
Materials and Methods: We examined the CVID pro-
band, 72 immediate relatives, and 21 spouses, and de-
termined their serum immunoglobulin concentrations.
The MHC haplotype analysis of individual family mem-
bers employed 21 allelic DNA and protein markers, in-
cluding seven newly available microsatellite markers.

Results: Forty-one (56%) of the 73 relatives by com-

mon descent were heterozygous and nine (12%) were
homozygous for a fragment or the entire extended MHC
haplotype designated haplotype 1 that included HLA-
DR3, -C4A-0, -B8, and -Al. The remarkable prevalence
of haplotype 1 was due in part to marital introduction
into the family of 11 different copies of the haplotype,
eight sharing 20 identical genotype markers between
HLA-DR3 and HLA-BS8, and three that contained frag-
ments of haplotype 1.

Conclusion: Crossover events within the MHC indi-
cated a susceptibility locus for IgAD/CVID between the
class Il markers D821/D823 and HLA-B8, a region pop-
ulated by 21 genes that include tumor necrosis factor
alpha and lymphotoxins alpha and beta. Inheritance of
at least this fragment of haplotype 1 appears to be nec-
essary for the development of IgAD/CVID in this
family.
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Introduction

Immunoglobulin (Ig)A deficiency (IgAD), the
most frequently recognized primary immunode-
ficiency, occurs with an incidence of approxi-
mately 1 in every 600 individuals of European
ancestry (reviewed in refs. 1 and 2). Common
variable immunodeficiency (CVID) is the second
most common type of primary immune defi-
ciency in European populations (2,3). B cells are
present in both IgAD and CVID patients, but a
variable differentiation defect is seen for plasma
cells of the different isotypes (2,4). Individuals
with CVID are typically panhypogammaglobu-
linemic, although some produce substantial
amounts of IgM, and individuals with IgAD may
also be deficient in the IgG subclasses IgG, and
IgG, (2,5,6). IgAD and CVID thus represent op-
posite poles of an immunodeficiency spectrum
that ranges from selective IgAD to an inability to
produce antibodies of any isotype.

IgAD may affect several members of the
same family (7) and its incidence is highly vari-
able in different population groups. The preva-
lence of IgAD among African-Americans is one-
twentieth of that seen in European-Americans
(8,9), and the incidence appears even lower
among Japanese (1 in 18,500) (10). Among Is-
raeli army recruits, the prevalence of IgAD is
related to ethnicity, with more recruits of Euro-
pean derivation affected than those of North Af-
rican, Israeli, or Asian derivation (11). These dif-
ferences suggest that genetic factors play a major
role in the pathogenesis of IgAD, but the mode of
familial transmission is unclear as some pedi-
grees suggest a pattern of autosomal dominance
and others autosomal recessive inheritance
(7,12,13). Individuals with either IgAD or CVID
can be seen in multiplex families (14). Coupled
with the similarity in clinical phenotype, these
observations support the hypothesis that IgAD
and CVID reflect a common underlying genetic
defect (15).

In an earlier study, we found that 24 of 31
IgAD and CVID patients in a clinic population,
including all of the familial cases within this
group, shared either complete copies or extended
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fragments of two major histocompatibility com-
plex (MHC) haplotypes designated haplotype 1
(HLA-DQB1 0201, HLA-DR3, C4B-Sf, C4A-0,
Gl1-15, Bf-0.4, C2-a, HSP-7.5, TNF-5, HLA-BS,
HLA-Al) and haplotype 2 (HLA-DQB1 0201,
HLA-DR-7, C4B-S, C4A-L, Gll1-4.5, Bf-0.6,
C2-b, HSP-9, TNF-9, HLA-B44, HLA-A29) (16).
These observations confirmed many previous re-
ports of the association of IgAD with HLA-A1,
-B8, -DR3, and -C4A-0 (16-23) and supported
the hypothesis of a similar genetic basis for IgAD
and CVID. A detailed analysis of the MHC hap-
lotypes in the 31 immunodeficient patients that
belonged to 21 different families suggested the
existence of a susceptibility gene or genes for
both CVID and IgAD within the class III region of
the MHC in linkage disequilibrium with class I
and/or class II alleles (16). Seventy genes have
been mapped within the 1,100 kb of DNA that
separates HLA-DR from HLA-B (24). Many of
these class III region genes are expressed by cells
of the lymphoid, myeloid, and monocyte lin-
eages and have either a demonstrated or poten-
tial role in innate or adaptive immune responses.
Although informative de novo crossovers of the
MHC haplotypes were not observed within kin-
dreds in the previous study, 2 of the 14 immu-
nodeficient individuals with haplotype 1 inher-
ited only fragments of the haplotype (16). At the
telomeric class I terminus of the haplotype, both
MHC alleles retained the TNF-5 RFLP marker,
but one fragment lacked the HLA-A1 allele and
the second lacked both HLA-A1 and HLA-B8. At
the centromeric class II terminus of their frag-
ments of haplotype 1, both patients exhibited the
C4A-0 gene deletion, but they lacked HLA-DR3.
These findings implicated the class III region of
haplotype 1 as the locus conferring susceptibility
for development of the immunodeficiencies seen
in patients with IgAD and CVID.

A major confounding factor in the analysis of
clinic populations is the potential for genetic het-
erogeneity. Analysis of individual families, espe-
cially large families, decreases the likelihood of
genetic heterogeneity. Of the 5 multiplex fami-
lies identified among the original 21 kindreds
that we studied (16), the S12 family (referred to
as the F12 family in ref. 16) proved to be of
particular interest. The CVID proband had inher-
ited a complete copy of haplotype 1. The eldest of
the proband'’s 3 children and a nephew were also
IgA-deficient and carried a complete copy of hap-
lotype 1. Both of these relatives inherited haplo-
type 1 from their unaffected mothers, neither of
whom were blood relatives of the proband. The
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youngest child of the proband inherited haplo-
type 1 from his father, but had normal serum
immunoglobulin concentrations when first eval-
uated. Over a 12-year period, however, changes
in serum immunoglobulin concentrations oc-
curred in two of the proband’s children. The
eldest son progressed from IgAD to CVID, and
the youngest son acquired selective IgA defi-
ciency, then progressed to IgAD with IgG, sub-
class deficiencies (25) and, most recently, to
CVID.

To refine the definition of the haplotype 1
gene(s) predisposing to the development of IgAD
and CVID, we have extended our study to in-
clude additional members of the S12 family and
a more extensive analysis of their MHC haplo-
types. The MHC haplotypes of 73 family mem-
bers were classified initially by analysis of poly-
morphic markers for four of the class III region
genes (16) or their protein products (26), and
then by analysis of the tumor necrosis factor
(TNF)-associated DNA markers a and b (27). Ad-
ditional DNA markers spanning the MHC locus
(15,16,28) were also assessed in immunodefi-
cient family members. The data obtained indicate
a more precise localization of the susceptibility
locus within the class III region of haplotype 1.

Identification of the
Family, Materials,
and Methods

The Family

The proband (S12.II.11), a 31-year-old white
male, presented to the University of Alabama at
Birmingham (UAB) Immunodeficiency Clinic in
1980 with a panhypogamma-globulinemia and a
16-year history of recurrent sinopulmonary in-
fections. A nephew with IgAD (S12.I11.9), a son
with IgA and 1gG subclass deficiencies
(S12.111.28), and a son with CVID (S12.I11.26)
were previously reported (16,25). During the
course of this extended analysis, 84 relatives
with a common ancestry and 33 spouses were
identified (Fig. 1). Seventy-three of the relatives
and 21 of the spouses were examined. The re-
search protocol of the study of this rural Alabama
family was approved by the UAB Human Use
Institutional Review Board.

Serum Immunoglobulin Measurements

Serum immunoglobulin concentrations were de-
termined by nephelometry using the QM300

protein analysis system. Coefficients of variation
calculated from replicates of three samples run in
each of 10 separate assays were: 3.4 to 5.0% for
serum IgG, 3.5 to 5.3% for serum IgA, and 4.1 to
6.3% for serum IgM (Sanofi Diagnostics Pasteur,
Inc., Chaska, MN). Normal laboratory ranges for
IgM, IgG, and IgA are 45-226 mg/dl, 775-1850
mg/dl, and 60-375 mg/dl, respectively. IgA de-
ficiency was defined by serum IgA concentra-
tions below the limits detectable by nephelome-
try (=8 mg/dl). Partial IgA deficiency was
defined by serum IgA immunoglobulin concen-
trations that were less than two standard devia-
tions below the mean for the age group.

MHC Haplotyping

The MHC haplotype analysis of individual family
members employed 21 individual polymorphic
DNA and protein markers. Each family member
underwent initial restriction fragment length
polymorphism (RFLP) analysis of C4-A, C4-B,
and C2, as well as polymerase chain reaction
(PCR) analysis of a MspI polymorphism of factor
B (Bf) as described previously (16). Phenotyping
of C4-A and C4-B protein products was per-
formed on frozen plasma samples by using pre-
viously described methods (26). In selected rela-
tives, a 328 base pair (bp) fragment upstream of
TNF-a containing the 5’ promoter region was
amplified and sequenced by PCR (29) on an ABI
377 Automated Sequencer (Applied Biosystems,
Foster City, CA). The TNF locus was analyzed
with the TNF-associated DNA microsatellite
markers a and b that measure repeat sequences
adjacent to the LTA gene. These were genotyped
by PCR as previously described (27,30). In some
relatives, the protein products of HLA-A and -B
alleles were typed by the microdroplet lympho-
cytotoxicity assay (15), and in others they were
DNA typed by the sequence-specific primer am-
plification method using a Pel-Freez Class I ABC
SSP Unitray (Pel-Freez, Brown Deer, WI). The
identity of the protein product of the HLA-DR
allele was assessed in some family members by
the microdroplet lymphocytotoxicity assay (15)
and confirmed in others by PCR amplification of
a highly polymorphic region of the DRB locus
from genomic DNA, followed by blotting and
hybridization of sequence-specific radiolabeled
oligonucleotide probe specific for the DR3 and
DR7 alleles associated with haplotype 1 and 2
(16). For relatives with representative copies of
haplotype 1 who differed by descent, microsat-
ellite DNA marker analysis was performed on the
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Fig. 1. Pedigree of family S12. Affected family
members are identified by solid squares or circles.
Each individual is identified by generation (I-V),
consecutively within each generation (e.g., genera-
tion II.1-12), and by an “s” if a spouse. The MHC
haplotype of the individual is shown underneath his
or her pedigree symbol. Complete copies of haplo-
type 1 are identified as “a” through “h”, and the
three different fragments as y, x?, and x>. Haplo-
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types other than copies of haplotype 1 are desig-
nated by a dash. In S12.1V.18 and S12.IV.19, we
cannot determine whether the a or g copy of haplo-
type 1 was inherited from their father, S12.111.8,
hence the “a?g” haplotype designation. For immu-
nodeficient individuals, serum immunoglobulin con-
centrations in mg/dl are shown in the order IgM,
IgG, and IgA.
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Fig. 2. DNA marker analysis of selected loci
across class I, II, and III regions. (A) Map of the
MHC locus on chromosome six showing the relative
position of selected class I, II, and III genes as well as
the approximate location of 11 markers used to
identify haplotype 1. A susceptibility locus for IgAD/
CVID appears to lie within the interval illustrated by

D3A, 9N11, 822, 821, 823, 62, and M1B loci that
are distributed across the class III region (28)
(Fig. 2). These microsatellite markers were fluo-
rescently labeled and detected on an ABI 377
sequencer (Applied Biosystems, Foster City, CA).

Statistical Analysis

Differences in the frequency of study parameters
between two populations were assessed by Stu-
dent’s ¢ test, two-tailed, or by binomial probabil-
ity, one-tailed, when indicated.

I ' '
200 300 kb

the open bar, which is delimited by microsatellite
markers 821/823 towards the class II terminus and
HLA-B at the class I terminus of the region. (B) An
expanded view of the susceptibility locus illustrated
in the open bar above and the genes that have been
mapped to this interval (24).

Results

More than 90% of the members of the S12 fam-
ily (Fig. 1) live within 25 miles of each other in
southwestern Alabama. The parents (S12.1.3 and
S12.1.4) of the proband are deceased. In 1995,
their descendents numbered 10 children, 30
grandchildren, 40 great grandchildren, and 1
great great grandchild. The proband’s paternal
uncle (S12.1.1) and maternal aunt (S12.1.2) mar-
ried and had 2 daughters (S12.1I.1 and S12.11.2).
Including the proband, 72 relatives by common
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descent (84% ascertainment) and 13 spouses un-
derwent determination of serum IgM, IgA, and
IgG concentrations and analysis of their MHC
polymorphisms. Eight of these were immunode-
ficient: three with CVID (the proband S12.11.11,
and his sons S12.III.26 and S12.I11.28), three
with complete IgA deficiency (S12.1I.9,
$12.1vV.25, and S12.1V.37), and two with partial
IgA deficiency (S12.11.10 and S12.IV.35). None
of the 13 spouses testtd had serum antibody
deficits. Of the remaining family members, 1 rel-
ative by common descent and 8 spouses under-
went MHC polymorphism analysis alone, 2 rel-
atives by common descent and 2 spouses were
deceased, and 9 relatives by common descent
and 10 spouses declined evaluation.

Of the 8 immunodeficient members identi-
fied in this family, seven were found to have a
complete set of the markers that identify haplo-
type 1 including the complotype markers C4B-
Sf, C4A-0, Bf-0.4, and C2-a, as well as HLA-DR3
and HLA-B8 (16). Only 2 of these individuals
inherited haplotype 1 from a common ancestor
(S12.I11.11 and S12.111.28). We termed MHC hap-
lotypes that shared identity in all markers be-
tween HLA DR3 and B8, but which were derived
from unrelated ancestors, “complete” copies of
haplotype 1. These were numbered alphabeti-
cally a through 4. Surprisingly, the eighth immu-
nodeficient relative, S12.IV.25, who had unde-
tectable levels of serum IgA on three separate
occasions, was homozygous for HLA-DR4 and
lacked the complotype markers associated with
haplotype 1. Analysis of his TNF, HLA-B, and
HLA-A loci indicated that this individual was
homozygous for TNF-a2b3, HLA-B8, and HLA-
Al, all of which are found in haplotype 1. Thus,
the patient inherited two incomplete copies, or
fragments, of haplotype 1 that retained the
markers for TNF and HLA-B at the telomeric end
of the haplotype. Neither of these proved to be
de novo recombinants. One fragment, desig-
nated x, was inherited from the mother. This
fragment was also present in 13 additional family
members (Fig. 1). The second fragment, desig-
nated x?, was inherited from the father.

Seven recently described microsatellite
markers that span the HLA class III region (28)
were used to clarify the relationship between the
various copies of haplotype 1 that were derived
from unrelated ancestors. All but one of the hap-
lotype 1 copies that shared identical complotypes
proved to have identical genotypic markers in
the region spanning HLA-DR through HLA-A
and thus share identity for the entire class III

region (Table 1). The exception, fragment x°,
lacks HLA-DR3 but shares identity for the mi-
crosatellite marker D3A that is positioned be-
tween HLA-DR and C4B. Fragment x shares
identity with haplotype 1 for HLA-A through the
microsatellite marker 823, which is located be-
tween the Gl and Bl144 genes. Fragment x*
shares extensive identity with haplotype 1 be-
tween the factor B locus and HLA-A. Within this
fragment of the haplotype there are two poly-
morphic markers that differ between haplotype 1
and )?. Haplotype 1 contains a 91 allele at mi-
crosatellite marker 821 (which is adjacent to the
G1 gene) and a 272 allele at the M1B microsat-
ellite marker (which is contained within the
MICB gene), whereas fragment x? has the 93 and
276 alleles, respectively (Fig. 2, Table 1). These
differences are most likely due to further expan-
sion of the dinucleotide repeats that characterize
the markers and suggest that the event that led
to the creation of fragment x? is an ancient one.
The TNF-a allele of the DR3-B8-A1 haplo-
type, our haplotype 1, contains a polymorphic
DNA sequence in the 5’ promoter region of the
gene: the rare substitution of an adenine (TNF-
308A) for guanine at position —308 in the pres-
ence of the common guanine at position —238
(TNF-238G) (31). Cells that contain the TNF-
308A mutation express more TNF-«a than those
with the common TNF-308G allele (31,32).
Given the lack of identity between fragment x*
and haplotype 1 at the microsatellite markers
821 and MI1B, we sought to further clarify the
identity of the incomplete haplotype 1 in the TNF
region by examination of this region of the TNF
gene at the sequence level. A 328 bp fragment
containing this region of the TNF-a gene from
IgA-deficient individual IV.25 (genotype x/x°)
and the CVID proband II.11 (genotype a/x) was
PCR amplified and directly sequenced from each
patient. The patients proved homozygous for
both the TNF-308A and TNF-238G alleles, indi-
cating that the y and x* fragments share identity
with haplotype 1 for these TNF-a markers.

Immunodeficiency Was Found Only in Individuals
Having the GI-HLA-A Portion of Haplotype 1

Of the 73 family members who share descent
from a common ancestor (Fig. 1), 33 have one
complete copy of haplotype 1 from the region
between HLA-DR3 and C4A through HLA-A
(Fig. 2). Of these, four are immunodeficient
(12%). Two individuals who are homozygous for
complete copies of haplotype 1 have normal se-
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rum immunoglobulin concentrations. There are
8 family members with only a single copy of the
x fragment, all of whom have normal serum
immunoglobulin concentrations. There are 6 in-
dividuals who are doubly heterozygous for a
complete copy of haplotype 1 and the x frag-
ment, and are thus homozygous for the region
delimited by the microsatellite markers 821/823
at the centromeric class II terminus and HLA-A1
at the telomeric class I terminus (we will hence-
forth refer to this region as 821/823:HLA-A1). Of
these, three are immunodeficient (50%). Finally,
the IgA-deficient family member S12.IV.25 is
doubly heterozygous for the two recombinant
fragments, one of which contains the 821/823:
HLA-A1 portion of haplotype 1, and the other
has extended, but interrupted, identity from the
factor B gene (Bf) through the telomeric class I
terminus.

As a group, 50 relatives by common descent
inherited at least a portion of haplotype 1. Eight
of these are immunodeficient (16%), whereas
among the 22 relatives by common descent who
have not inherited either a complete copy or a
fragment of haplotype 1, none are immunodefi-
cient (p < 0.05, Student’s ¢ test, two-tailed). The
combined results of three previous studies indi-
cated a 13% incidence of immunodeficiency
(7 of 54) in individuals randomly selected for
homozygosity for haplotype 1 (16,17,33). In this
family, the risk of immunodeficiency for relatives
by common descent who are heterozygous for a
complete copy of haplotype 1 (4 of 33, or 12%)
is not statistically different from the general risk
in the population for those homozygous for com-
plete copies of haplotype 1 (13%) (p = 0.91,
Student'’s ¢ test, two-tailed). The risk in the fam-
ily for individuals heterozygous for either a com-
plete copy or the fragment of haplotype 1 prox-
imal to 821/823:HLA-A1 is also similar (4 of 41,
or 10%) (p = 0.63, Student’s ¢t test, two-tailed).
However, the risk of immunodeficiency for rela-
tives by common descent who are homozygous
for the 821/823:HLA-A1 region of haplotype 1
(4 of 9, or 44%) is significantly greater than the
risk for relatives by common descent who are
heterozygous for either a fragment or a complete
copy of haplotype 1 (10%) (p = 0.03, Student’s
t test, two-tailed), as well as for those in the
general population who are homozygous for
complete copies of haplotype 1 (13%) (p = 0.02,
Student’s ¢ test, two-tailed). The higher risk for
individuals homozygous for the region between
821/823 and HLA-A1 indicates that the centro-
meric terminus (towards class II) of the IgAD/

CVID susceptibility locus lies between the 821
and 823 markers located between the G1 and
B144 genes in the class III region of haplotype 1.

The higher-than-expected prevalence of
haplotype 1 in this family led us to investigate
the pattern of parental transmission. The parents
of proband S12.11.11 are deceased and the pater-
nal uncle did not share a complete haplotype
with the proband or his siblings, thus we were
unable to assign parental transmission for gener-
ation II. However, including spouses, there were
11 mothers with one complete copy of haplotype
1 who married men without a complete copy of
haplotype 1. Of the 23 children tested, 17 inher-
ited and 6 did not inherit haplotype 1 (p = 0.03,
binomial probability, two-tailed). There were 3
mothers with complete copies of haplotype 1
whose husbands also had a complete copy of
haplotype 1. Of the 11 children tested, 10 (91 %)
inherited at least one copy of haplotype 1. Al-
though the percentage is high, the number of
children was insufficient to reach statistical sig-
nificance. Fragment x> lacks HLA-DR3 but shares
identity with other copies of haplotype 1 in the
remaining class III and class I markers. Of the 3
children of the mother with fragment x>, one
inherited the copy and two did not. However,
her husband also has a complete copy of haplo-
type 1, and two of her children inherited the full
copy. There were 5 mothers with a copy of the y
fragment. Of their 8 children, four inherited the
x fragment and four did not. There are 4 fathers
with one complete copy of haplotype 1 alone
who married women without a complete copy of
haplotype 1. Of their 7 offspring, five inherited a
paternal copy of haplotype 1 and two did not
(p = 0.17, binomial probability, two-tailed). An
apparent bias in maternal or paternal transmis-
sion of haplotype 1 has been noted previously by
a number of investigators (34-38); however, in
other studies transmission of haplotype 1 has
been stochastic (39-41).

Development of Normal Serum IgA Concentrations
in an IgA-Deficient Infant with Haplotype 1

In previous studies, we have documented im-
provement in serum immunoglobulin concen-
trations in patients with haplotype 2, but not
haplotype 1 (25). When first examined at age 12
months, S12.IV.37 had an undetectable serum
concentration of IgA (normal for age, 20-60 mg/
dl). When re-examined at age 3 years and 4
months, S12.IV.37 had an IgA serum concentra-
tion of 47 mg/dl, thus indicating that develop-
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ment of the capacity to produce IgA antibodies
can be delayed in an individual with haplotype 1.

Discussion

Antibody deficiencies are rarely absolute in CVID
and IgAD patients who manifest a spectrum of
immunodeficiencies that ranges from panhypo-
gammaglobulinemia to complete IgA and IgG
deficiency, to IgA deficiency with IgG, 4, subclass
deficits to IgA deficiency, and to partial IgA de-
ficiency (42,43). Most affected individuals con-
tinue to produce detectable quantities of the de-
ficient antibody isotypes, and the manifestations
of immunodeficiency may change with time in
an individual patient. In the S12 family, we ob-
served progression from selective IgA deficiency
to CVID over a 12-year period in a young adult
(S12.111.26, ref. 25), progression from normal
immunoglobulin concentrations to partial IgA
deficiency to IgA deficiency with IgG subclass
deficiencies to CVID over a 14-year period in a
youth (S12.111.28, ref. 25 and this report), and
improvement from IgA deficiency to normal IgA
serum concentrations over a 2-year period in a
young infant (S12.IV.37, this report). The varia-
tion in clinical phenotype raises the possibility
that IgAD/CVID reflects quantitative and poten-
tially reversible changes in lymphocyte function.
The fluctuations that may occur in immunoglob-
ulin serum concentrations also complicate the
genetic analysis of these disorders.

Previous studies of the genetics of IgAD and
CVID have suggested an autosomal recessive pat-
tern of inheritance in some families, and autoso-
mal dominant transmission in  others
(7,12,13,44). Several studies have now docu-
mented a higher-than-expected prevalence of
haplotype 1 in IgAD/CVID patients (15-23,25).
When individuals selected on the basis of ho-
mozygosity for haplotype 1 were evaluated, 13%
(7 of 54) proved to be IgA-deficient compared
with the estimated prevalence of 0.17%, approx-
imately a 75-fold increase (16,17,33). Cosegre-
gation of immunodeficiency and a large panel of
MHC genetic markers indicate that all of the
immunodeficient individuals in the S12 family
share at a minimum a common fragment of hap-
lotype 1. Conversely, Vorechovsky et al. (45)
failed to demonstrate close linkage between the
MHC region and inheritance of IgAD and CVID
using an autosomal inheritance model with in-
complete penetrance and phenocopies, and sib-
pair analysis. Several differences in study design

may contribute to differences in the conclusions
reached in these studies. Whereas the Vorechov-
sky studies involved two- and three-generation
families from several European communities, the
present study was of a single large family,
thereby reducing the risk of genetic heterogene-
ity that may complicate linkage analysis. In our
pedigree, a much higher risk was observed for
individuals homozygous for the susceptibility lo-
cus within haplotype 1 than for individuals who
are heterozygous. This suggests that the autoso-
mal dominant model may not apply here, and
misspecification of the transmission model
would tend to inflate the recombination fraction
in a linkage analysis (46). The genetic markers
employed in the present study were designed to
cover the entire MHC region, and the use of
these markers was essential for the identification
of the immunodeficiency phenotype association
with genes in a subregion of the MHC class III
region. By comparison, only two of the genetic
markers employed in the Vorechovsky study
were located within the MHC region—the
DQpPB57 codon marker and the D6S273 microsat-
ellite, the latter being closest to our microsatellite
822. Significantly, both of these markers lie out-
side the candidate area identified in the present
study.

A central tenet of the existence of ancestral
or extended haplotypes holds that any locus
within a particular ancestral haplotype should
have identity in genetic content with similar an-
cestral haplotypes from individuals who are not
obviously related by common descent from a
recent ancestor (47). By extension, fragments of
the ancestral haplotype would also be expected
to share genetic content in the region bounded
by that fragment. In the S12 family, different
copies and even fragments of haplotype 1 appear
interchangeable in enhancing the risk for IgAD/
CVID. The interchangeability of the different
copies of haplotype 1 in this family implies that
the mutation that permits development of im-
munodeficiency is an ancient one and does not
reflect recent alteration of a gene that influences
lymphocyte function. Since all individuals with
the HLA-DR3, -B8, -Al haplotype carry an en-
hanced risk for the development of immunode-
ficiency, haplotype 1 meets the definition of a
susceptibility locus, i.e., encoding a gene or genes
that increase susceptibility for the development
of disease rather than causing the disorder di-
rectly (48).

Through analysis of the fragments of haplo-
type 1 in affected individuals it is possible to
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define the susceptibility locus more precisely. In
a previous study (16), we identified two patients
with CVID who shared all seven polymorphic
markers tested in the class III region, including
C4B and TNF, but lacked several of the class I and
class II alleles characteristic of haplotype 1. One
individual had HLA-B8, but lacked HLA-DR3
and HLA-A1l. The second had an even smaller
fragment of haplotype 1 and lacked not only
HLA-DR3 and HLA-A1l but also HLA-B8. This
suggested that the boundaries for the susceptibil-
ity locus for haplotype 1 lay between TNF and
HLA-B on the telomeric class I end of the MHC,
and between C4B and DR on the centromeric
class II end. Other studies suggested an IgAD/
CVID association with class I MHC genes, spe-
cifically HLA-DQBI1 (18,23). However, a recent
study of Sardinians homozygous for a crossover
HLA-DR3 haplotype yielded evidence against an
IgAD/CVID susceptibility locus within the class II
region (49). The Sardinian and North European
HLA-DR3 haplotypes share the same HLA-
DRB1, DQAI, and DQBI alleles, but they differ
in the class III and I regions starting from the
HLA-DRB3 locus apparently because of an an-
cestral crossover event. Both haplotypes have
class II susceptibility genes for insulin-dependent
diabetes mellitus (IDDM) and celiac disease (50),
but analysis of 43 individuals homozygous for
this Sardinian haplotype failed to identify any
with IgAD/CVID. In our family study, the high
prevalence of immunodeficiency among individ-
uals homozygous for fragments of haplotype 1
bounded by the microsatellite markers 821/823
and HLA-A1, and IgAD in a family member who
lacks the class II region of haplotype 1, further
excludes class II genes as susceptibility loci for
IgAD/CVID. Our previous study (16) placed the
telomeric boundary of the haplotype 1 suscepti-
bility locus between TNF and HLA-B and the
centromeric boundary between C4B and HLA-
DR. The analysis of this family moves the cen-
tromeric boundary of the class III susceptibility
locus 800 kb towards the telomeric class I region,
thus reducing the number of potential candidate
genes in haplotype 1 by more than two-thirds.
Twenty-one genes with open reading frames
have been identified in the 300 kilobases of DNA
that separate 821/823 from HLA-B (Fig. 2; re-
viewed in ref. 24). Minimal information is avail-
able for 4 of these genes (NOB 1, NOB 2, NOB 3,
and DHFPRPs). There are 4 class I-like genes
(MIC B, MIC A, PERB 3, and HLA 17). There are
two copies of a gene that shares homology to
CD75 (PERB 10), as well as a gene expressed in

liver that can cross-hybridize at low stringency to
the gene for CD40 ligand (PERB 6). Three genes
(IkBL, BAT 1, and PERB 1) are involved in gen-
eral cell growth and development. IkBL shares
extensive sequence homology with the pl100
NFkB variant and contains 2 potential casein
kinase II and 5 potential protein kinase C phos-
phorylation sites as well as a leucine zipper-like
domain at the C-terminus. The product of this
gene may be involved in regulation of the ex-
pression of many cytokine genes, including the
TNF/lymphotoxin (LT) genes. BAT 1 is a member
of the DEAD family of ATP-dependent RNA he-
licases which participate in initiation of transla-
tion, RNA splicing, ribosome assembly, and cell
growth and division. PERB 1 is a polymorphic-
receptor, tyrosine kinase-designated fibroblast
growth factor receptor 6 (FGFR6). Its murine
homologue is expressed in testis and possibly in
spleen, kidney, and brain. Three genes (B144,
IC7, and NB6) are expressed in lymphoid tissues,
and 1 gene (P5-6, also designated PERB7) be-
longs to the P5 family of genes often located near
class I genes and transcribed primarily in lym-
phoid cells. The B144 gene, also known as leu-
kocyte-specific transcript 1 (LST1), is an inter-
feron (IFN)-inducible 800 bp transcript found in
B and T lymphocytes, macrophages, and histio-
cytes. The 1C7 locus has been identified as the
source of an RNA transcript expressed in spleen.
The NB6 locus is the source of an RNA transcript
isolated from an Epstein-Barr virus (EBV) lym-
phoblastoid cell line. Both 1C7 and NB6 share
minimal DNA or peptide homology with known
genes. Whether any of these 18 genes participate
in the regulation of the immune response is cur-
rently unknown.

The 3 remaining genes in this MHC region
deserve special consideration. TNF-«, lympho-
toxin a (LT-e, also called TNF-B), and LT-B are
members of the tumor necrosis factor (TNF) su-
perfamily and all are critically involved in the
regulation of infectious, inflammatory, and au-
toimmune phenomena (reviewed in refs. 51,52).
TNF-a is produced by macrophages, mast cells,
natural killer (NK) cells, B cells, and T cells in
response to various stimuli. It exists both as a
transmembrane protein and as a homotrimeric
secreted molecule. TNF-a can both enhance and
inhibit IFN-y-induced MHC class Il expression in
a variety of cell types (53). These opposing effects
depend on the maturation and differentiation
stages of the cell. LT-«, a major product of acti-
vated lymphocytes, exists as either a secreted
homotrimeric molecule or a cellular membrane
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protein when complexed with LT-B, a type II
transmembrane protein (54). The LT-aB com-
plex on activated lymphocytes signals exclu-
sively through interaction with the LT-f receptor
(55), while TNF-a and soluble LT-a share the
same cell surface receptors, TNFRI (p55/CD120a)
and TNRII (p75, CD120b) (52).

Mice rendered deficient in LT-« or LT-8 have
defective development of lymph nodes and Pey-
er’s patches, as do mice in which the function of
the cell surface LT-a/B complex has been blocked
(56-60). LT-a and LT-B knock-out mice have
normal serum IgM concentrations but are IgA-
deficient (58,59). LT-a knock-out mice also dem-
onstrate an inability to produce antigen-specific
IgG in either primary or secondary responses
(61). TNF-a knock-out mice lack splenic primary
B cell follicles and germinal centers (58,62). The
serum IgA profile has not been reported in these
mice, but IgG antibody immune responses are
impaired. Exposure to LT-B-Ig fusion proteins,
but not TNFR-Ig, disrupts the normal develop-
ment of lymphoid tissue architecture, thus indi-
cating a requirement of the interaction between
the surface LT-a/B complex and its native recep-
tor (57). Thus, abrogation of the function of
these class III region genes can lead to IgAD or
hypogammaglobulinemia in mice. Finally, poly-
morphisms in the TNF-« gene correlate with mu-
rine resistance to the development of toxoplas-
mic encephalitis (63) and influence delayed-type
hypersensitivity reactions (64), which suggests
that even moderate differences in gene expres-
sion can alter immune responsiveness.

In humans, the alleles of TNF-a and LT-«
that form part of haplotype 1 are characterized
by five nucleotide differences in the exonic, in-
tronic, and proximal promoter regions from
other alleles. Polymorphisms for LT-B8 have not
yet been described, although the high frequency
of polymorphisms in the other genes that com-
prise haplotype 1 raises the possibility that the
genetic composition of the LT-B gene may also
differ. The promoter for TNF-a in haplotype 1
contains a guanine at position —238 (29) and an
adenine at position —308 (65). The LT-a gene
has a silent adenine for guanine substitution in
exon 1 at position 87, a guanine for adenine
substitution in intron 1 that creates an Ncol site,
and a substitution of adenine for cytosine at po-
sition 800 in exon 2 that results in the replace-
ment of threonine by asparagine (66). The TNF-
308A polymorphism is associated with enhanced
production of both TNF-a and LT-«a (31,67-69)
and with increased susceptibility to cerebral ma-

laria (70), although the mechanisms that under-
lie the increase in TNF production and the asso-
ciation with disease susceptibility remains
unclear (31,71-73). In support of the hypothesis
that differences in TNF expression can influence
the immune response, recent studies of TNF-«
knock-out mice indicate that heterozygous
(+/—) mice, which lack one copy of the func-
tional TNF gene, show increased susceptibility to
high-dose lipopolysaccharide (LPS) lethality, in-
creased susceptibility to challenge with Candida,
and delayed resolution of C. parvum—induced in-
flammation (74). Similar findings have been re-
ported for double TNF/LT-a-deficient mice (75).
Allelic differences in gene expression could thus
result in exposure to elevated concentrations of
TNF and LT at critical stages in B cell develop-
ment that alter the threshold required to initiate
the immune response to individual antigens,
thereby contributing to the development of
IgAD/CVID.

Analysis of the patterns of inheritance of
immunodeficiency in this family suggests that
IgAD and CVID are not attributable solely to a
simple Mendelian trait. In the general popula-
tion, individuals homozygous for the susceptibil-
ity locus are at high risk (7 of 54, or 13%) for
immunodeficiency. In our family study, the
prevalence of immunodeficiency in the S12 fam-
ily for haplotype 1 heterozygous individuals (4 of
41, or 10%) is equivalent to the risk for haplo-
type 1 homozygous individuals selected at ran-
dom from the general population (16,17,33).
The risk for family members who are homozy-
gous (4 of nine, or 44%) is 4-fold greater than
homozygous individuals in the general popula-
tion or heterozygous family members. This sug-
gests an additive effect of the susceptibility locus.
The increased prevalence of disease in family
members when compared with members of the
general population also suggests that factors in
addition to MHC haplotype are contributing to
immunodeficiency. Male-to-male transmission
of immunodeficiency is well documented in this
family, thus a second genetic factor could be
transmitted as an autosomal dominant trait that
requires the presence of the susceptibility locus
on haplotype 1 for development of the disease.
Under this scenario, we may identify 6 obligate
carriers of a putative second gene not linked to
the MHC. Three (S12.11.7, S12.1I1.20, and
S12.II1.21) of these potential obligate carriers
lack haplotype 1. Two (S12.I.5 and S12.111.12)
contain a fragment (x) and one (S12.11.4) con-
tains a complete copy of haplotype 1. All 6 of
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these potential obligate carriers, including those
with the susceptibility MHC haplotype, had nor-
mal immunoglobulin serum concentrations at
the time of evaluation. As an alternative expla-
nation, environmental factors could be the
source of the increased risk, a view supported by
the fluctuations in serum immunoglobulins ob-
served in affected individuals. The development
of disease in different generations would require
the environmental factor to be either recurrent
or common. Affected family members live within
25 miles of each other, so it is indeed possible
that each has been exposed to the same environ-
mental agent. Identification of the MHC gene(s)
predisposing to development of the IgAD/CVID
spectrum of immunodeficiencies may allow the
elucidation of additional genetic or environmen-
tal factors.

The 8 blood relatives with subnormal serum
immunoglobulin isotype concentrations span the
spectrum of immunodeficiency from partial IgA
deficiency to complete IgA deficiency to IgA de-
ficiency with IgG subclass deficiencies to CVID.
Although not all family members share the iden-
tical haplotype by common descent, all affected
individuals have inherited at a minimum a frag-
ment of haplotype 1 bounded by the microsatel-
lite markers 821/823 at the class II terminus and
HLA-A at the class I terminus. Homozygosity for
the 821/823:HLA-A portion of haplotype 1 in-
creased the prevalence of immunodeficiency in
family members 4-fold. A susceptibility locus for
IgAD/CVID thus appears to exist within a frag-
ment of the HLA-DR3, -B8, -Al haplotype that
contains only 21 known genes. Included within
this locus are the genes for TNF-«, LT-a, and
LT-B, the alteration of which is associated with
immunoglobulin deficiencies in mice. It will
therefore be of great interest to explore the pos-
sibility that altered function of the TNF-a and
LT-a genes due to known mutations of the pro-
moter region or as yet undiscovered mutations of
LT-B increases susceptibility for immunodefi-
ciency in conjunction with other environmental
or genetic factors in humans.
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