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Abstract

We have proposed that significant subsets of individuals with
IgA deficiency (IgA-D) and common variable immunodefi-
ciency (CVID) may represent polar ends of a clinical spectrum
reflecting a single underlying genetic defect. This proposal was
supported by our finding that individuals with these immunode-
ficiencies have in common a high incidence of C4A gene dele-
tions and C2 rare gene alleles. Here we present our analysis of
the MHC haplotypes of 12 IgA-D and 19 CVID individuals
from 21 families and of 79 of their immediate relatives. MHC
haplotypes were defined by analyzing polymorphic markers for
11 genes or their products between the HLA-DQB1 and the
HLA-A genes. Five of the families investigated contained more
than one immunodeficient individual and all of these included
both IgA-D and CVID members. Analysis of the data indicated
that a small number of MHC haplotypes were shared by the
majority of immunodeficient individuals. At least one of two of
these haplotypes was present in 24 of the 31 (77%) immunodefi-
cient individuals. No differences in the distribution of these
haplotypes were observed between IgA-D and CVID individ-
uals. Detailed analysis of these haplotypes suggests that a sus-
ceptibility gene or genes for both immunodeficiencies are lo-
cated within the class III region of the MHC, possibly between
the C4B and C2 genes. (J. Clin. Invest. 1992. 89:1914-1922.)
Key words: common variable « complement - immunodeficiency
« immunoglubulin A deficiency + major histocompatibility com-
plex

Introduction

With a prevalence of ~ 1 in 800 Caucasians (1), selective IgA
deficiency (IgA-D)! is the most frequently recognized primary
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immunodeficiency. The clinical consequences of IgA-D are
highly variable. Many of the affected individuals have no obvi-
ous health problems, while others may have recurrent infec-
tions, gastrointestinal disorders, autoimmune diseases, aller-
gies, or malignancies (reviewed in reference 2). A central fea-
ture in the pathogenesis of IgA-D is an arrest in B cell
differentiation. Affected individuals have normal numbers of
IgA-bearing B cell precursors but a profound deficit in IgA-pro-
ducing plasma cells (3). The IgA* B cells in IgA-D individuals
resemble their relatively immature counterparts in the new-
born in that most of them bear IgA and IgM, whereas relatively
few (< 10%) express IgA alone, as would be expected for nor-
mal individuals beyond infancy (4). These observations imply
integrity of the Ca genes and the basic genetic elements re-
quired for isotype switching, and suggest an immunoregulatory
defect.

Common variable immunodeficiency (CVID), defined by
panhypogammaglobulinemia, has long been considered a
“wastebasket™ category of primary immunodeficiencies that
includes a number of immune disorders. However, a majority
of the CVID individuals exhibit a distinctive phenotype char-
acterized by normal numbers of immunoglobulin-bearing B
cell precursors and a broad deficiency of immunoglobulin iso-
types (1, 5). We have proposed that this particular subset of
CVID and IgA-D may represent polar ends of the spectrum,
reflecting a common underlying genetic defect (6). This hy-
pothesis is based on several lines of evidence. First, the cellular
defect in both deficiencies consists of a failure of surface-Ig* B
cells to undergo differentiation into antibody-secreting plasma
cells (3, 5). Second, the two disorders occur in members of the
same family (7). Third, IgA-D has been found associated with
certain MHC haplotypes (8), and we have noted that the same
MHC haplotypes are associated with both IgA-D and CVID
(6). Finally, although the arrest in B cell differentiation is more
extensive in CVID than in IgA-D, considerable overlap exists
between the two. Some individuals with CVID produce sub-
stantial amounts of IgM, and conversely, some individuals
with IgA-D are also deficient in IgG2 and IgG4 (9).

Initial studies on possible associations between IgA-D and
HLA antigens focused on MHC class I gene products. Several
groups reported that IgA-D in patients with autoimmune and
atopic diseases is associated with the HLA-A1, -A2, and -B8
antigens (10, 11). Subsequent investigations provided evidence
for an association of IgA-D with a number of class I and/or
class IT HLA antigens, including A1, A28, B8, B14, B40, DR3,
and DR7 (12-14), irrespective of associated diseases. An associ-
ation with the haplotype HLA-A1, B8, and DR3 also became
evident from these studies.

A report from Western Australia (8) provided the first indi-
cation that IgA-D may be associated with a gene (or genes)
located within the MHC class III cluster in linkage disequilib-
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rium with class I and/or class II alleles. The class III MHC
region occupies about 1,100 kb of DNA between the class I and
the class II gene clusters (Fig. 1). 36 genes have now been
mapped within this region, and most of these are expressed in a
variety of cell types (15-17). Included are the genes encoding
the complement proteins C4A, C4B, C2, and factor B, the
P450 enzyme 21-hydroxylase, the major heat-shock protein
HSP70, and the tumor necrosis factors alpha (TNFa) and beta.
The function of the products of the remaining 25 genes in the
region is currently unknown.

The proposed role of MHC class III gene(s) in the pathogen-
esis of IgA-D (18) was recently questioned by a report from
Sweden, indicating a strong association between IgA-D and
class II gene alleles (19). In a study of 95 IgA-D individuals, the
authors identified three susceptibility and one protective DR-
DQ haplotypes. Susceptibility haplotypes had in common a
neutral amino acid (Val or Ala) at residue 57 of the HLA-DQ
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Figure 1. Map of the class III region of the human MHC. The ap-
proximate locations of the 36 genes mapped within this region (15,
16, 17) are indicated. The class II and class I genes analyzed in this
study are also shown.
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B-chain, whereas a negatively charged Asp residue at that posi-
tion was found to be protective. It is of interest that the same
amino acids at the same residue of the HLA-DQ §-chain had
previously been reported to endow susceptibility to, or protec-
tion from, insulin-dependent diabetes mellitus (IDDM)
(20, 21).

Previous studies from our group (6) indicated that individ-
uals with IgA-D and CVID have in common a high incidence
of C4A gene deletions and C2 rare gene alleles. These findings
suggested that susceptibility to both immunodeficiencies may
be determined by gene(s) within the class III region of the
MHC. We have extended this analysis by defining the MHC
haplotypes of IgA-D and CVID individuals and of their imme-
diate relatives. The MHC haplotypes were defined by analyz-
ing polymorphic markers for 11 genes or their products be-
tween the HLA-DQBI1 and the HLA-A genes. The results indi-
cate that a small number of MHC haplotypes are shared by the
majority of immunodeficient individuals. They also provide
further support for the hypothesis that a susceptibility gene or
genes for large subsets of both IgA-D and CVID are located in
the class III region of the MHC, possibly between the C4B and

C2 genes.

Methods

Study population. 31 immunodeficient individuals (12 IgA-D and 19
CVID) from 21 families and 79 of their family members were included
in the study. All subjects were Caucasian. 11 CVID and 5 IgA-D indi-
viduals were female. The clinical and immunologic parameters of all
but five of the immunodeficient individuals have been reported previ-
ously (6). The five, previously unreported, immunodeficient individ-
uals were members of the same family, and their clinical and immuno-
logic parameters will be detailed in a separate report (Ashman, R. F.,
F. M. Schaffer, J. D. Kemp, W. M. Yokoyama, M. D. Cooper, and
J. E. Volanakis, manuscript submitted for publication). All IgA-D and
CVID individuals had normal numbers of circulating lymphocytes and
normal distribution of B lymphocytes, as indicated by the percentages
of HB2*, IgM*, IgD*, and IgA* cells. The mean+SD serum IgM, IgG,
and IgA concentrations of the CVID individuals were 18+11, 112+72,
and 8+11 mg/dl, respectively. The corresponding values for the IgA-D
individuals were 7629, 999+423, and 7+5 mg/dl. Normal laboratory
ranges for IgM, IgG, and IgA are 45-226, 706-1,484, and 60-375 mg/
dl, respectively.

10 additional unrelated Caucasian subjects (8 female, 2 male) were
also investigated. They were selected on the sole basis of homozygosity
for the HLA-A1, B8, and DR3 haplotype from among the registrants of
several HLA-typing laboratories.

Southern blot analysis. Genomic DNA was extracted from the
buffy-coat fraction of blood samples collected in EDTA (22). 10 ug of
genomic DNA was digested with the appropriate restriction endonucle-
ase under conditions recommended by the suppliers. DNA restriction
fragments were separated by electrophoresis through 0.8-1.0% agarose
gels. Phage A DNA digested with HindIII or with EcoRI plus HindIII
were used as molecular size markers. After electrophoresis, DNA frag-
ments were transferred to nitrocellulose membranes. Prehybridization
and hybridization was then carried out by standard procedures (23).
After hybridization, the membranes were washed under high strin-
gency conditions and exposed to x-ray film. DNA fragments to be used
as probes were isolated by electrophoresis in low-melting agarose and
radiolabeled with [*?P]dCTP by the random primer method (24). Re-
striction enzymes, polymorphic fragments sizes, and probes for analyz-
ing the restriction fragment length polymorphisms (RFLP) of the C4B,
C4A, Gl11, C2, HSP-70, and TNFa genes are listed in Table I. Exam-
ples of the RFLP patterns for the C4 and C2 genes have been published
from this laboratory (6). Examples of the RFLP patterns for the G11,
HSP70, and TNFa genes are given in Fig. 2.
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Analysis of Bf gene alleles. A polymerase chain reaction (PCR)-
based procedure was developed for analyzing the Mspl RFLP (38) of
the Bf gene. The region between nucleotides —82 and 511 (39) was
amplified by using two complementary oligonucleotides: SAAGT-
GATGTGGGTAGGACAGGC3Y and 5TGCAGTCTGCCTTCCT-
GACAGTCT3'. Amplification was performed by using 1 ug genomic
DNA and 2.5 U DNA polymerase (Amplitaq; Perkin Elmer Cetus,
Norwalk, CT). The PCR was carried out for 30 cycles in a TempCycler
(Coy Laboratory Products, Ann Arbor, Michigan). Each cycle con-
sisted of 1 min denaturation at 94°C, 2 min annealing at 66°C, and 2
min extension at 72°C. The resulting 593-bp PCR product was di-
gested with Mspl and analyzed by agarose gel electrophoresis (Fig. 3).
As shown, if the polymorphic Mspl site is present, two fragments of
~ 400 and 200 bp are seen. In the absence of the polymorphic site, a
single ~600-bp fragment is present.

Analysis of DQBI gene alleles. HLA-DQ S-chain alleles were ana-
lyzed by PCR amplification of the first domain of the DQ 8-chain gene,
followed by dot-blot analysis of the PCR product with allele-specific
oligonucleotide probes. The oligonucleotides described by Morel et al.
(21) were used for both PCR and hybridization. Allele-specific oligonu-
cleotides were end labeled by using T4 polynucleotide kinase and -
[*?P]ATP. Dot blots, hybridization, and high-stringency washes were
performed as described (21).

HLA typing. HLA-A, B, and DR typing was performed by the mi-
crodroplet lymphocytotoxicity assay as described previously (6).

Table I. RFLPs of Class III MHC Genes

Statistical Analysis. Differences in the frequency of study parame-
ters between two populations were assessed by the chi-square test or
when indicated by Fisher’s exact test. An unbalanced analysis of vari-
ance (ANOVA) model with one main effect and three levels (40) was
used to test differences in IgA concentrations among family members
sharing zero, one, or two alleles identical by descent with IgA-D or
CVID individuals. To test differences in the distribution of alleles iden-
tical by descent between affected and unaffected siblings of probands,
the chi-square test with two degrees of freedom was applied. The statis-
tical analysis system, release 6.03 (SAS Institute, Cary, NC), a software
system for analysis of data, was used for all statistical analyses.

Results

16 of the 21 families studied had one immunodeficient
member each, while the remaining 5 families had multiple im-
munodeficient members. Of the five multiplex families, one
had five immunodeficient members, two had three each, and
another two had two each (Fig. 4). Characteristically, all five of
these families included both IgA-D and CVID members.
Polymorphic markers for 11 MHC genes spanning
~ 2,500 kb of DNA were analyzed to define MHC haplotypes
in the population. Of these 11 genes, 3 (HLA-A, -B, and -DR)
were defined serologically at the protein level, while the re-

Clone/probe Probe Restriction Polymorphic
Gene designation Ref. description enzyme fragments Correlations References
(kb)
C4B, C4A 5’ end of C4A gene 25 Kpnl/PstI Taql 7.0 C4A long 30, 31
(2.1-kb Pstl fragment 0.8-kb fragment 6.4 C4B short and
of C4A in pUC18) CA4A deleted
6.0 C4B long
5.4 C4B short
HindIIl 30.0 C4B long 32
26.0 C4B short
15.0 C4A
8.5 CA4A deleted
BamHI 4.8 C4A long 33
35 C4B short
Gl11 5' end of C4A gene 25 Kpnl/Pstl Bglll 15.0 15
0.8-kb fragment 45
C2 pC2HLS-3 26 2.0-kb 5’ EcoRI BamHI 6.6 34
(full-length C2 cDNA) fragment 44
3.45 Sstl 2.75 35
3.40 Sstl 2.70
3.35 Sstl 2.65
3.30 Sstl 2.60
3.20 SstI 2.50
1.0-kb 3’ EcoRI Taql 4.5 27
fragment 6.6
pG850 27 BamHI/Kpnl Sstl 2.75 BamHI 3.45 27,35
(5' end of C2 gene) 0.30-kb fragment 2.70 BamHI 3.40
2.65 BamHI 3.35
2.60 BamHI 3.30
2.50 BamHI 3.20
HSP 70 pAT-X 28 Clal/BamHI Pstl 9.0 36
0.85-kb fragment 7.5
TNFa Sp 64 29 EcoRI/EcoRI Ncol 9.0 37
0.8-kb fragment 5.0
1916 Volanakis, Zhu, Schaffer, Macon, Palermos, Barger, Go, Campbell, Schroeder, and Cooper
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maining 8 were defined at the gene level. The procedure used
for analyzing the HLA-DQ 8 chain gene allows for the defini-
tion of nine distinct alleles (21). Of these, eight (DQB1*0201,
*0301, *0302, *0303, *0501, *0502, *0503, and *0602) were
found among our study population. Three RFLPs of the C4
genes were analyzed by using Taql, HindIIl, and BamHI (Ta-
ble I). They provided information on C4 gene deletions and/or
duplications, and on C4B gene length. Four RFLPs of the C2
gene were analyzed by using Sstl, BamHI, or Tagl restricted
DNA (Table I). The combined results allowed for the defini-

tion of nine distinct haplotypes of the C2 gene, termed atoi -

(35). Six of these (a, b, ¢, d, e, and i) were encountered among
the study population. Single dimorphic RFLPs were used to
analyze the G11, Bf, HSP-70, and TNFa genes.

Analysis of the data indicated that a small number of MHC
haplotypes were shared by most immunodeficient individuals.
Two of these, termed haplotype I (HLA-DQB1*0201, HLA-
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Figure 3. Mspl RFLP of the Bf gene. A 593-bp region of the Bf gene
between nucleotides -82 and 511 was amplified by PCR, the product
was digested with Mspl, and the resulting fragments were analyzed
by agarose electrophoresis. (Lane M) size markers; (lanes /, 2, 3, 4,
5, 6) PCR products from genomic DNA of six individuals.

DR3, C4B-Sf, C4A-0, G11-15, Bf-0.4, C2-a, HSP-7.5, TNFa-
5, HLA-B8, HLA-A1) and haplotype II (HLA-DQB1*0201,
HLA-DR7, C4B-S, C4A-L, G11-4.5, Bf-0.6, C2-b, HSP-9,
TNFa-9, HLA-B44, HLLA-A29) were particularly interesting
for several reasons. First, a CVID individual (F21-I1.1; Figs. 4
and 5) was homozygous for haplotype I and an IgA-D individ-
ual (FO6-11.1; Fig. 5) was homozygous for haplotype II. Second,
these two haplotypes were encountered very frequently among

F16 F19 F21
1 fF—7o0 1
1 1 o __J l,
a ab 3 1 2
I ab c c
l 1
a | l
II
6 12345
ac b a b

o=
o
-

SES

1
1 2 3 4
a/ca/ca/calc

Figure 4. Trees of families containing more than one immunodefi-
cient individual. Individuals with CVID are shown as solid symbols,
and individuals with IgA-D with hatched symbols. A diagonal line
through a symbol indicates the death of this individual. Within each
family generations are numbered with roman numerals and individ-
uals with arabic numbers. Lower case letters indicate haplotypes I or
11 as follows: (family 12) a, b, ¢, and d haplotype I; (family /5) a and

¢ haplotype 1, b, haplotype II; (family /6) a and b, haplotype II;
(family 19) a, haplotype I; (family 21) a, b, and ¢, haplotype I; (a/c)
haplotype I could be either a or c.
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FAM ID# Dx DQB1 DR C4B C4A Gi1 BF C2 HSP TNF B A DQB1 DR C4B C4A Gi11 Bf C2 HSP TNF B A
haplotype A haplotype B
Fo8 1.1 CVID 10 SS L 15 04 a 75 9 14 1
F15 1.2 CVID 4 S L 15 06 a 9 9 35 26
F10 L1 CVID 4 L L 15 04 a 9 9 7 3
Fi2 1.8 CVID 4 L L 45 06 a (9 5 8 1
F19 1.1 CVID 9 L L 45 06 b ) 5 4 26
F21 1.1 CVID
F21 Il CvID
F21 1.1 IgAD *0602 1 L L 15 06 a 75 9 38 24
F21 1.2 IgAD *0501 x L L 15 04 a 9 9 62 «x
F12 113 IgAD 0201 7 s L 15 04 a 75 9 14 1
F17 11 IgAD 0602 11 L L 15 04 a 9 5 3 25
F19 1.1 IgAD 0602 x S L 15 04 a (9 5 8 3
F12 116 IgAD
F21 1.2 cvID *0303 7 s L 15 04 a 9 2
FO1 1.1 CvID (*0503) 1 L L 15 06 a 9 1
FO9 12 CVID *0302 4 L L 15 04 a 9 1 *0301 1 L L 15 04 a 9 9 51 2
F14 11 CVID *0301 6 L L 15 04 a 9 2 *0302 4 L L 15 04 a 9 9 60 26
FO7 1.1 IgAD X 8 L L 15 04 a 9 X *0301 4 L L 15 04 a (9 9 x 29
Fo2 11 CVID 0503 X 0 L 15 04 d ©) X X *0303 X s L 15 04 a 9 () X X
F20 1.2 CVID *0602 x L L 15 04 e 9 3 2 *0201 7 S L 15 04 a 75 9 13 30
FO3 12 CVID *0501 1 L L 15 04 a 9 a4 2 | _*0201 7 S L 45 06| a (79 9 45 1
F16 1.2 IgAD 0201 7 s L 15 04 a 9 14 1 [*0201 7 S L 45 06| a 75 9 4 28
Fo4 1.1 CVID *0502 2 L L 15 04 a 9 61 32 *0201 3|8 L 45 06 b 9 9 4 29|
Fi15 V.2 IgAD *0301 4 L L 15 04 d 5 60 3 [ *0201 7 __S L 45 06 b 9 | s 8 1
FO5 1.2 CVID *0501 6 L[L 45 06 b 9 4 29 | 0502 2 L L 15 04 a 9 9 35 2
F13 1.1 CVID *0201 7 S L 45 06] a 9 52 26 0301 4 L L 15 04 a 9 5 4 28
F16 1.2 CVID *0201 7 S L 45 06 b 9 44 29 | 0201 7 S L 15 04 a 7.5 9 14 1
Fos Il.1  IgAD 0201 7 S L 45 06 b 9 44 29 | [fo201 7 S L 45 06 b 9 9 44 29 |
F18 1.2 IgAD *0201 7 S L 45 06 b 9 39 X 0303 X L L 15 04 a 9 5 44 2
F16 Il IgAD 0201 7 S L 45 06] a 9 44 28 [fo201 7 S L 45 06 b__9 9 44 29 |
F11 L1 CVID *0501 9 S L 45 06 d (75 5 x 24 *0302 10 L L 15 06 a (9 9 60 2

Figure 5. MHC haplotypes of IgA-D and CVID individuals. Alleles of the C4B gene are designated as Sf, short-fused, L, long, S, short, or O,
deleted. Alleles of the C4A gene are designated as O, deleted, or L, long; alleles for the G11, Bf, HSP70, and TNFa genes are designated by the
length in kilobase of their polymorphic fragments; haplotypes of the C2 gene are designated as a to i (35). Parentheses indicate deduced assign-

ment of allele; x, unknown allele.

the immunodeficient individuals. 15 copies of haplotype I were
encountered among 14 immunodeficient individuals from
seven families, and 12 copies of haplotype I in 10 immunodefi-
cient individuals from eight families. Taken together, 24 of the
31 immunodeficient individuals (77%) representing 14 of the
21 kindreds (67%) had at least one of these two haplotypes. By
comparison, 44 of the 79 (56%) immunoglobulin sufficient
family members had at least one of these haplotypes. The dif-
ference between the two groups is significant at the P < 0.04
level. Third, there were no differences between IgA-D and
CVID in terms of distribution of these two haplotypes. A third
haplotype (HLA-DQB1*0201, HLA-DR7, C4B-S, C4A-L,
G11-15, Bf-0.4, C2-a, HSP-7.5, TNFa-9, HLA-B14, HLA-A1)
was also found among these individuals, although less fre-
quently than haplotypes I and II, being present in six immuno-
deficient individuals from five families.

The difference in the prevalence of haplotypes I and II be-

Table II. Distribution of Haplotypes I and II among Study Subjects

tween immunoglobulin-deficient and -sufficient individuals
indicated that carrying one of these two haplotypes leads to an
approximately threefold higher risk of being immunoglobulin-
deficient. When the data were stratified by type of family (Ta-
ble II), it became apparent that this increased risk was only
evident in multiplex families, where all deficient individuals
carried at least one of the two haplotypes. However, immuno-
globulin-sufficient members of these families also had a signifi-
cantly higher prevalence of these two haplotypes than their
counterparts in simplex families. Thus, the overall prevalence
of these haplotypes in multiplex families (82%) was signifi-
cantly higher than that in simplex families (45%). This finding
could be explained by different mating types in the two groups
of families. Multiplex families probably represent (HNXHN)
mating types (H, high risk haplotype; N, normal risk haplo-
type) which would lead to an expected value of 75% carriers of
high risk haplotypes, whereas simplex families represent pre-

Ig-deficient subjects Ig-sufficient subjects Total
Haplotype
Multiplex Simplex Multiplex Simplex Multiplex Simplex
I and/or Il families families Total families families Total families families Total
Present 15* 9* 248 26" 18 44 41" 27 68
Absent 0 7 7 9 26 35 9 33 42
Total 16 31 35 44 79 50 60 110

15

* p = 0.006 compared with Ig-deficient members of simplex families; P = 0.04 compared with Ig-sufficient members of multiplex families.
Comparisons by using Fisher’s exact test. * P = 0.29 compared with Ig-sufficient members of simplex families (x* = 1.12). ¢ P = 0.035 com-
pared with Total Ig-sufficient individuals (x2 = 4.45). " P = 0.003 compared with Ig-sufficient members of simplex families (x* = 8.80). P<

0.001 compared with members of simplex families (x* = 15.82).
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dominantly (HNXNN) mating types leading to a correspond-
ing value of 50%.

Not all kindreds had these haplotypes conserved in their
entirety, but in all cases six or more contiguous polymorphic
markers were conserved, spanning at least 500 kb of DNA.
Haplotype I was conserved in its entirety in 12 of 14 individuals
(five of seven families; Fig. 5). This haplotype is characterized
by a deletion involving the major part of the C4A gene, the
entire 210H-A gene, and the 5’ most region of a short C4B gene
(32). All 10 HLA-A1, B8, DR3 homozygous unrelated individ-
uals included in the study had the complete haplotype I. 2 of
these 10 individuals, both female, had serum IgA concentra-
tion of less than 7 mg/dl. The serum IgA concentration of the
remaining eight subjects was between 130 and 346 mg/dl. The
serum IgM and IgG concentrations of all 10 individuals were
within normal limits. Data from the HLA typing lab of this
university suggest a frequency of 0.120 for this haplotype
among the population of this area. Haplotype II was less well
conserved and is characterized by the 0.6-Kb Mspl fragment of
the Bf gene in association with a b haplotype of the C2 gene. No
informative crossovers of thess MHC haplotypes were ob-
served within any of the kindreds in this study. This finding is
not surprising, given the relatively small size of the sample and
the overall low frequency of recombination within the
MHC (41).

In view of a recent report (19) indicating that a noncharged
amino acid at residue 57 of the DQ B-chain represents a major
susceptibility factor for IgA-D, we analyzed our data for the
presence of DQ B-chain alleles displaying either Asp or a neu-
tral amino acid at position 57. The results (Fig. 6) indicate that
there is no difference between immunoglobulin-deficient and
-sufficient individuals among our study population in terms of
the distribution of the two types of DQ B-chain alleles. The
distribution of these alleles among the individuals investigated

Percentage

non-Asp/ Asp/
non-Asp Asp Asp

non-Asp/

Figure 6. Distribution of HLA-DQ S-chain alleles among 31 immu-
nodeficient individuals, 76 of their immunoglobulin-sufficient rela-
tives, and 223 unrelated healthy controls. Non-Asp, neutral amino
acid (Valine, Alanine, or Serine) at position 57 of the DQ 8 chain;
Asp, aspartic acid at position 57. Normal controls are taken from two
previously published studies (19, 21). *Statistically significant differ-
ences (P < 0.008) between the controls and both other groups. m, Ig-
sufficient; m, Ig-deficient; &, controls.
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in this study was also compared with that among 223 unrelated
healthy individuals taken from the literature. 100 of these nor-
mal control individuals were from Sweden (19) and the re-
maining 123 from Pennsylvania (21). The two groups had very
similar distributions of Asp/non-Asp residues at position 57 of
the DQ B-chain. As shown in Fig. 6, the frequencies of homozy-
gous non-Asp/non-Asp or Asp/Asp DQ B-chain alleles ob-
served among our immunoglobulin deficient group was signifi-
cantly different from those of the control group. Significant
differences were also found when the group of immunoglobu-
lin-sufficient relatives was compared with the controls. The
45% frequency of non-Asp/non-Asp individuals among the im-
munoglobulin deficient group of this study was considerably
lower than the 62% reported by Olerup et al. (19). However, the
difference was not statistically significant.

To test the hypothesis that the degree of haplotype sharing
has a significant effect on IgA levels, an ANOVA unbalanced
design model was used. The number of alleles shared by sib-
lings with the proband was the single main effect tested. The
results indicated that there is no effect of the number of alleles
identical by descent on the IgA levels. The data were also ana-
lyzed for differences in the frequency distribution of affected
and normal siblings in the three classes of identity by descent
(2, 1, 0), representing the number of alleles shared with the
proband. Differences between the classes, i.e., changing the con-
tinuous levels to dichotomous, low, or normal scores, were
tested. Low values were those that fell into the lower decile of
the distribution. No association between number of alleles
identical by descent and IgA levels was found.

Discussion

The most remarkable finding of this study was that a small
number of MHC haplotypes were encountered repeatedly
among CVID and IgA-D individuals from different families.
At least one copy of one of two of these haplotypes was present
in the genome of 24 of the 31 immunodeficient individuals
studied. This finding is in sharp contrast to the clinical heteroge-
neity of both IgA-D and CVID. No differences were observed
between CVID and IgA-D in terms of distribution of these
haplotypes, which is consistent with a shared defect for these
two conditions. The presence of both CVID and IgA-D individ-
uals among all five multiplex families also lends strong support
to the proposal that these two defects may have a common
genetic basis.

Although all immunodeficient individuals in the five mul-
tiplex families had at least one copy of haplotype I or II; interest-
ingly, within the same family these haplotypes often were not
identical by descent. Family 12 (Fig. 4) provides the clearest
example of this observation. The CVID individual of this fam-
ily (F12-1.8, Figs. 4 and 5) inherited haplotype I from one of his
parents, but his IgA-D son (F12-11.6) inherited the same haplo-
type from his mother. The second IgA-D member of this family
(F12-11.3) also inherited this haplotype from his mother, who is
unrelated to individual F12-1.8 (Fig. 4). Thus, all three immu-
nodeficient individuals of this large family have a copy of hap-
lotype I, but each one of them inherited it through a different
line of descent. Formal confirmation of this finding was pro-
vided by the statistical analysis of the entire data set, which
found no association between the number of alleles identical by
descent and serum IgA concentration. These observations pro-
vide further support to the proposed association of IgA-D and
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CVID with particular MHC haplotypes, which are relatively
common in the population (18).

Analysis of the family data provided insufficient informa-
tion to assign the mode of inheritance of IgA-D and CVID. An
example of a possible autosomal recessive mode of inheritance
was provided by family 6 (Fig. 7). The IgA-D son (F06.11.1, Fig.
5) inherited a copy of haplotype II from each of his parents,
both of whom had normal serum immunoglobulin concentra-
tions. In other families, an autosomal dominant mode could
best explain the pattern of inheritance. A more constant find-
ing was the presence of family members, including siblings,
who were MHC identical, but discordant for immunodefi-
ciency. A clear example of this observation is given by the large
kindred F21, shown in Fig. 4. Of the four siblings in generation
111, two, III.1 and III.2, had CVID, while the other two had
normal serum immunoglobulin levels. Yet, III.1 had identical
MHC haplotypes with her brother, II1.3, and II1.2 had identical
haplotypes with his sister, II1.4. Furthermore, 12 of the 13
members investigated in this family had at least one copy of
haplotype I (Fig. 4), but only 5 of these had immunodeficiency.
Similarly, in Family 12 (Fig. 4), 17 of the 21 members analyzed
had a copy of haplotype I, but only 3 of these had immunodefi-
ciency. Finally, among the 10 healthy unrelated individuals
selected on the basis of homozygosity for haplotype I, only 2
were found to be IgA-D. These combined results indicate that
the presence of these MHC haplotypes is not a sufficient condi-
tion for expression of IgA-D or CVID. However, given the
distribution of haplotypes I and I among unrelated IgA-D and
CVID individuals, it seems likely that their presence is a neces-
sary condition for expression of these disorders by the majority
of affected individuals.

Although no informative crossovers of the MHC haplo-
types were observed within any of the kindreds in this study, it
seems plausible that the partially conserved haplotypes I and II
(Fig. 5) resulted from crossover events occurring in the past
between each of these two haplotypes and unrelated MHC
haplotypes. If this assumption is correct, inspection of the con-

1920

served regions of the two haplotypes indicates that the putative
susceptibility gene or genes are located within the class III re-
gion of the MHC (Fig. 1). This conservative estimate is based
on haplotype A of the CVID individuals F08.II.1 and F15.11.2
(Fig. 5). Both of these haplotypes have identical alleles with
haplotype I throughout the class III region but not the class II or
class I regions of the MHC. Similarly, haplotype B of the CVID
individual FO4.1.1 and haplotype A of the IgA-D individual
F18.11.2 share identical class III region alleles with haplotype II
(Fig. 5). A comparison of haplotype A of individual F05.11.2
and haplotype B of F15.1V.2 shows that they share the class III
subregion of haplotype II between the C4B and the TNFa
genes. A less conservative estimate, derived from comparison
of haplotype A of F05.11.2 with haplotypes A of F13.1.1, A of
F16.11.1, B of F16.111.2, or B of F03.I1.2 (Fig. 5), suggests that
the putative susceptibility gene or genes are located between
the genes encoding C4B and C2.

The arrested B cell differentiation, involving varying combi-
nations of B cell isotypes in CVID and IgA-D individuals,
could be due to an inherent B cell defect, a genetic defect pri-
marily affecting T cells, or one affecting the cooperative inter-
action between T and B cells necessary for normal antibody
responses. While none of these possibilities can be easily ex-
cluded by the presently available data, it is notable that T cell
defects have been an inconsistent feature in CVID and IgA-D
individuals (42, 43). In fact, integrity of helper T cell function
for mitogen-induced B cell responses of all isotypes is the rule
in these patients, as was demonstrated for affected members in
Family 21 (Fig. 4) of the present study (Ashman, R. F., F. M.
Schaffer, J. D. Kemp, W. M. Yokoyama, M. D. Cooper, and
J. E. Volanakis, manuscript submitted for publication). The
possibility of defective T and B cell interactions is more diffi-
cult to exclude, and it is within this context that the proposal of
a predisposing MHC class II gene (19) becomes attractive.

Our results on the distribution of DQ 8 chain alleles dis-
playing Asp or non-Asp residues at position 57 are not signifi-
cantly different from those of the Swedish investigators who
suggested that this amino acid could be imparting susceptibility
to IgA-D (19). The presence or absence of an Asp residue at
position 57 of the DQ $-chain was originally found to correlate
strongly with resistance or susceptibility to IDDM (20, 21), a
disorder that shares with IgA-D and CVID some, but not other,
MHC haplotypes (44). Subsequent studies (45-47) provided
evidence suggesting a role for HLA loci other than HLA-DQB1
in the susceptibility to IDDM. The present data indicate a high
degree of conservation of the MHC class III region, particularly
the subregion between the C4B and C2 genes, for large subsets
of IgA-D and CVID. Thus, they focus attention to this region of
the MHC as the possible location of a defective gene(s) that
could affect B cell signaling and predispose to both immunode-
ficiencies.

The MHC class III subregion between the C4B and C2
genes spans ~ 75-kb of DNA and contains the genes CYP450-
21 hydroxylase A, C4A, G11, RD, and Bf. Of these, the firstis a
pseudogene. The C4A gene deserves special consideration and
is discussed below. The structure and function of the product of
the G11 gene are unknown. The RD gene, first identified in the
mouse H-2 MHGC, is transcribed in all tissues so far examined
(48). The amino acid sequence deduced from the cDNA repre-
sents a 42-kD polypeptide and lacks a typical leader peptide,
indicating a housekeeping protein. The primary sequence is
characterized by a unique 52 amino acid residue region com-
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posed entirely of the repeating dipeptide Arg-Asp. In the
mouse, Lys residues substitute for some of the Arg and Glu for
some of the Asp. We have cloned and sequenced the human
cDNA for RD that displays only Arg residues within the repeat
region. The Bf gene encodes the complement protein, factor B,
an essential component of the alternative pathway. Both the
gene and the protein structure of factor B are known (49, 50).
Factor B is polymorphic with two common alleles, F and S, two
less common alleles, F, and S,, and up to 14 very rare alleles
(51). No functional differences among these alleles have been
described.

C4A and C4B encode the two isotypes of the fourth compo-
nent of human complement. Comparison of the C4A and C4B
cDNA sequences has revealed a greater than 99% homology
(52). Of the 14 nucleotide differences, 12 are clustered on the
C4d region and cause nine amino acid substitutions. Despite
their striking homology, C4A and C4B exhibit markedly differ-
ent reactivities. Upon activation by Cls, the C4b fragment of
C4A forms preferentially amide bonds with free amino
(—NH,) groups by a transacylation reaction involving a meta-
stable thioster bond. In contrast, C4B forms preferentially ester
bonds with hydroxyl (—OH) groups of carbohydrate residues
(53). Thus, the C4A isotype is thought to be primarily involved
in the formation of the classical pathway C3 convertase on the
surface of antigen-antibody complexes, whereas the C4B iso-
type to be mainly responsible for assembly of the C3 convertase
on the surface of bacterial cells.

The different reactivities of the two isotypes of C4 may have
implications for the development and maturation of immune
responses to soluble antigens. Studies in animals have demon-
strated that inherited or experimentally induced deficiencies of
components of the classical pathway, including C4, are asso-
ciated with diminished immune responses to T dependent and
independent antigens (54). Immune responses of these comple-
ment deficient animals are characterized by decreased primary
and secondary responses and by defective isotype switching

during secondary responses. In addition, humans with similar .

deficiencies have low serum concentration of IgG4 (55), sug-
gesting defective isotype switching. Proposed mechanisms for
complement participation in the regulation of antibody re-
sponses involve signal transduction by C4 and C3 activation
fragments through the CR1 and CR2 receptors on the surface
of B cells (56). CR1 binds C4b, C3b, and iC3b, whereas CR2
binds iC3b and C3dg. Production of these fragments by anti-
gen-antibody complexes requires an intact classical comple-
ment pathway. Recent experiments have demonstrated (57)
that a recombinant, soluble CR2, that competed with cellular
CR1 for C3dg binding suppressed T cell-dependent responses
in mice. These considerations suggest a possible link between
the C4A gene deletion characterizing haplotype I and the re-
sulting susceptibility to IgA-D/CVID associated with this hap-
lotype.

Two additional facts bear on this discussion. First, there are
more than 10 allotypes of each C4 isotype (52). Teleological
considerations would suggest that C4 allotypes express differ-
ential functional activities, imparting selective evolutionary
advantages similar to those attributed to MHC class I and II
allotypes. In fact, subtle differences among C4 allotypes were
hypothesized to underly autoimmune diseases (58). However,
with the exception of the C4A6 allotype, which cannot support
the assembly of a C5-convertase (59), functional differences
among C4 allotypes have not been reported. Second, substitu-
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tion of a single Asp for His at position 1106 by site-directed
mutagenesis converted C4B to C4A in terms of functional activ-
ity (60). It seems possible that similar mutations in the C4A
gene associated with IgA-D/CVID risk haplotypes may result
in attenuated function. Current studies aim at investigating

this possibility.
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