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ABSTRACT

The fourth component of complement (C4) is encoded by tandem MHC-linked
genes, C4A and C4B. C4A and C4B have multiple alleles, including nulls, at each locus.
Individuals who arc homozygous null for C4A or C4B arc identificd by the absence of
C4A or C4B inscrum. The complcte abscnce of C4A isstrongly associated with systemic
lupus crythematosus (SLE). Although the C4A or C4B heterozygous-null genotype can
only be assigned with certainty when informative family data are available, many
investigators usc relative intensity of C4A/C4B bands alter serum clectrophoresis to
assign null alleles. These assignments arc based on unproven assumptions regarding
gene-dosc and relative C4A/B expression, and posc a scrious problem in population studics
that attempt to show associations between null C4 alleles and discase, as for example
in SLE. In thisstudy the uselulness of C4A:C4B ratio measured by densitometry of typing

bands as a method for detecting null allcles was examined.

CdA:C4B i ic ratios were i for 108 indivi
by family studics. Discriminant analysis was used to compare genotype derived from

family data with genotype predicted from A:B ratio. Mean ratios for various C4

genotypes and total C4 ions by single radial immunodiffusion were also
evaluated. C4A:C4B ratios were then incd for six ions of
SLEand id arthritis (RA) pati d control subjects.

Observed frequencies for genotypes predicted by A:B ratio were compared to expected

[ ics, assuming Hardy-Weinberg cquilibrivm. MHC data were evaluated for

lassificd by i y,and those with very highand very low ratios.

The results of this study showed that the overall accuracy of the densitometric
method was approximately 80%. The main crror in the method was the falsc
identification of subjects as heterozygous null for C4A. The overall mis-classification
trend toward the heterozygous null C4A group suggested that many individuals may

have more C4B than C4A. Using densitometric measures of C4A:C4B ratio to estimate



iii
population frequencics of carriers of null C4 genes tended to overestimate the frequency

of carriers of null C4A. The imation was in i in which

the actual frequency of the null C4A genc was low. The assumptions upon which the
densitometric method is based may not be valid because the MHC haplotype HLA-BI7,
C4A6C4B1, HLA-DR7 may carry a C4A6 that is expressed at low levels, and the haplotype
HLA-B44, C4A3C4BQO may carry two copics of C4A3 or a single A3 that is cxpressed
at high levels.

In summary, the ratio of C4A to C4B in an individual's scrum is an inaccurate

predictor of his/her genotype.
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Chapter 1

INTRODUCTION

L1 Historical background

The complement system was first recognized to be important in host defence
against infcction in 1894, by Jules Bordet. Much of the seminal work in immunology
by Ehrlich, Bordet, and Metchnikof [ focused on the rolc of antibody and complement
in immunity to infection (Ross, p.xi, 1986). As carly as 1926 a physiological rolc lor
the fourth component of complement (C4) in the human immunc system had been shown
(Gordon, Whitchead and Wormall, 1926). Howcever, it was not until thc advent of modern
mcthods of protcin scparation and characterization in the 1960's, that the naturc and

mechanism of the complement system began to be uncovered.

1.2, The complement system

The complement system as known, is composed of twenty di

inct plasma
protcins, several membrane proteins, and nine different membrane receptors.  The
plasma proteins normally circulate in an inactive form. A major function of the
complement system is to destroy both forcign microorganisms and immune complexes.
Thus, thecomplement system isactivated by polysaccharides such as those found in yeast
and bacterial cell walls, and complexes of forcign antigen and specific antibody. There
are two known pathways of activation, the classical pathway and the alternative
pathway (Figure 1.1). Theclassical pathway is activated primarily by antigen-antibody
aggregates; while the alternative pathway is usually activated by the complex polysace-

harides of cell walls. Activation of thc complement system results in a scrics of



Figure 1.1

The classical and pathways of cic2
and C4 are the carly acting components of the classical pathway. Factor
Bisthealternative pathway cquivalent of C2. Both pathways lead to the
formation of C3 convertase and subscquent assembly ol the late acting
components, C5-C9. Thesc terminal components form the membranc attack

complex (MAC), which cffccts lysis of target cell membranes,

NOTE:Most of the components of both complement pathways arc normally

represented by lower casc letters (c.g. C4b2a) as distinguished from upper
casc letters uscd for alleles (c.g. C4A). However, only upper case letters
were available in the font size used to prepare this figurc. The larger

letters thus represent capitals, the smaller letters represent lower casc letters.
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4
biochemical reactions in which inactive precursor molecules arc cnzymatically cleaved
to form active components. This results in a serics of responses that eliminate the
foreign molecule or ceil from the tissues or circulation,

Of the complement proteins, the fourth componcat of complement, Cd, is
essential to the classical pathway of complement activation (Reid and Porter, 1981), *
(Figure 1.1). Beside its role in forming C3 convertase, C4 forms a covalent bond with
the targetimmune complex, This binding is important for asscmbly of later components.
at the activation sitc and for immunc clearance. When native C4 is activated by
protcolytic cleavage, an internal thioester bond found near the centre of the C4 a-
chain (C4d region) is cxposed. This unusual structurc relcases a reactive acyl group
which forms a covalent bond with the -NH, or -OH groups of antigen-antibody

complexes (Campbell, Gagnon and Porter, 1981; Harrison, Thomas and Tack, 1981).

13, The genetics of C4

Interest in the genetics of C4 came rom several observations: cases of complete
and partial C4 deficicncics that resulted in immunc complex discases (Hauptmann,
Grooshans and Heid, 1974); localization of thc C4 genes within the major histo-
compatibility complex (MHC) (Rittner et al. 1975); and evidence of the cxtreme

polymorphism of C4 (Awdch and Alper, 1980).

1.3.1. The major histocompatibility complex (MHC)

‘The MHC is a gene complex which was first recognized because the products
of its genes include cell surface glycoproteins which are responsible for tissuc grax't
rejection among members of the same species. In humans these products arc called
the human leukocyte antigens (HLA). Located on the short arm of chromosome 6, the
MHC is divided into three regions termed Class I, Class [1and Class I11. The cell surface

glycoprotcins which arc involved in scIf-nonsclf discrimination, are encoded in the
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regions of the MHC called Class | and Class I1. The Class 1 antigens are referred to as
HLA-A, -B, and -C, and these arc the classical transplantation antigens present on all
nucleated cells of the body. The Class IT antigens have a much more restricted
distribution, occurring primarily on cells involved in the antigen presentation phase
of an immunc response. The genes for the Class ITantigens arc located in the D-region
of the MHC and encodc the proteins HLA-DP, HLA-DQ and HLA-DR. The Class Il
region contains the genes which code for the fourth (C4) and sccond (C2) components
of the classical complement pathway, Factor B (BF) of the alternative complement
pathway, 21-hydroxylasc A and 21-hydroxylase B (for a review of the structure of the
MHC, scc Campbell et al. 1988).

Evidence for linkage of C4 to HLA camc initially from studics of the murinc
H-2 complcx. In the mid-1970's various groups showed that the scrum substance (Ss)
protcin which Shreffler and Owen (1963) had mapped to the murine MHC (H-2), was
structurally (Curman ¢t al. 1975, Hansen and Shreffler, 1975; Mco, Krasteff and
Shreffler, 1975) and functionally (Carroll and Capra, 1978) similar to human C4. As
clectrophoretic variants and deficiencics of C4 were studied, a more precise mapping
of the C4 genes became possible. In 1976 Teisberg and his co-workers demonstrated
structural polymoiphism of C4. They concluded that the bands they observed, after

clectrophoretic separation of scrum C4, the ion of two codominant

allclesatonc locus--and that this was the structural locus for C4. They determined that
this genctic locus was linked to HLA by studying a number of informative HLA-B/C4
meioses. They found no recombinations--strong cvidence that the two loci were closcly
linked.

Independent of the clectrophorctic studics, the Chido (Middleton et al. 1974)

and Rodgers (Giles et al. 1976) "blood group’ ant

ns were shown to be controlled by
two genes which were linked to HLA. In 1978, O'Ncill, Yang and Dupont used family
studics to show that C4 polymorphism was controlled by not one, but two distinct,

although closcly linked, loci (O'Neill et al. 1978a). The same year, they found that the
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Chido and Rodgers crythrocyte antigens were antigenic determinants of human C4
(O'Neill et al. 1978b).

In addition to the two C4 loci, genctic studics had already positioned two other
complement genes, the second component, C2 (Fu et al. 1974; Mco et al. 1977) and Factor
B or BF (Alper, Bocnisch and Watson, 1972; Allen, 1974) in the Class lll region, In 1977
Dupont et al. positioned the gencs for itcroid 21-hydroxylasc (21-OH) to the Class 111
region.

By the mid-1980’s, the application of i iqiies o

a morc refincd map of the MHC. Scvcral groups established that the C4 genes were
positioned between HLA-B and HLA-DR (Wcitkamp and Lamm, 1982; Carroll ef al.
19841; Robinson et al. 1985). The order of the complement genes relative to one another
was determincd by Carroll and his collcagues in 1984 (Carroll ¢t al. 1984b). However,
the oricntation and distance of the Class I11 gencs relative to Class 1 and Clns; 11 genes
had not been established. In 1987, using the powerful new technique of pulsed-ficld
gel clectrophoresis, two groups answered this question, producing the most refined map
of the MHC to datc (Dunham et al. 1987; Carroll et al. 1987a), (Figure 1.2). The order
of the complement genes centromeric of HLA-B is C2, BF, C4A,21-OHA, C4B, 21-OHB.

The C2 and BF gencs, which are scparated by less than 1kb, lic about 30kb
from the C4A genc (Campbell, Bentley and Morley, 1984). The C4A locus is scparated
from the C4B locus by approximately 10kb. The 21-OH genes arc located less than 2kb
3’ to cach C4 gene (Whitc et al. 19€5).

The number of C4 genes varics among individuals, with onc two or three loci
being found per chromosome. In Caucasian populations, most individuals (50-65%)

inherit four functional genes; 30-38% have three functional gencs, (i.c.are

for onc null/non-cxpressed alicle); and 5-10% have only two functional genes
(Hauptmann, Tappciner and Schifferli, 1988). Individuals with only onc C4 genc arc

very rare (<1%).
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Figure 1.2 Molecular map of the MHC region containing the genes for C4A,
21-hydroxylase A (21-OHA), C4B, 21-hydroxylase B (21-OHB), C2 and
Factor B (BF).



1.4, Structure of C4

The human liver is the major site of plasma C4 synthesis (Nagura er al. 1985).
Macrophages arc the chief extrahepatic site of C4 synthesis (Colten and Dowtcn, 1986).

Cd is a large glycoprotein. In plasma, C4 consists of three polypeptide chains,
@ (95kD), B (75kD) and ¥ (30kD), linked by disulfide bridges (Reid and Porter, 1981),
(Figure 1.3). Mouse studics have shown that Cd is synthesized asasingle chain precursor
of about 200k D, with the polypeptides in the order f, @, and ¥ (Sim and Sim, 1981;
Shreffler e al. 1984).

1.5, C4 polymorphism

Cd is highly polymorphic. Polymorphism of C4 was first studicd by Rosenfeld
and co-workers (1969) using crossed immunaclectrophoresis of fresh EDTA-plasma.
1.5.1. Detection of C4 polymorphism

Evidence for genctic polymorphism of human C4 has come From the techniques
summarized in Table I.I. The standard techniques for C4A and C4B variant

classification arc: alkalinc ag: gel is of EDTA-plasma or

serum followed by immunofixation (IFE), (Alpcr and Johnson, 1969) and alkaline
agarosc-gel clectrophoresis followed by hemolytic gel overlay (Awdeh and Alper, 1980;
Mauff ez al. 1983). IFE scparates variants bascd on their clectrophoretic mobilitics.
Additionally, functionaldifferencesof C4 isotypes can beidentificd using the hemolytic
geloverlay. In the former technique, serum or plasma is electrophoresed in agaroscand
thedifferent C4 protein bandsarc detected by in-gel Fixation using polyclonal antibod y
specific for C4. The antigen-antibody complexes arc thus trapped in the gel, and all
protcin except for the complex can be washed away. The bandsare then stained with

protein stain. In the latter technique, the detection system is a hemolytic gel overlay

hi ytesand C4-deficicnt scrum, This method identifics
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Figure 1.3 Schematic representation of plasma C4. The three polypeptide chains
@, , and 7, are linked by disulfidc (S-5) bridges. The amino (NH,) ends
arc on the lef't of the Figure, the carboxy (COOH) endsare on the right.
Vertical lines in the @-chain represent isotypic and allotypic differences
localized 1o the Cdd region. The solid block represents the internal

thioester involved in covalent binding reactions.
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TABLE 1.1

of C4*

tecting

METHOD

INFORMATION

Immunofixation agarose-gel
clectrophoresis

Hemolytic detection on agarose-
gel electrophoresis

Agglutination withanti-Rgand
anti-Ch sera

Crossed immunoclectrophoresis

C4 a- and C4_p-chain deter-
mination on SDS-gel clectro-
phoresis

Immunoblotting of C4 after
SDS gel clectrophoresis with
Rg and Ch antiscra

Immunoblotting of C4 after
agarose-gel clectrophoresis with
C4B monoclonal antibody

DNA typing with C4 cDNA

> 30 allclic banding pattcrns

C4B allotypes > C4A allotypes

Rodgers (Rg) and Chido (Ch) antigen
determinations

Null alleles by relative quanti-
tation of C4A and C4B

Null allcles by relative quanti-
tation of’:

CAA-a and C4B-a bands

C4 py and C4 f, bands

Localization of Rg/Ch cpitopes
10 C4 polypeptide chains

Localization of C4B cpitope to
particular C4 allotypic variants

Number of C4 genes
DNA polymorphism
Subdivision of allotypes

* Adapted from Rittner and Mauff, 1984a
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C4A and C4B variants bascd on their different hemolytic efficiencics, because C4B
isapproximatcly four times more hemolytically active than C4A (Dodds, Law and Porter,
1985), (Table 1.2). Hemolytic gel overlay is often combined with IFE to diffcrentiate
between C4A and C4B variants whosc bands overlap. Another C4-phenotyping method,
crossed immunoclectrophoresis (CIE), is quite often used to detect individuals having
onc null C4 allcle (Awdch, Raumand Alper, 1979). This method is based on the genc-dose

cffect which proposes that all C4A and C4B gencs arc cxpressed cqually and that

individualsdonot carry hiaden C4A or C4B icati C4
by an initial is, then i to a sccond esis which drives
theproteinsintoantibody incorporated in gel. Ther i i ibod.

precipitates form as distinct peaks and the arca under cach peak is proportional to the

concentration of the individual protein. Thus, ing to the g di
an individual with two C4A allcles and onc C4B allele should have a C4A peak
approximately twice the height of the C4B peak.

Over the years several methods of C4 phenotyping by conventional agarose gel
immunofixation clectrophoresis were reported (Teisberg et al. 1977; O'Neill et al. 1978a;
Mauff, Bender and Fischer, 1978). None of these methods differed substantially, and
in 1980, Awdch and Alper introduced a simple technical mancuver which revealed the
extensive polymorphism at both C4 loci. The modification they introduced was
ncuraminidase (NAse) treatment of whele plasma or scrum, prior to clectrophoresis.
Ncuraminidase removes sialic acid residues from the glycosylated C4, with the result
that the products of the two 4 loci migrate with much less overlap than they do in the
native state, The latest modification to IFE is the pre-trcatment of serum or plasma
with carboxypeptidasc-B(CPscB), prior to NAsc treatment (Sim and Cross, 1986). CPscB
treatment resolves the triplet pattern seen with NAse alone, into a single sharp band

for cach allotype. To visualize the ity of the i ion of C4

when NAsc is used alone, consider that most people inherit four different C4 genes.

This implics an clectrophoretic pattern could contain twelve (or more) bands! CPseB



TABLE 1.2

Comparison of human C4A and C4B proteins:

functional, structural and serological differences *

C4A c4B
Electrophorctic mobility

(a) Agarosc gel Fast (acidic) Slow (basic)
(b) SDS-PAGE (« chain) Mw 96 000 Mw 94 000

Thioester reactivity
(@)  Hemolytic activity Lower Higher
() Relative covalent

binding affinitics

(i) Amino group Higher Lower

(ii) Hydroxyl group Lower Higher

Antigenic determinants * Rodgers Chido
(Rg: 1,2) (Ch: 1,2,3,4,56)

with cxceptions such as C4A1 and C4BS
Adapted (rom Yu, Campbell and Porter, 1988
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is a porcine pancreatic enzyme which cleaves C-terminal arginine and lysine residues
(Folk et al. 1960). From scquence analysis of C4 cDNA (Belt, Carroll and Porter, 1984),
the C-terminus of the C4a-chain would be cxpected to have four C-terminal arginine
residucs, and the C-terminus of the C4B-chain would be expected to have the sequence
arg-lys-lys-arg. Sim and Cross (1986) hypothesize that the difference in migration of
cach of the (three) C4 bands scen with NAsc trcatment alone, represents small charge
differcnces due to residual carbohydrate determinants, all of which would be removed
by the clcaring of the four terminal amino acids. They suggest therefore, that after
removal of the C-terminal basic amino acids by CPseB, the charge on all the C4daand
all the C4B-chains is the same, Asa result, the minor bandsarc converted into the (single)
most anodally migrating band.

Currently, 35 alleles have been assigned to the combined C4A and C4B loci,
including non-cxpressed or null alleles (termed QO, for "quantity zero") (MaufT et al.
1983). 1n 1983, in an cffort to standardize results being obtained from C4 reference
laboratories, a standard immunofixation clectrophoresis technique was agreed upon, as
was a common nomenclature of C4 allotypes (Mauff et al. 1983). Although many of the
C4 variantsarc rars, common variants occur (in Caucasians) with a frequency of at least
0.7%(Table 1.3). The 35allcles identified probably represent a miminum, since the most
common allcles, C4A3 and C4Bl, arc being subdivided on the basis of scroiogical
determinants (Giles, 1984); DNA restriction-fragment length polymorphism (RFLP)

(Whitchcad et al. 1983); and nucleotide sequencing (Belt et al. 1985). Clcarly, as the

by based on protein

typing will have to be reviewed.
1.6.  C4 nomenclature

The protein with the morc acidic (anodal) migration is called C4A, whercas the
protein with the more basic (cathodal) migration is called C4B (Mauff et al. 1983). If
samples arc not treated with carboxypeptidase-B, cach allotype pattern usually consists
of atlcastonc (anodal) major band and, in most cascs, two (cathodal) minor bands (Figure

1.4). The common allotypes are classificd by a numerical system from Al through A6,



TABLE 1.3

Gene frequencies of common C4A and C4B variants in Caucasians

Cd allele Frequency in Caucasians (%) ®
A2 64
A3 702
A4 6.1
A6 38
AQO 125
Bl 714
B2 9.1
B3 32
B4 07
BS 07
BQO 137

® Baur et al. 1984
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Figure 1.4

(Adapted from Mauff et al. 1983)

Schematic representation of C4A and C4B variants after electrophoretic
separation of neuraminidase-treated serum or plasma. Electrophoretic
separation of scrum or plasma, treated with only neuraminidase, produces
a C4-banding pattern as shown above for the common variants C4A3C4B1
(centre). C4A is the more anodal (+) protcin, C4B is the more cathodal
(-) protein. Usually cach allotype pattern consists of onc leading major
band (solid block in figurc) and two minor bands. The allotypes are
classificd numerically. C4A variants arc shown on the left, C4B variants
arc shown on the right. With the exception of C4A3BI, the variants arc

indicated by the position of only the most anodal band (+).
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and from B1 through B7 (Mauff et al. 1983). The standarcd nomenclaturc for C4
allotypes (Mauff ez al. 1983), uscs an asterisk to identify alicles, c.g. C4A*3, C4B*1. For

simplicity however, asterisks are not used in this text.

1.7.  Properties of C4A and C4B

There are two classes or isotypes of C4, C4A and C4B. Although C4A and C4B
arc highly homologous protcins structurally, they show marked differences in several
respects (Table 1.2). The two isotypic forms of C4 diffcr dramatically in cfficiency of
covalent binding to proteins and carbohydrates (Isenman and Young, 1984; Law, Dodds
and Porter, 1984). C4A cxhibits higher covalent binding affinity to amino groups or
peptide antigens, with the result that it binds more cfficiently to immunc complexces
than C4B. C4A is also morc cfficicnt at inhibiting immunc precipitation than C4B
(Schifferli et al. 1986). C4B binds preferentially to hydroxyl groups or carbohydrate
antigens. This observation may explain the (four-fold) higher hemolytic activity of C4B
in the conventional hemolytic assay which uses scnsitized sheep erythrocytes, whose
surface is rich in carbohydrate antigens.

Comparison of C4A and C4B cDNA scquences indicates 14 nucleotide differences,
of which 12 arc clustered in the C4d region of the a-chain, causing 9 amino acid
substitutions (Belt et al. 1984), (Figure 1.3). Four of thesc substitutions are respeasible
for C4A-Bclass dif ferences, while the rest contribute to allelic variation (Yu et al. 1988).

While it has been shown that isotypic differences do affect function, so far,
with the cxception of the C4A6 variant, allotypic variation affccting function has not
been observed. C4A6 has been found to code for a hemolytically inactive product,
usually associated with HLA-B17 (Bw57) (Dodds et al. 1985).

The amino acid substitutions in the C4d region arc also responsible lor the
antigenicdeterminants Rgand Ch (Yu et al. 1986). C4A variantsarc usually Rg-positive,

whereas C4B variants arc Ch-positive. Two of the less common C4 allcles, C4A1 and
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C4BS5, have shown reversed antigenicitics (Yu et al. 1986). Therefore, while they express
their own class specific propertics, the Al allcle is Ch positive, and the BS allele is Rg
positive. It should be noted that this chimeric nature is not found in all of the C4A1
and C4BS5 allotypes studicd so far.

In summary, the limited variation in amino acid sequence, concentrated in the
C4d region of the a-chain, is responsible for the distinct clectrophoretic mobilitics,
chemical reactivities (hemolytic activity), covalent binding affinitics, and antigenic

determinants (Ch and Rg), of C4A and C4B variants.

1.8, Heterogeneity of C4 gene slze

C4 genes are large (Carroll et al. 1984a), and can differ in size (Yu et al. 1986;
Schncider et al. 1986; Palsdottir et al. 1987a). C4 genesare either 22kb or 16kb long, and
are referred to as long and short genes, respectively (Palsdottir et al. 1987a). All of the

C4A genesanalyzed to date arc of the long form (Palsdottir et al. 1987a). A

half of the C4B gencsarc of the short form, the remainder arc long (Schneider et al. 1986;
Palsdottir ez al. 1987a). The difference in size is duc to the presence or absence of a
6-7 kb intron ncar the 5’ cnd of the gene. Most C4A3B1 haplotypes contain Bl-long
(Palsdottir et al. 1987a). Other C4B allotypes which are coded for by short C4 genes
include: Bl (in C4A6,B1), B2 (in C4A3,B2), and B3 (in C4A3,B3) (Palsdottir et al. 1987a).

Both the coding and nou-coding regions of C4 are highly conserved. All the
C4A and C4B allcles are 99% identical. While Class 1 and Class II proteins are highly
homologous, comparison of their derived amino acid sequences with C4 shows no cvidence
of homology (Carroll ¢t al. 1985a). This result suggests that the C4 genes are not located
in the Class 11 region because of a common precursor. Porter (1983) suggested that the
two C4 genes are nearly identical cither because the gene duplication which likely gave
risc to the two C4 gencs is a recent event, or there is a functional reason. He pointed

out that the products of both loci must be able to perform the same type of functions
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in the classical pathway, but may do so with diffcrent ¢fTi

ncies because of allelic
differences. For cxample, he suggested that immunc aggregate dissolution may vary
with C4 polymorphism. This has particular implications for autoimmunc discascs such

as systemic lupus crythcmatosus (SLE) (p. 25).

1.9. Cd null alleles

One revelation from the carly studics on C4 genctics was the high frequency
of silent or null alleles at cither locus (C4AQO, 5-15%; C4BQO, 10-20%) (O'Ncill et al.
1978a; Schendel, O'Ncill and Wank, 1984; Partancn and Koski

, 1986).
In this thesis, null alleles will be identificd using the following terms:

(6] Heterozygous null - The occurrence of a single null allele, cither C4A or C4B,
on onc haplotype, but not on the other,

@) Homozygous null - The occurrence of null alleles at both A or both B loci, i.c.
the complete absence of onc locus product.

(3) Hemizygous null - The occurrence of a C4AQ0 and a C4BQO allcle together in
an individual, but on different haplotypes.

Null alleles are defined by the absence of C4A or C4B protein in the plasma (O'Neill

et al. 1978a; Awdch and Alper, 1980). Clearly, this definition is hased on studics of

families that contain null indivi . While individuals who arc

homozygous null for cither C4A or C4B have no detectible product for the null loci,
individuals with onc null allcle at a locus (heterozygotes), will have a detectible product

for the other allcle at that locus.

1.9.1. Heterogeneity of C4 null alleles

Recent DNA analyses show that null allcles arc a hcterogencous category,
consisting of deleted genes and non-delcted, yet uncxpressed, genes (Carroll et al. 1985a;

Schncider et al. 1986; Yu and Campbell, 1987; Uring-Lambert et al. 1987). Uncqual
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cross-over during meiosis would cxplain duplications on some haplotypes and delctions
on others (Carroll and Alper, 1987b). In other situations where the gene is present but
uncxpressed, the molccular basis of the null allcle has not been defined. Non-expression
may be duc to defects in transcription, translation, or regulatory genes (Hauptmann et
al. 1987); the C4 gene may not have been duplicated on all chromosomes (Carroll ef al.

1985a); or it may beductoa i i ism (Yuand Campbell,

1987; Palsdottir et al. 1987b). Current knowledge of delcted and non-deleted null genes

is discusscd below.

1.9.2.  Molecular bases of deleted null C4 genes

DNA analyses have shown that about 60% of the null alleles arc due to deletions
of 28kb of DNA (Schncider et al. 1986; Carroll, 1987¢c). The deletions include cither
the 21-OHA or 21-OHB gene. The three common delctions include C4A and 21-OHA;
C4Band 21-OHA; or C4B and 21-OHB genes (Carroll et al. 1985a,b; Schneider et al. 1986;
Carroll, 1987¢). Dclctions of C4A and 21-OHB togcther have not been obscrved, nor
have deletions including both C4A and C4B genes.

Gene conversion has been proposed as a model to cxplain non-deleted null
alleles (Palsdottir et al. 1987b; Yu and Campbell 1987). The model suggests that some

null allcles result because onc locus has been converted to express the product of the

other locus. Gene conversion could result in "hi or "i

Homo-cxpression is the cxpression of two identical allotypes at cach C4 locus. From
RFLPanalysis, Yuand Campbell (1987) have inferred that the HLA-B44, C4A3, C4BQO,
DR6, haplotype is probably C4A3,A3 rather than C4A3,BQ0. They propose that

homo-cxpression would account for the high frequency of C4 null allcles in the

In indivi with h C4A or C4B, null alleles would be
assigned by plasma typing because the two Cd4 loci cxpress phenotypically

indistinguishable allotypes, rather than because of deletion of a C4 gene.



20
Iso-cxpression is the expression of C4 allcles of the same isotype but different
allotype (c.g. C4A3,A2,BQO) on onc chromosome. This hypothesis would cxplain the
findings of Schneider e al.(1986) thatall the haplotypes with non-dclcted C4B null genes
contain genes which are the same size as C4A gences (i.c. C4B-long).
Muir et al. (1984) and Wisnicski ef al. (1987) have reported another kind of C4

deficiency which is caused by hyposynthesis of C4, itted as an

dominant trait with no MHC linkage.

1.10. Complete C4 deficiency

Neither deletions of C4A and 21-OHB together nor delctions including C4A
and C4B genes have been observed. Thus, complete C4 deficicncy due to homozygosity
for the C4AQOC4BQO haplotype (Awdch, Ochs and Alper, 1981; Sjsholm, K jellman,
and Low, 1985) is not likely the result of deletion of the C4 genes. Hauptmann et al.
(1987) have suggested that the total absence of C4 protein is probably related to other
mechanisms, such as the presence of regulatory genes, or defects at the level of
transcription or translation of the C4 gencs. Such mechanisms have been shown in

individuals who have C2 null gencs which arc not deleted (Cole et al. 1985).

1.11.  Association of C4 null haplotypes with specific HLA-types

Most deleted C4A null genes arc linked to HLA-B8, DR3 (Carroll et al. 1985a;
Schneider et al. 1986; Palsdottir et al. 1987a; Uring-Lambert et al. 1987). However, non-
deleted C4A null genes show no linkage tospecific HLA-types. Incontrast tonon-deleted
C4A gences, most non-deleted C4B null genes segregate with HLA-B44, and about half
of these with DR4. All deleted C4B null genes which include deletion of 21-OHA, occur

with C4A3, and various HLA-types (Schncider et al. 1986).



112, Identifying C4 null alleles

Individuals who arc homozygous null at cither the C4A or C4B locus may be easily
identificd. Using the conventional typing method of immunofixation electrophoresis,
onc of the C4 bands will be abscnt. In contrast, the identification of individuals who
are heterozygous null is difficult. It is a major problem of discase association studies
that attempt to show an association between C4 null A or B, and a given disease. In the
absencc of family data, various means have been used by different investigators to detect
nullallcles in heterozygous individuals, Thesc generally involve inference from protein
typing, bascd on the assumption that individuals with onc A or B null allele will have
lower levels of C4A or C4B than individuals with ncither, Thus, reduced hemolytic
activity of A or B, lower than normal levels of A or B obscrved visually or densito-
metrically alter IFE, PAGE, or by CIE, have been uscd to assign nullalleles (Hauptmann
et al. 1984; Schifferli e al. 1986; Maillct et al. 1987). In addition, RFLP analysis has been
uscd to define null allcles at the DNA level. However, the problem in determining true
gene number by DNA analysis, comes from null alleles which are not caused by gene

delction (i.c. not expressed).

1.13.  C4 levels in relation to C4 null alleles

Presently, there is no clear proof whether a dircct relationship cxists between
the number of functional C4 genes an individual has, and the level of C4 in his/her
plasma. Onc difficulty is that there is a wide range of C4 concentrations in both
healthy and discased individuals. The normal range for scrum C4 in healthy Caucasians
is 0.20-0.50 mg/ml. However, values range from as low as 0,06 mg/ml to as high as 0.90
mg/ml (Nor-Partigen Table of Reference Values, Hocchst Canada Inc., 1987).

I a simple gene-dosc cffect were in play and no other regulatory mechanisms
cxisted, onc would expect for four, three, two, and one cxpressed C4 gene(s), relative

concentrations of 100%, 75%, 50% and 25%. Awdch, Ochs and Alper (1981) reported
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mean values of 113%, 89%, 56%and 39% for four, three, twoand one gene(s), respectively.
Scveral groups have shown that there is, at best, a very rough correlation between mean
C4 levels in serum and the number of C4 gencs cxpressed in any individual (Olaisen,

Teisberg and Jonasscn, 1980; Awdch, Ochsand Alper, 1981;

j6holm et al. 1985). In thesc
studies there was a high standard deviation for serum valucs corresponding to cach gene
group. Thus the means were not all significantly different, and there was considerable
overlap between groups. The results suggest that MHC-linked genctic factors are not
the only determinants of plasma C4 concentrations,

Corrclating gene number with total serum C4 levels is difficult for scveral
reasons, Onc is the assumption that C4A and C4B gencs arc expressed cqually. Another

isthat gene number according to family pedigree isaccurate, i.c. that there are no hidden

(homo) icati null indivi posc a particular problem, because
the molecular basis of some null genes, and hence the truc gene number, is not yet
defined. Alsoan individual's total scrum C4 lcvel can be influenced by various factors
such as hormenes (Averill and Bernal, 1984). What is required is a mcthod which
determincs individual C4A and C4B levels. Combined withan accurate measure of gence
number, the expression of C4A and C4B relative to the number of C4A and C4B gencs,

could be reliably determined.

1.14. Complement and disease

Autoi discases are ch d by the production of auto-antibodics.

That is, "self* somehow becomes recognized as "forcign”. When complement plays a part
in these llnesscs, it gencrally appears to be performing its normal function i.c. opsonizing
targets and inducing inflammation. Complement-mediated discase results when
inappropriate targets arc attacked, as when inflammation damages normal tissucs.
Some cxamples of autoimmunc discases with which complement alleles are

associnted are: insulin dependent diabetes mellitus (IDDM), systemic lupus erythcmatosus
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(SLE), rhcumatoid arthritis (RA), and Graves® discase. While complement alleles are

associated with thesc discases, ism has not been impli

directly. Therefore, the complement association may be secondary to HLA, and may

serve to mark high risk haplotypes.

Li41. Complement and SLE

The ctiology of SLE is unknown, however multiple facto:s including genetic,

cndocrinc and cavironmental ones seem to be involved (Agncllo, 1987).

L4, Association of null C4 alleles with SLE

Several studics have shown an increased frequency of homozygous C4A null,

but not C4B null, in C: it with SLE (Dawkins et al. 1983; Ficlder

et al. 1983; Reveille et al. 1985; Howard et al. 1986; Kemp el al. 1987). The average
reported incidence of homozygous C4AQO in these studics is 12% in SLE patients, as
compared to 1% in normal controls. The homozygous null state is associated with a
relative risk (RR) of 24 for SLE (Christiansen et al. 1983; Ficlder ez al. 1983; Howard
et al. 1986). However, this statc accounts for only a minority of SLE patients (Batchelor
et al.1987). Although the risk for SLE in individuals with just onc C4 null allele appears
to be much less than for the homozygous null state, it is still significant (Christiansen
ct al. 1983; Ficldcr et al. 1983; Howard et al. 1986).

Protcin studies have reported the frequency of heterozygous null C4A in SLE
as 42-60%, compared with 17-19% in healthy individuals (Ficlder et al. 1983; Reveille
ctal. 1985; Howard et al. 1986). Both Ficlder and Reveille and their respective colleagues
established heterozygosity for C4A using family haplotype data, which was compared
with a visual assessment of C4 protcin ater IFE and/or CIE. Howard’s work was based

on C4 phenotypes of randomly selected paticnts and controls. DNA analysis, which

gous null indivi on the basis of whether or not the null gene
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is deleted, confirmed that C4A null is increased in SLE (Kemp et al. 1987). Kemp et
al. reported that in 34.5% of SLE paticnts the C4A gence was deleted on one chromosome,
compared with 12.5% of controls (p<0.05). Using the same techniques, Goldstcein reported
igures of 25% for SLE comparcd with 16% of controls. Five of their 22 paticnts were
black, and presently, no clear association has been shown between C4AQO and SLE in
blacks (Goldstein ez al. 1988). Clearly, the nature of the C4AQO association with SLE
will have to be re-evaluated, as the molecular bases of null allcles become more fully
understood.

The most common extended haplotype among Caucasian SLE paticnts is HLA-BS,
C4AQOBI1, DR3 (Fielder et al. 1983; Reveille et al. 1985). However, because of the linkage
discquilibrium between HLA-B8, DR3 and C4AQ0 (Awdch et al. 1983), it is difficult
to assess the rclative contributions of the HLA-DR3 and C4AQO allcics to discase
susceptibility.

Perhaps the most compelling cvidence for a primary association of C4A null
genes with SLE comes from cascs of complete Cd-deficiency. This condition is
exceedingly rare, with only scventeen cascs reported world-wide (Hauptmann ef al.

1987). However, all of these incivi have SLE or lupus-like illncss ( et

al. 1974; Schaller et al. 1977; Tappeiner et al. 1978, 1982; Ballow et al. 1979; Minta et al.
1981; Kjcliman et al. 1982; Mascart-Lemonc et al. 1983; Kicin ¢l al. 1984; Dumas et al.
1986).

Kemp et al. (1987) and Goldstein et al. (1988) have shown that the genetic basis

for C4 null alleles in SLE is heterogencous. Up to onc third of paticnts have a large

C4A,21-OHA delctionaffecting oncchr and in C: i isdclction occurs
almost cxclusively with HLA-B8, DR3. Among non-HLA-B8, DR3 SLE patients

heterozygous null for C4A, most showed no delction of C4A.
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Most SLE paticnts homozygous null for C4A have the gene deleted from both

chromosomes. Some show a C4A gene delction on only one chromosome, suggesting

the presence on the other of onc deleted, non-f' it gene.

1.14.2. Mechanism of C4 involvement in SLE

The mechanism by which total C4 deficicncy increases the risk of SLE may be

related to a decreasc in the ilizationand of immune in which

the classical pathway of complement activation plays a crucial role (Takahashi et al.

1978; Hauptmann et al. 1986). The deliciency of an carly complement pathway

component, such as 4, increases the likeli that antigen-antibody will
precipitate, leading to tissuc damage and inflammation. C4A appears to bind more
cfficiently to protein-antigen compiexes than docs C4B, which suggests that C4A may

be the C4 component most important in the clearance of immunc complexes in SLE.

1.15. Complement and rheumatoid arthritis

Rheumatoid arthritis (RA) is a rheumatic discase whose principle manifestation is
inflammation in and around the joints.
(For a discussion of complement and the rheumatic discases, sec Ross, pp. 204-210,
1986). Rhcumatoid Factors (RFs) are the predominant autoantibodies present in RA
(Carson, 1981), and they activate complement by the classical pathway. It has been
hypothesized that the initiation and perpetuation of RA is due to the accumulation of
immunc complexes within the joint. These immune complexes [ix complement, resulting
inan inflammatory response. Morcover, there is evidence that the factor which inhibits
solubilization of these complexes may be RF (Naama, Mitchell and Whaley, 1983).

DR4and specifically certain Dw subtypes of DR4 (Dw4 and Dw14),are strongly
associated with RA (Stastny 1976, 1978; Ncpom, Scyfricd and Holbeck, 1986). Three
common DR4-containing haplotypes identificd in RA arec HLA-B15, DR4; HLA-B40,
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DR4; and HLA-B44, DR4 (O'Ncill et al. 1982; Dycr et al. 1984). O'Ncill et al. (1982) nlso
identified a rare C4 variant, C4B2.9, which is increased in adult RA paticnts (RR 8.5).
They found that this variant is strongly associated with HLA-A2, B15(w62), Cw3, DR4,
C4A3. DRI isalso significantly increased in RA (Sacha and Kirwan, 1986; Gregersen,
Silver and Winchester, 1987). Gregersen et al. (1986) found that particular scquences

in the DR, chains appear to determine susceptibility to RA.

1.15.1. C4 null alleles and RA

The occurrence of particular haplotypes associated with null C4 allcles in RA
(c.g. HLA-B44, DR4 with C4BQO), and the obscrvation that null C4 alleles were
associated with other autoimmune discases, suggested that null C4 alleles might be
associated with susceptibility to RA. However, the occurrence of C4 null alleles,
particularly C4B null, in RA scems to be associated more with particular systemic
complications which arise in some RA paticnts, than with the RA population as a

whole (Thomson et al. 1988; Partancn et al. 1987). For cxample, in a study of RA

patients with Felty's Synd (an ication of r id discasc),
Thomson et al. (1988) found a significant incrcase in the C4BQO allele, relative to RA
paticnts without the syndrome. Felty's syndrome is probably multifactorial (Pinals,
1981), but circulating immune complexes arc thought to be involved (Breedveld et al.
1985).

Another example is gold salt th induced itis,a rare

in RA patients. Partancn et al. (1987 found a high frequency of the C4BQO alicle in
both this sub-group, and other RA paticnts. This allcle occurred most frequently with
HLA-B35 and/or HLA-B40.

The previous two studics included few (<20) patients in the sub-groupsanalyzed,
and C4 nullalleles were identificd by visual assessment of C4 bands, with corroboration

in only some cases by family studics. Only Thomson's group used CPscR, and then, only
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to repeat samples for which clectrophoretic band patterns were difficult to interpret.
Furthcrmore, other investigators have not reported any increase in C4B null in RA
(Laurent and Welsh, 1983; Kay et al. 1983). Thus, the association of RA with particular
sub-types of DR4 remains stronger than the association with any other antigen(s), and

particular complement alleles may, again, scrve as markers for high risk haplotypes.
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Chapter 2

AIMS & OBJECTIVES

The aim of this thesis was to assess the usefulness of densitometry for detecting
null C4 alleles, in populations of unrelated individuals.

The rationale For this study was as follows, Therc arc numerous reports of an
association between null C4 alleles and certain autoimmunc discases.  Clearly, the
strength of these associations is dependent on the accurate identification of nult C4
alleles. This requires a reliable method which will do this. However, assigning null
alleles with certainty to individuals has always posed a problem in discase association
studics. Onc difficulty is thc complex banding pattern which results from immuno-
fixation clectrophoresis of C4. A sccond, is thatin heterozygous individuals, a nullallcle
may be masked by the allcle on the other chromosome. For cxample, a person whose
serum is phenotypically C4A3BI, could be genotypically A3B1/A3BQO, A3BI/AQOBI,
A3B1/A3BI1 or A3BQ0/AQOBI. The genotype might also be AQOBQO/A3BI, however,
the AQOBQO haplotype is exceedingly rare.

Family studics have been the best way of assigning null C4 alleles, but often,
family data arc cither not informative, not available, or limited in availability.
Morcover, cven with family studics, null allcles can only be assigned with certainty
to individuals whose C4 types or whose relatives’ C4 types arc homozygous, or other wisc

informative for C4A or C4B. Recently Pt genctics i are

proving to be the most accurate means of identifying deleted C4 allcies, but these

techniques still miss those 'nulls’ which are not duc to gence delction. These methods
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arc also time ing and labor-i ive, Ce ively small
numbers of samples are analyzed at one time.

Densitometry isan attractive alternative to these methods because it is relatively
quick, making it useful for analyzing large numbers of samples, the ideal in population
studics. Although densitometry has been used for the purpose of identifying null C4
alleles, no systematic studics have been done to assess the accuracy of this method.

The objectives of this thesis were:

(1) Todevelop a simple and reliable densitometric method to determine relative
amounts of C4A versus C4B in individual serum samples
(2)  Tousc this method to address the following questions:

- Is there a relationship between relative levels of C4A versus C4B and number

of genes using samples of known geno.ype, derived from family segregation

studics?

- Can rclative Ievels of C4A versus C4B be reliably used to predict an individual’s

genotype when no family data arc available?

- Do other immunc complex discase populations, such as rheumatoid arthritics,

show a pattern of C4A:C4B similar to SLE populations or control populations?

The study was planncd in two parts. Initially, samples from individuals known
to have null C4 allcles by family studics, or likely to be carrying null alleles because
of MHC associations, would be sclected. Samples from individuals without null alleles
would also be selected. The C4A:C4B densitometric ratio for these genotyped,

informative individuals would be determincd alter immunofixation clectrophoresis of

serum treated with carbox idase-B and ncuramini The data would then be
analyzed by discriminant analysis to ascertain whether persons without null genes had
mean C4A:C4B ratios approaching 1; those having one null C4A gene had mean ratios

approaching 0.5; and those having onc null C4B genc had mean ratios approaching 2.
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The predicted gene number based on densitometry would then be compared to the genc
number according to family data, in order to assess how well the two agreed.

In the sccond part of the study, a large number of samples from unrclated

to different ions would be analyzed by the densitometry-
discriminant analysis method. The aim was toapply the method to populations expected
to be quite dif ferent from cach other, with respect to the distribution of null allcies.
Thus, the populations included SLE samples for which an association with C4A-null is
reported, and R A samplcs for which anassociation with C4B-null has occassionally been
reported.

Thercasoningat theoutsct of thisstudy was thatusing densitometry to determine
an individual's genotype would likely b too crror-prone, but that it could still uscfully
be applied to populations in order to compare genotype distributions. The error of the
method should be the same for cach population studicd, thus relative differences should
still be apparent, and the analysis would show whcther SLE and RA populations, for
cxample, differed from control populations in their distribution of null C4A and C4B

alleles.
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Chapter 3

MATERIALS & METHODS

This study was planncd in two parts. The first part of the study dealt witha
pancl of genotyped individuals, about whom family pedigrees, haplotypes, HL A-data
for -A-B,-C and -DR antigens and genotypes were known. The second part of the
study was based on individuals about whom lcss was known. These individuals thus
represented the type of subjects to whom densitometry would normally be applied, in
that they were basically "unknowns". These individuals belonged to three dif ferent

geographical populations, and for the majority, the only known information was C4

and the i yresults from thisstudy. HLA-B and HLA-DR phenotype
data were known for some members of cach population,
Throughout the text, the genotyped pancl will be referred to as genotyped subjects.

All other individuals will be referred toas phenotyped population members.

3.1.  Subjects

Samples used in this study, had been previously collected as EDTA-plasma or
serum, and were stored (rozen at -70°C. Pricr to use, samples were thawed quickly in
a 37°C water-bath, then placed on ice. After use they were re-frozen at -70°C.

The first part of this study was bascd on the genotyped pancl. Serum samples

for thesc subjects were sclected from familics typed by the Clinical Immunology

gnostic Labora tory (HealthSci entre, Memorial Uni i Newfoundland),

for HILA-A, B, C, and DR. Cd-typing was donc in the Immunology Rescarch
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Laboratories (Dr. V. Skanes). Genotyping was performed by Dr. B. Larsen in the course

of various family studicsof: hcalthy lab personnel, transplant recipients and paternity

ascs, diabetics, indivi withankylosi itis, and those with Graves' discase.
The second part of the study was based on individuals from three different

phenotyped populations: Newfoundland, Canada; St. Louis, USA; and Budapest,

Hungary.
St. Loui Is were healthy Caucasian is donors. St.
LouisSLE paticnt samples came from the Washi University R Clinics.

All SLE patients and controls were Caucasians and all SLE patients satisficd
classification criteria of thc American Rheumatism Association for SLE.

The Hungarian control serum samples were obtained from medical labpersonnel
and their spouscs. Hungarian SLE samples included patients with both renal and non-
renalinvolvement in thediscase, All Hungarian samples wereprovided by Dr. V.Stensky
of the National Institutc of Hacmatology and Blood Transfusion, Budapcst, Hungary.

New foundland population control samples came from medical lab and hospital

personncl; frompaternity i andrelativesof potential kidney or bone marrow
transplant donors, (samples were limited to one relative per family). Newfoundland
RA samples were obtained through the courtesy of Dr. B. Larsen. All paticnts satisficd
the American Rheumatism Association (1984) criteria for classical or definite rheumatoid

arthritis.

3.2, C4 genotyping

C4 genotyping of pancl subjects was based on Cd-phenotype and HLA-haplo-
type data. Genotyping was performed by the Immunology Research Laboratory (Health
Sciences Centre,Memorial University of Newfoundland). About 200f the 108 genotyped

subjects werc genotyped with theaid of HL, iation data, because family data were

not completcly informative. For cxample, C4AQOBI occurs in tight linkage
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discquilibrium with HLA-B8, DR3, in all Caucasian populations tested (Awdeh et al.
1983). Thus, in cascs where the C4A allele could not by dcduced but occurred on the
HLA-BS, DR3 haplotype, it was classificd as C4AAQU. In this laboratory, u haplotype
assigned in this way is scored with (*) to indicate the less likely possibility of another
allele at theindicated locus. For example, AQ0*B1 mecans that AQO wasassigned because
itis in strong linkage discquilibrium with the HLA antigens on that haplotype, but a

possible, although less likely altcrnative is A3

33.  Complement allotyping

C4 allotyping of EDTA-plasma or scrum samples from all threc populations,
was performed at the Immunology Rescarch Laboratory, (Health Sciences Centre,
Mcmorial University of Newloundland).

All samples were subjected to IFE again, prior to densitometric analysis. Thus,
it was possible to check the phenotypes obtained from these runs against the original
recorded genotype or phenotype for cach sample; (except for the Hungarian control
samples, which were typed for the first time for usc in this thesis). Any discrepancies
were resolved by repeating the sample run. Where morce than onc aliquot of the sample
wasavailable, cachaliquot was run and checked. The family pedigree was re-evaluated

for genotyped controls. If a discrepancy remaincd, the sample was not analyzed.

REN Immunofixation electrophoresis

The C4-typing method used in this study, was a combination and a modification
of two techniques: the stondard method of Awdch and Alper (1980), and a recent
modification of this method by Sim and Cross (1986). In addition, the agarosc gels
used for C4-typing were caston GelBond film (FMC Marinc Colloids Division, Rockland,

Mainc USA 04841), rather than glass plates as used conventionally.
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Accurate readings using densitometry depend upon well scparated and well
defined bands. As samples were run on a GelBond film support rather than on
conventional glass plates, some modifications had to be made, Because the dimensions
of the GelBond flilm were smaller than those of the glass plates normally used,
adjustments had to be made in: the volume of agarosc used, the pattern used for sample
application to a gel, and the voltage uscd during the run. Therefore, a serics of
preliminary runs, with variations described in the following scctions, were done to

cstablish the best conditions for clectrophoresis using GelBond film,

3.4.1. Casting the agarose gel

In a modification of two mcthods, "open casting” and "moulding" (FMC Marine
Colloids Division product information booklet, BioProducts Department, Rockland,
Mainc 04841, 1980), GelBond film was placed, hydrophilic side up, on a glass plate of
approximatcly the same dimensions as the film (21 cm x 16 cm). A Plexiglass frame
was clipped over this combination, and the assembly was levelled on an LKB plate-
leveller [Pharmacia (Canada) Inc., 2044 St. Regis Boulevard, Quebee, HOP 1H6), Two
frames were tested. The [irst measured (20 x 20 x 0.1) cm, yiclding a frame with final
inner dimensionsof (18 x 18 x 0.1) cm. Thesccond measured (21 x 16 x 0.4) cm, yiclding
a frame with final inner dimensions of (19 x 14 x 0.4) cm. Of the two frames tested,
the one with the smaller width, but greater thickness was chosen, (21 x 16 x 04) cm.
The larger frame proved too fragile, and cracked casily when it was clipped to the glass
support plate. Also, the cxtra width was unnccessary for the duration of the elcctro-
phoresis run. To prepare the gel, 0.5% agarose (Type I: Low EEO, No, A-6877, Sigma
Chemical Company, P.O. Box 14508 St. Louis, Mo. USA 63178) in gel buffer (7.9 mM
sodium-barbitonc, 1.4 mM barbitonc, 93.6 mM glycine, 46.6 mM Tris, 50.0 mM disodium
EDTA), was pourcd onto the GelBond film. When both the smaller and the larger frames

were being tested, 27 ml or 32 ml, respectively, of 0.5% agarose was used. In cach case
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the final gel thickness was 0.1 cm. The agarose solution was allowed to sct at room

temperature for scveral minutes. If the gel was not used immediately, it was stored at

4°C in 2 humidificd container for a maximum of two days. Threc types of agarosc were
tested to determine which onc produced the best run with respect to band separation
and definition: Type Il Medium clcctro-cndo-osmosis (EEO) (Sigma No. A-6877); Type
I: Low EEO (Sigma No. A-6013) and Type L-Behring (Hocchst Canada Inc. Behring
Diagnostics, 4045 Cétc Vertu, Montreal, Quebec H4R 1R6). Using Type II Medium EEO
agarose, the bands produced were more diffusc than with the other two types tricd, and
thesamples had to clectrophorese longer to obtain scparation comparable with those two.
Type L-Behring agarose and Type 1 Low EEO agarose produced cqually sharp, well
scparated bands For the same amount of running time. Type I Low EEO agarosc was
selected for use.

GelBond is a flexible support medium for agarose gel, consisting of agarose-
coated polyester. Dricd Gelbond could be cut into strips and conveniently read using
the densitometer.  GelBond had other advantages. Because it was light-weight and
pliable, it could be casily inserted into the sample carricr, and later taped above the
densitometer printout, as a permancnt record. Also, by doing this, a visual impression
of staining intensity of the C4A and C4B bands could be compared with their respective
curves on the printout. This wasa good method to cnsure that the sample ratio had not

been read or calculated "backwards" (i.c. C4B:C4A).

3.4.2. Treating serum samples

Initially, 20 sl of serum was diluted in C4 Sample Buffer (20mM EDTA, PBS,
2.0 mM PMSF) at 1:3, 14, 1:5and 1:8. A scrum dilution of 1:4 in C4 Samplc Buffer
produced the best results during preliminary runs. The samples tested at the various
dilutions had been collected recently, frozen at -70°C, and thawed for only the first

or sccond ti

c. However, during subscquent ruas of test samples, which were various

ages and had unknown frecze-thaw historics, 1:4 was found to be too dilute for many
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samples. The rcason for this is not known, Most samples in the genotyped panel and
in all populations were diluted at 1:2. The optimum dilution for samples which did not
run well at 1:2 was gauged fror the dilution results for the preliminary results.
C4 Sample Buffcr was used to dilute scrum samples for several rcasons. The

EDTA itcontaincd chelated calcium, i ivation of the classical

pathway and PMSF inhibited protcases which arc minor contaminants of ncuraminidase

and car i B. Th i may prod tra bands in 1
if they are not inhibited.

Sim and Cross recently (1986) introduced the carboxyneptidase-B (CPscB)
modification to the standard immunofixation clectrophoresis technique of Awdch and
Alper (1980). CPseB trcatment of scrum prior to IFE has advantages for densitometry
and improves the reliability of densitometric results. C4A:C4B densitometric ratios arc
unaffected by CPseB trcatment (Zhang et al. 1988). Allotype assignments arc casier
because of the removal of overlapping triplets, duplicated alleles such as C4A3A2 are
more obvious, and it is possiblc to distinguish between alleles with small differences
inelectrophoretic mobility, suchas C4A1and C4B3. All thesccffectsimprove the correet
assignment of C4 alleles, which is necessary for accurate calculations of C4A:C4B ratios
by densitometry. The method used in this study differed from that of Sim and Cross

in the following respects:

(1)  Duration of CPscB incubation
(2)  Concentration of CPscB used
3) Use of C4 Sample Buffer to dilute scrum

(4)  Type of ncuraminidase uscd

During preliminary runs in which the dilution of serum in C4 Sample Buffer
was varicd, diluted samplcs were incubated for 30 minutes with 0.13 units of CPscB
(Sigma Type I-DFP EC.3.4.17.2, No. C-7261) per ul of serum, as per the method of Sim

and Cross (1986). Incubation times of 10 minutes and 5 minutes were then tried, and
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it was found that the banding patterns were as good as those obtained after a 30 minute
incubation. Thus, an incubation time of 10 minutes was chosen for convenience.

Three units of CPseB were tested at dilutions of 1:1-1:10 inclusive, in scrum
diluted 1:2in C4 Samplc Buffer. All dilutions up to 1:6 produced cqually good banding
patterns. Those from 1:7-1:10 showed a faint extra band in the C4B region. From these
results, it was decided to use CPseB diluted 1:4 in PBS.

Serum samples (20 ul) were thus trcated with 4 ul of CPseB which had been diluted
1:4 in PBS (0.15 units CPscB/ul enzyme solution). The final concentration was 0.03 units
CPscB/ul scrum. This wasa [our-fold reduction in the amount used by Sim and Cross.

The digest was then trcated with 0.16 units of neuraminidase Type V (Sigma
No. N-2876), and lef't to incubate overnight at room temperature. Sim and Cross used
Type V1 ncuraminidasc (Sigma No. N-5631), which has fewer enzyme impuritics than
Type V. Both enzymes werc tested at the concentration specified above, and no
difference was found in the pattern produced by samples treated with Type V versus

Type VIII. Type V, being more ccomomical, was chosen for use.

3.4.3. Electrophoresis

To load treated scrum samples onto the agarose gel for clectrophoresis, sample
slots were made by manually inserting strips of filter paper (Whatman chromatography
paper 3 mm, Whatman International Ltd., Maidstonc England) into the gel, 3 cm from
the cathodal edge.

Two different slot widths and two different sample volumes were evaluated.
5 pl of sample was applicd to 5 mm and 7 mm slots, and 6.5 sl of sample was applied
to 5 mm and 7 mmslots. Initially, 20 samples were applied toa gel. Good clectrophor-

ctic patterns were produced from 7

slots containing 6.5 ul of treated serum. For
this slot size and the width of the GelBond used, it was found that 14 was an ideal

number of samples to load on cach gel.
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The heat generated during clectrophoresis proved to be a problem in the carly
runs. The agarose-coated polyester of GelBond is a poor hcat conductor compared to
the glassplates normally used for clectrophoresis. Consequently, the heatin the gel could
not be transferred to the cold water of the tank bed. If too much heat was generated,
the gel cracked, terminating the run. (Preliminary runs were carricd out at a voltage
close to that used for glass plates). Prcliminary gels were compared using constant
current (S0mA); constant voltage (550v or 525v or 500v); or constant power (35W),
(Buchler 3-1500 power supply, Buchler Instruments, Fort Lee, New Jersey USA).
Comparing results for constant voltage, constant current and constant power, it was
found that gels were best run at constant voltage. OF the three voltages tested, the
heating problem was climinated at 500v. Samples were therefore subjected to electro-
phoresis at a constant voltage of 500v or about thice hours, The clectrode buffer
containcd 31.8 mM sodium-barbitonc, 5.6 mM barbitone, 374.3 mM glycine, and 186.6
mM Tris. A hemoglobin marker was used to estimate the distance samples had migrated
during the run. The clectrophoresis apparatus (Dept. of Technical Services, Memorial
University of Newfoundland, Canada) was similar to the LKB Bromma 2117 clectro-
phoresis unit [Pharmacia (Canada) Inc.] and was cooled by tap water. During s -amer
months whea the temperature of the tap water cooling the clectrophoresis apparatus

increased, the voltage was reduced to 450v.

3.4.4. Immunofixation

A sporadic feature of carly runs was bands that had arcas of weak staining in
the centre of the band. The possibility that this was caused by using diffcrent lots of
antibody was checked. Two different lots of goat anti-(human) C4 scrum were used
to detect C4 bands: Atlantic Antibodics anti-human C4 complement (BIE, Lot 058),

and Atlantic Antibodics anti-human C4 (BIE Lot 033), (Atlantic Antibodics

P.O. Box 60, 10 Nonesuch Road, Scarborough, Maine USA 04074). Howevcr, both lots

gave similar results.
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The possibility that the weak staining arcas were caused by antigen or antibody
cxcess was checked by varying the amount of anti-Cd spread on the gel. Initially, 250
plin 1.5 ml PBS was used. When the amount of antibody was reduced to 150 4l in 1.5
ml PBS, the weak staining arcas were no longer present,

After clectrophoresis, goat anti-(inuman) C4 serum (Atlantic Antibodies, Lot
033 or 058) at a concentration of 0.5U/cm? was applicd to the gel. The gel was then
incubated in a humidified container at 37°C for onc hour. Following incubation, the
gel was pressed for 5 minutes with a picce of Whatman #3 Lilter paper soaked in 0.9%
sodium chloride (NaCl), under a 5 kg lead weight. The gel was soaked overnight in a
0.9% NaCl solution to remove unprecipitated proteins. This was followed by a rinsc in
distilied water for 15 minutes. The gel was then dried briefly in a 90°C oven (Thelco
Modecl 15, GCA Precision Scicntific, Chicago, Illinois USA 60647).

The dried gel was placed in 0.5% Coomassic Blue stain (Sigma) for fiftcen minutes.
It was then rinsed in water, placed in a destaining solution (150 ml glacial acetic acid,
450 ml absolute cthanol, 450 ml distilled water) for five minutes, rinsed in water once

more, then left to dry at room temperature.

3.5.  Densitometric analysis of C4A and C4B protein bands

Having established the nccessary modifications for IFE using GelBond, the
next step was to check the operation of the densitometer which would be used in this
study, and standardizc the procedure for its use. The densitometer is a scanning device

which can be used for dircct or indirect itati of

clectrophoretically ¢.g. serum proteins. The method used in the current study was
indirect, in that the scparated C4 bands first had to be stained with Coomassie blue,
Densitometry was done using an ACD-18 Automatic Computing Densitometer (Gelman
Instrument Company, Ann Arbor Mich.). The absorbance of the bands was measured

by the densitometer, with settings optimal for the Coomassic Blue counter-st:
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wavelength 595 nm, slit width 0.2 x 3 mm, autogain 80%, and scan Iength, 30 mm. Total
protein was specificd as 1. Background was sct to zero before bands were scanned. The

ACD-18 densitomcter had an optical density (O.D.) range of 0.25-6.0 O.D., which was

more than adcquate for the range of C4 protein i in

To analyze samples densitometrically, the dricd GelBond film was cut into
uniform strips corresponding to cach sample track on the gel. The ACD-18 operator’s
manual provided no information on scanning pliable GelBond strips, thercfore to
determine the most convenicnt way to load the samples in the sample carricr, a varicty
of "mountings” were tricd. The strips were alternately taped to a glass slide, taped to
an acetate square, inserted into a plastic evelope, or taped flat into the carrier, Of the
various ways in which GelBond strips were inscrted into the carrier to be read, taping
Jjust thestrip into the carricr, flat and parallel to the carricr top, proved best. The centre
of each strip was marked (to aid in making consistent readings), and the strip was

inserted into the sample carricr, so that the order of scanning was C4A band Fi.st, C4R

band, sccond. The i plotted i light from thestained GelBond strip
versus distance along the strip in the form of elcctrophoretic curves (Figure 3.1). The
area under the curves was determined automatically by scaled integration. This area
was cquivalent to the density of cach protcin band, and was expressed as a fraction of
the total protein, which was specificd as 1. The ratio of C4A:C4B was calculated for

cach sample, as shown in Figure 3.1.

3.5.1. Precision of densitometer

The precision of the densitometric readings was checked as follows. Samples
were read in cach of ten different tracks of the sample carricr; onc sample was read
at random intervals over scveral months; and sample scans using cach of the five
availableslit widths were compared. To check the consistency of the operator’s method,
one sample was inserted, scanned, removed, then re-inserted. This was donc ten times.

To determine if it was possible to read several strips of the GelBond at onc time, ten
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Densitometric results for a sample with 2 C4A and 2 C4B genes
(C4A3B1/C4A3B1) by family studies. The Gelbond strip was scanncd
over a length of 30 mm and the densitometric output was as illustrated
above.
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samples were inserted and read consccutively. The samples used in cach of these tests
were randomly chosen from the genotyped controls.

Having worked out the technical aspects of the densitometric method, subjects
belonging to the genotyped pancl, and members of the three phenotyped populations,
were analyzed densitometrically. After obtaining C4A:C4B ratios by densitometry, but
before the total data were analyzed, some samples were excluded. Specifically, for all
subjects, thosc whose C4A and C4B bands werce too close together clectrophoretically
to give separatec peaks on the densitometer printout (cg. C4A3B4), were excluded.
Homozygous null C4A or C4B samples were excluded, Samples that had degraded, as
cvidenced by diffusc or streaked protein bands, were also cxcluded. Among genotyped
subjects, a few were found to be incorrectly typed in the original family file, and
similarly, some members of the phenotyped population showed phenotypes which were
inconsistent with the original C4-typing for them. These were also excluded from the

data analysis.

3.5.2. Within and between-run reproducibility

Todctermine within-run precision, two differentsamples, Land I, with expected
ratios of 1 and 2, respectively, were applicd to all the lanes (14) of two gels. To obtain
between-run imprecision, two other samples, [H and IV, with expected ratios of 0.5 and
1, respectivley, were run in the same sample slot positions on twelve random gels, over
a period of threc months. To climinate any possible cffects of repeated thawing and
freczing, aliquotsof cach samplc used for between-run precision werestored beforchand.
The C4A:C4B ratios and the co-cfTicicnt of variation (CV) for cach reproducibility test

were calculated and compared.
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3.6. Data analysis

3.6.1. The genotyped panel

The first samples analyzed by densitometry were those from the genotyped
panel. The individuals in this 3.4 had been specifically sclected for their genotype
according to Family studics. At the beginning of the study, they were assigned to one
of three groups based on their relative gene number. The assignment was as follows,
Individuals known to have one null C4A allele were assigned to group 1 (3-genc
individuals, heterozygous null for CSAQOD). Those known to be without null genes (d-gene
individuals), or hemizygous null for C4A and C4B (2-gene individuals), were assigned
to group 2. Those known to have onc null C4B allele (3-gene individuals, heterozygous
null for C4B) were assigned to group 3. For convenience, group 2 subjects will sometimes
be referred to as non-null, with the possibility of hemizygosity for null alleles

TheC4A:C4B i icratio for 108 genoty]| ubject:

then recorded under the subject’s group according to family studies. The mean A:B ratio
and standard deviation for cach of the thrce groups was then calculated using the
statistical program"Autoexcc” (copyright David W.Clarke,Queen’s University, Kingston
Ontario, Canada, 1986). The range of A:B ratios for cach group was also determined.
(This range will be referred to as the "real range” to distinguish it from the range
assigned by discriminant analysis).

As Coomassic Brilliant Bluc has lincar staining characteristics (Christiansen et
al. 1983), the simplest hypothesis is that a densitometric ratio of 0.5 or 2.0 represents
heterozygosity For C4A null (group I)and C4B null (group 3), respectively, while a ratio
of 1.0 should indicatc an cqual number of allcles at cach locus (group 2). These values
then, represented the predicted mean ratios for cach group. A Kruskal-Wallis one-way
analysis of variance (ANOVA) was performed (Sicgel, 1956), to determine if there was

a significant relationship between C4A:C4B ratio and group by family studies. The
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means of the three groups were then compared to ascertain whether they approached
the predicted value for cach group.
Next, the A:B ratio data for the genotyped pancl were evaluated by discriminant

analysisusing

YSTAT (Wilki ,Lcland. SYSTAT: The System
for Statistics. Evanston, Illinois: SYSTAT Inc., 1978).

The purpose of the discriminant analysis was to cxamine the value of densitometry
as a predictor of group 1, 2 or 3 membership i.c. genotype in terms of number of null
alleles. Discriminant analysis is a typc of analysis which predicts group membership
with the particular purposc of maximally discriminating among groups. It is cspecially
useful when there is a possibility of membership in two or more groups, as was the case
in thisstudy. Thedata entered into the program for cach genotyped subject, were group
(1,2 or 3) by family studics,and A:B ratio by densitometry. The analysis converted cach
A:B ratio into a scorc ("Factor” in Appendix A, p.128), and sct up a distribution of scores
for cach group. A “cutting scorc' was dctermined bascd on the mean of cach group.
These were values for the A:B ratios where the smallest number of incorrect decisions
about group membership would be made. Here, there were two cutting scores, one
distinguishing group | from group 2, and another distinguishing group 2 from group
3. For cxample, if a subject’s score was greater than the cutting score for group 1, but
less than the cutting score for group 3, he/she would be predicted 1o be a member of
group 2. (Cutting scores arc not shown in the program output). Discriminant analysis
maximizes the accuracy of prediction of group membership by sctting up a distribution
of scores such that there is minimum overlap between groups.

The range for cach group was deduced by looking at the ratios of subjects
assigned to groups |, 2 and 3 by discriminant analysis of densitometric ratios, and finding
the highest and lowest ratio in cach of these groups. The program calculated discrete
probabilitics (Appendix A) for a subject’s membership in cach group by minimizing the
overlap between groups. Insimplificd terms, calculation of probabilitics by the program

was based on comparing the 'distance’ cach ratio was from the mean of cach group, so
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that a probability for membership in group 1, 2 and 3 was derived for cach subject

(Appendix A). (For a detailed description of discriminant analysis see Thorndike, pp.203-

220, 1978).
The results of the discriminant analysis were then used to gencrate a “truth-
table”. This tablc summarized the results of group assignment based on family studies

("group”, ix A)as to group i from A:B ratio by densitometry

("predict”, Appendix A).

In order to interpret the truth-table results, the data in this table were transformed
into 2 x 2 1ables, providing an casy format for computing the proportion of subjects with
any particular result, Using «*.2 data in the 2 x 2 tables, the method was cvaluated in
termsof accuracy, true-positive, truc-negative, false-positive, and false-negative values
(Fletcher, Fletcher and Wagner, 1982).

Following the discriminant analysis, genotyped subjects whosc group as
determined by densitometry differed from that as determined by family studies, those
with ncarly cqual probabilitics of being in cither of two groups, and those with very
high or very low A:B ratios, were cxamined more critically to determine whether or not
they shared a common feature (c.g. Cd-type, HLA-type). As well, A:B ratios for 94 of
108 genotyped pancl subjects were cvaluated in order to determine whether particular
C4 genotypes were associated with high or low ratios. Only genotypes for which there

were three or more samples were considered.

3.6.2. Phenotyped population members

The dis¢

iminant analysis results from part I were applied to the members of
the phenotyped populations, in order to predict group membership for these individuals,
The SYSTAT MGLH module was used for this part of the analysis because it had a
"weight" command which can be used to assign probabilities for group membership to

individuals by comparing their A:B ratios with the range of ratios for the genotyped
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pancl. Each phenotyped population member was assigned a probability for membership
in cach of the threc groups by the program, and the highest probability determined to
which group they wercassigned. From thesc results, the number of subjects in cach group
was counted to determine obscrved (O) frequencics. The expected (E) frequency for
samples incach group was calculated according to Hardy-Weinberg expectations (Suzuki

et al. 1986) using the observed frequency of homozygous null C4A and C4B in cach

Observed pected £ ies for cach ion were

compared using the Chi-square test.

As for the pancl, p! YD ion members with nearly cqual
probabilitics of membership in cither of two groups, and thosc with very high or very

low A:B ratios, were sclected out for further study.

3.7.  Single radial immunodiffusion (SRID)

In order to compare total scrum C4 with gene number by family studics, total
scrum C4 was dctermined by SRID for 78 randomly sclected genotyped subjects (Mancini,
Carbonara, and Heremans, 1965), using Behringwerke Nor-Partigen-C4 plates (Hocchst,
Canada Inc. Behring Diagnostics, Montreal Quebec). Subjects were divided according
to family studics into the following catcgorics: 2 genes (hemizygous null), 3 genes
(hetcrozygous null C4A or C4B), and 4 genes (non-null). Valucs for heterozygous null
A and B were plotted scparately to determine iff there was any difference between the
two. Total scrum C4 concentration for these subjccts was plotted against gene number
according to Family data, The statistical package "Epistat” (copyright Tracy L. Gustafson,
1984) was used to calculate the mean total C4 concentration for cach genotype group
and perform a onc-way ANOVA. Samples with the highest and lowest total scrum C4
values in each group were evaluated in order to determine whether particular A:B ratios
corrclated with very high or very low total C4. The hemizygous null group was not

considered, as there were only three samples in this group,
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Chapter 4

RESULTS

4.1, Exclusion of samples analyzed densitometrically

Of the 613 samples analyzed densitometrically (Table 4.1), 61 (10%) were
excluded from the final data analysis for the reasons outlined below (Table 4.2).

Among genotyped controls, a few samples were excluded where C4-typing results
were inconsistent with original family data, and this was not resolved by repcating
clectrophoresis or checking the family pedigree. It should be noted that this did not
include samples typed as C4A3,A2 using CPscB trcatment, which may originally have
typed as C4A3, but only samples which were a significantly different allotype compared
1o the original typing. Some of the samples were reccived as aliquots from the original
tubes, therefore mis-labelling may have occurred in some cases. With the cxception of
the Hungarian control population, only a small number of phenotyped samples from
cach population were excluded from analysis of the densitometric results (Table 4.2).
OfF these, ncarly one-third were excluded because of overlapping peaks on the (de-
nsitometric) printout indicating that, on the gel, the C4A and C4B bands were very close.
This usually corresponded to C4A3,B4 phenotypes, but included some samples phenotyped
as C4B3. Densitometry was donc on 38 Hungarian controls, but only 24 were included
in the data analysis. Of the 14 samples excluded, 2 were C4B4, and 5 were homozygous
null C4A or C4B. The remainder could not be reliably identificd by name, becausc labels
on the scrum tubes were partially or completely rubbed of f. The possibility that the

sam. ample might be analyzed twice would not be cxcluded, as the controls were
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Table 4.1

Number of samples analyzed by densitometry in the genotyped pancl

and in the phenotyped populations

Controls Paticnts
Genotyped panel 119 NA'
Phenotyped populations
Newfoundland 120 92
Hungarian 38 a2
St. Louis 128 74

NA - not applicable



Table 4.2

Samples analyzed but cxcluded from discriminant
analysis of C4A:C4B ratios

Reason cxcluded

Overlapping Homozygous

No. No.  peaks on null
Population analysed excluded printout Other® Cd4A or C4B

Genotyped panel 119 11 (9%) 3 8

Newfoundland controls 120 12(10% 2 3 7

Newfoundland patients 92 12 (13%) 1 - 11

St. Louis controls 128 6 (5%) 5 1

St. Louis patients 74 4.(5%) 4 -

Hungarian controls 38 14(38%) 2 7 5

Hungarian paticnts 42 2(5%) 1 - 1

“other - poor or untypable samples

- for genotyped pancl this included subjects whose C4-typing rcsults
were significantly at odds with original records

- incomplete labels on tubes
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supplicd in at least duplicate. Samples which showed evidence of degradation (dif fuse
or streaked protcin bands; un-typable samples) were excluded on a subjective basis from
all populations. Lastly, homozygous null samples were not included in the data analysis

becausc an A:B ratio cannot be calculated for such samplcs.

4.2,  Precision of densitometer

The precision of the readings obtained from the densitometer used for this
study is shown in Tables 4.3-4.8. Table 4.3 shows that the track From which samples
were read made little difference. However, when an attempt was made to read ten
samples in consccutive tracks, it was discovered that the machine was reading the first
samplc, then re-scanning the edge of this sample closest to the next sample, which was
then recorded as the reading for sample no. 2. This could be prevented by increasing
the spacing and scanning only a few samples at a time, but it was actually quicker to
scan samples onc at a time, rather than align several, tape them into the carricr, ctc.
All samples were read using a scan length of 30 mm, so that the total arca scanned for
cach samplc was consistent.

Readings for the same sample scanned using the five different slit widths
available, varicd somewhat. Scveral samples were compared this way, and the results
of a representative sample arc shown in Table 4.4. Using five different slit widths,
the A:B ratio for this samplc varicd from 0.27-0.45. The slit width which produccd a
ratio closest to the average of the five was chosen for rcading all samples. This was 0.2
x 3 mm. The operator’s method also proved to be consistent (Table 4.5). Finally, the
ratios obtained for a samplc read at random over several months varicd little (Table

4.6). This was donc as a check on the gencral operation of the machine over time,
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TABLE 4.3
Precision of densitometer for sample #5 read in

ten different tracks with slit width 0.2 x 3 mm

Track C4A : C4B Ratio
(n) x)
1 112
2 LI
3 1.08
4 L10
5 1.09
6 1.09
7 1.08
8 1.08
9 1.09
10 110

Mean (x) 109

SD 0.01

" calculated using SD = (x = x)
1
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TABLE 44

Precision of densitomcter using diffcrent slit widths
ard samplc #6

Slit Width (mm) C4A : C4B Ratio
01x2 045
01x5 045
02x3 0.40
02x 10 027
05x3 043

Mean 0.40




TABLE 4.5

Consistency in operator’s technique for ten densitometric
rcadings® in the same track with slit width 0.2 x 3 mm

C4A : C4B ratio

110
110
110
1.08
1.09
107
1.04
1.05
L0
109

Mean 1.08
sD 003

* sample #7
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TABLE 4.6

Precision among densitometric readings for sample #8 scanncd
at random over scveral months

C4A : C4B Ratio

1.00
114
1.29
1.22
1.13

Mcan 1.16
SD 0.1
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TABLE 4.7+

Within-run precision of dcnsitometric measurcments

for two samples

C4A:C4B ratio

1 n
113 1.87
115 1.85
1.08 1.80
1.07 171
1.09 1.68
115 1.65
112 1.65
1.23 1.59
1.21 1.58
117 1.53
112 1.53
1.10 1.58
1.07 1.54
L1 1.64
Mean A:B ratio 113 1.66
so 0.05 0.11
CV (%) 4.2 6.6
™ co-cfficient of variation - the standard deviation expressed as a percentage

of the mean



TABLE 4.3

Between-run precision of densitometric measurcments
for two samplcs

C4A:C4B ratio

1 v
047 110
041 1.00
0.44 1.37
0.50 1.24
037 L1
0.46 LIl
0.48 1.07
0.47 127
0.58 LIS
039 1.02
0.57 1.23
047 132
Mecan A:B ratio 0.47 117
SD 0.06 0.12

CV (%) 132 10.3
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4.3.  Within and between-run reproducibility

Within runs, the co-cfficients of variation for the C4A:C4B ratios were less
than 10% and 5% (Tablc 4.7). Most of thc C4A:C4B ratios were within mean + 1SD, and

all were within mcan + 2SD.

4.32. Between-run precision

Ratios between runs varicd more than those within-runs, with co-cfficients of
variation between 10% and 14% (Table 4.8). Again, most of the C4A:C4B ratios were
within mean + | SD, and all were within mean  2SD.

The co-clTicient of variation (CV) values obtained for within and between-run
variability were comparable to those reported for densitometric analysis of other serum
prolcins (Dennis, Bicgler and Papas, 1986). Also, the variation within and betwcen-runs
was low cnough for the samples tested, that none were shifted into another group e.g.

Crom group 2 to group | or 3 for sample I (Table 4.7).

4.4, C4A:C4B densitometric ratios for genotyped subjects

4.4.1. Mean C4A:C4B ratios

The means of groups 1, 2 and 3 by family studics, to which the 108 genotyped
controls belonged, were compared. Mcan ratios did approach the predicted values for
cach group (p. 43, Table 4.9). For subjects heterozygous null for C4A (group 1), the
mean C4A:C4B ratio approached 0.5; for those hetcrozygous null for C4B (group 3), the
mean ratio approached 2; and for thosc who were hemizygous null or had no null alleles
(group 2), the mean ratio approached 1. The standard deviation for each of the three
groups was high. Ncvertheless, a onc-way analysis of variance showed that there was

a significantrelationship between group by family studicsand C4A:C4B ratio (p < 0.001).



TABLE 4.9

C4A:C4B densitometric ratios of HLA and complement genotyped subjects

Group by family studics

1 2 3
(Heterozygous (Non-null (Heterozygous
null A) or null B)
Hemizygous null)
n 41 40 21
Real range 0.21-1.14 0.49 - 2.30 0.44 - 333
Mcan 054 0.98 206
sD 0.20 0.34 073

® If the lowest ratio in this group is removed, the next value is 112 (sce p. 59)
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. Range of C4A:C4B ratios

Although C4A:C4B ratio was related to group according to family studics, the
range of the ratios for cach of groups 1,2 and 3, was broad, resulting in considcrable
overlap between groups (Table 4.9, Figure 4.1). The greatest overlap occurred between
groups | and 2. The C4A band for the sample with the lowest ratio (0.44) in group 3
(Table 4.9) looked degraded, and the sample should have been excluded on this basis,
but it was missed. As a result, the sample appeared to be mis-classificd by densitometry,
the overlap between the three groups was increased, the range of ratios for group 3
appeared larger thon it actually was (0.44-3.33 compared with 1.12-3.33, if the lowest

ratio was excluded), the standard deviation was increased and the mean was lowered.

4.5, Discriminant analysis of C4A:C4B densitometric ratios for genotyped subjects

“The output from the discriminant analysis of A:B ratios for the genotyped pancl
isshown in Appendix A, and explained on pp. 44-45. The range of ratios for cach group,
as dcfined by discriminantanalysis, was such that there was no overlap between groups
(Table 4.10).

The results of the discriminant analysis were uscd to gencrate a truth-table
(Table 4.11). This table summarized the results of group assignment based on family
studies, as compared to group predicted from A:B ratio by densitometry. Thus, it
provided a comparison of how well the two agreed, which in turn reflected how uscful

the densitometric method was for detecting null C4A or C4B allcles.

4.5.1. Interpreting the truth-table.

The data rom the truth-table were transformed into 2 x 2 tables (p. 45, Tables
4.12a, 4.13a, 4.14a) and the parameters uscd to evaluate the method are defined below,

in terms of the complement null alleles which were investigated in this project.
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Figure 4.1 Observed C4A:C4B ratios for genotyped subjects
Group | = heterozygous null for C4A
Group 2 = non-null or hemizygous null

Group 3 B heterozygous null for C4B
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‘TABLE 4.10

A comparison of the real range of C4A:CAB ratios
for genotyped controls, with the ranges

dcfined by discriminant analysis

Group
1 2 3
n 47 40 21
Real range 021 - 114 049 - 2.31 044 - 3.33
Ly family
studics
Range by 021 - 0.76 080 - 1.43 156 - 3.33

discriminant
analysis




Group by
Family
Studics

Total

TABLE 4.11

*Truth-Tablc" gencrated by discriminant analysis

of complcment genotyped controls

Group by Densitometry

| 2 3 Total
41 6 0 a7
10 28 2 A0

I 5 15 21

52 39 17 108
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4.6.  Accuracy of the densitometric method

Accuracy is a property which summarizes the overall valuc of a test. It is
decfined as the proportion of all results, both positive and ncgative, which are correct.

In the present study, this was the proportion of samples which were assigned to the

same group by family studies and di i results, i.c.

analysis of
were correctly classificd. For cxample, the accuracy of predicting subjects heterozy-
gous null for C4A was 84% (Table 4.12b). The accuracy for predicting C4B null was
about 10% higher than this (Table 4.13b), while or group 2 it was lower (79%), (Table
4.14b). Using the C4A null group (1) as an example, the accuracy was calculated as
Follows (Table 4.12a). Forty-onc of 47 subjects identificd as heterozygous null A by
Family studics, were idemtificd assuch by densitometry. Therefore, 41 was the number
of correct "positive” results. Fifty of 61 subjects who were not null A, were identified
as such by densitometry. Therefore, SO was the total number of correct "negative” results.
Adding these, and dividing by the total number of genotyped pancl members, gave the
accuracy of the mcthod for null C4A (Table 4.12b). Overall, 78% of subjects werc
assigned by densitometry to their correct group. This value was arrived at by checking
the truth-table diagonal for correct assignments, (41+28+15), then dividing by the total

(108), (Tabic 4.11).

4.6.1. The "gold standard”

Asscssment of the method's accuracy rests on its relationship to some way of
knowing whether a nullallele is truly present or not. This is referred to as the "gold
standard" (Fletcher ¢¢ al.1982). Here, thegold standard was the groupassigned by family

studics.



Group by
Family
Studics

Total

64

TABLE 4.12a

Two by two tablc for C4A null constructed from Table 4.11

Group by Densitometry

243

Total
1 41 6 a7
2+3 1" 50 61
52 56

108
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TABLE 4.12b
ion of the i ic method for assigning C4A null
Paramcter Fraction of samples %
True + 41/47 87
Truc - 50/61 82
Accuracy 917108 84
False + 11/61 18

False - 6/47 13




Group by
Family
Studics

Total

66

TABLE 4.13a

Two by two tablc for C4B null constructed from Tablc 4.11

Group by Densitomctry

3 142 Total

3 15 6 21
142 2 85 87
17 91 108



TABLE 4.13b

Evaluation of the densitometric method for assigning C4B null

Parameter Fraction of samples %
Truc + 15/21 71
Truce - 85/87 98
Accuracy 100/108 93
False + 2/87 2

False - 6/21 29




Group by
Family
Studics

Total

68

TABLE 4.14a

Two by two tablc for non-null and hemizygous null
genotyped pancl members constructed from Table 4.1

Group by Densitometry

2 1+3 Total
2 28 12 40
1+3 1 57 68
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TABLE 4.14b

Evaluation of the densitometric method for identifying
4 non-null individuals

Parameter Fraction of samples %
Truc + 28/40 70
Truc - 57/68 84
Accuracy 85/108 79
False + 11768 16

False - 12/40 30
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47, True-positive and true-negative results

True-positive results refer to the proportion of individuals assigned a C4 null
allcle by family studics, who were determined to have a null allele by densitometry.
Again, using group | C4A null subjects as an cxample (Tables 4.12a,b), 47 were
heterozygous null A by family studies, and 41 of these werc identified as such by
densitometry. Therefore, the proportion of truc-positive results was 41/47 or 87%.
Truc-negative results refer to the proportion of subjects without a C4 null allele

by family studics, who were identificd as lacking a null allele by densitometry.

4.8. False-positive and false-negative results

Subjects without a null allcle by family studics, but identificd by densitometry
as having a null allcle, made up the false-positive category. The proportion of subjects
with a null allele by family studics but not by densitometry, constituted the false-
negative category. Together, these represented mis-classificd subjects. Using heterozy-
gous null A subjccts as an example (Tables 4.12a,b), the False-positive and falsc-negative
proportions were calculated as follows. The total number of subjects without an A-null
allele by family studics was 61. Eleven of these were ideutified by densitometry as
havingone A-nullallcle. Thus, 11/61 or 18% were lalse-positive for A-null. Forty-scven
subjects were heterozygous null for C4A by family studics. Six of these were identificd
by densitometry as non-A-null. Thus, 6/47 or 13% of pancl members were falsc-negative
for A-null. There werc considerably more falsc-positiveassignments to the A-null group,
than to the B-null group (Tables 4.12b, 4.13b). On the other hand, falsc-negative resubts

showed the opposite trend, with most falsc-negative subjects belonging to the 2:1 group.
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In summary, the results were:

(1).  The overall accuracy of densitometric ratio as a predictor of genotype was, in
this analysis, 78% (i.c. 78% of samplecs were assigned to the same group by both
family studics and A:B ratio).

(2). By densitometry, there were 18% falsc-positives for null A (group 1) and 16%
for non-null (group 2), compared with 2% falsc-positives for null B (group 3),

(Tables 4.12b, 4.13b, and 4.14b).

This implics that subjects lacking C4B-null were rarcly mis-classified by the
method as having C4B-null. In contrast, subjects lacking C4A-null were more likely
to be mis-classificd by the method as having C4A-null. All of the subjects false-posi-
tive for group | came from group 2 (Table 4.11). (Recall that the group 3 subject
classificd densitometrically as belonging to group 1, should have been excluded from
the analysis). With respect to nullalicles, the most common error in the method was the
mis-classification of subjects as hetcrozygous null for C4A, when according to family

studies, they lacked the A-null allcle.

3). There were 13% falsc-ncgatives for null A (group 1), compared with 29%
Falsc-ncgatives for null B (group 3),and 30% alsc-ncgatives for non-null (group

2), (Tables 4.12b, 4.13b, and 4.14b).

Subjects falscly-ncgative for B-null and A-null were shifted into group 2 in nearly
cqual numbers. Most of the subjects falsely-ncgative for group 2 were shifted into

group | (Table 4.11),

(4). 24 samples (22%) were "mis-classified" by A:B ratio, and 2/3 of these had lower

ratios than predicted from genotype whercas 1/3 had higher ratios (Table 4.11).
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(5).  When A : B ratio was used to predict null genes by this method, the overall
trend was a shift from Group 3 (onc null B) to Group 2 (no nulls) and from
Group 2 to Group | (one null A). Morc samples were therefore predicted to have

null A genes and fewer to have null B genes than their genotypes suggested.

49. Mi extreme and ine g

ped subjects

Among subjects correctly classificd by densitometry, some had very low or high

A:B ratios and werc thus called "extreme”. There were also some subjects with nearly

equal probabilitics of membership in cither of two groups, referred to as "borderline”
subjects. Some of these were corrcetly classificd by densitometry, and some were not.
C4, HLA-B and DR data were cvalvated for mis-classified, cxtreme and borderline
subjects, to determinc if particular C4 variants or MHC haplotypes were associated with

cach catcgory.

4.9.1. Mis-classificd genotyped subjects

Table 4.15 shows MHC and C4 haplotype data for mis-classificd subjects. Where
individuals were members of the same family, this is specificd. Samples 1-8 appeared
to have higher C4A/lower C4B than cxpected from their genotypes by family studics.
No single MHC haplotype recurred in this group, but I1LA-Bd4 accurred 7/16 times.
Samples 9-24 had lower ratios than cxpected [rom their genotypes. OF the 32 haplotypes
in this group, HLA-B7, C4A3B1, DR2 occurred six times, twice in onc family. There
were nearly as many HLA-B4d-containing haplotypes (5/32). Onc C4 haplotype, A6B1,
occurred in 5 of 32 haplotypes, two being in onc family. C4AGBI occurred almost
exclusively with HLA-B17,DR7 ard isknown to be in linkage disequilibrium with these
HLA-antigens (Awdch et al. 1983). In this study, the most frequent extended haplotypes
obscrved in cach category arc among the most common cxtended haplotypes in Caucasians

(Awdch et al. 1983). Examples arc the haplotype HLA-B8, C4AQOBI, DR3 among
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TABLE 4.15

Genotyped subjects for which group by densitometry (GD)

did not match group by family studics (GFS)

borderline ratios

sample Son® GFS GD HLA-haplotype #1 HLA-haplotype #2

B C4A C4B DR B C4A C4B DR

1 0.86 12 27 A3 BIY 8 AQ0" BI 3
2 1.03 12 27 A3 BI' ND 8 AQ0 Bl ND
3 L4 1 2 44 AQD Bl 8 44 A3 Bl 8
40 100 1 2 44 AQ0) BI 8 44 A3 Bl 8

s 0.99 12 16 A3 BI' 4 8 AQD" BI 3
6 09 1 2 44 A} Bl 1 8 AQe Bl 4
7 191 2 3 44 A3 BIT 17 A3 BIT 2
8 231 2 3 44 A3 BL" 1 17 A3 BI' 2

066 2 1 17 A6 Bl % 27 A3 Bl 3

075t 2 1 40 A4 B2 9 37 A3 B! 2

058 2 I 17 A6 Bl 7 W6 A6 BI 7

075t 2 1 35 A3 Bl 7 7 A3 Bl 2

067 2 I 40 A} Bl B 7 A3 Bl 2

7Y 2 1 -~ A3 Bl ND 7 A3 Bl ND

049 2 1 44 A3 Bl 2 49 A3 Bl 5

07t 2 1 16 A3 BI' 4 35 A3 BT 2

0t 2 | 16 A3 BIT 4 7 A3 Bl 2

o7t 2 1 16 A3 BIT 4 7 A3 BI® 1
1433 2 44 A3 BQO 4 14 A6 Bl 7

L9 3 2 7 A3 BQO I 17 A6 BI 7

1123 2 62 A3 BQOND 35 A4 B2 |
1323 2 44 A3 BQO ND 7 A3 Bl ND

1.26 302 4 AN BL 7 18 A3 BQ0 3
0443 1 44 A a1 7 18 A3 BQO 3
abede indicates members of a family (cach letier represents a

differcat family)
K indicates C4 genotypes deduced From known HLA associations
ND not determined
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genotyped subjects in the high A/low B category, and in the opposite category, the
haplotype HLA-B7, C4A3B1, DR2 and B44, C4A3BQO, DR4.

Mis-classifed subjects included scveral family members, and these family
members were usually high A/low B (samples 3 & 4; 6, 7 & 8), or low A/high B (samples
23 & 24). Onc family was inconsistent (samples 5, 16, 17 & 18).

As mentioned previously, (pp. 32-33), about 18% of all genotyped controls were
genotyped with theaid of HI.A-association data because family data were not compleiely
informative. Among mis-classificd genotyped controls, 11 of the 24 had been genotyped
in this way, and are marked with an asterisk in Table 4.15. The asterisk indicates the

possibility that a non-null allcle could be a null allele, and vice-versa. Therelore,

method of genotyping could have contributed to classification crrors. For example, in
subject 2 (Table 4.15), if the C4B1* on haplotype #1 were C4BQO, this would account
for the approximately I:1 ratio. The replacement of C4A* or C4B* with one null allele,
would account for cvery densitometric ratio observed in these subjects, save one. The
cxception is subject 24, who should have been excluded from the analysis (p. 59).

1t should be noted that even if the cleven subjects genotyped by HLA associations

were excluded, the overall distribution of subjects mis-cla

cd by densitometry would
remain the same. That is, most mis-classificd subjects would have shifted from group

2 to 1, while the remainder would have shifted from group | to 2, and group 3 to 2.

4.9.2. Extreme genotyped subjects

Asubject’s A:B ratio was defined as "extreme” when the individual was predicted
to be in groups | or 3 with a probability of I, or p = 0.8 and a ratio proportional in its
extremencss to the 2A:1B samples which had p = 1. For example, a ratio of CAACAl
= 0.29 for a group | sample was cquivalent 10 a CAA:CAB ratio = 3.5:1, for a group 3
sample. Among genotyped subjects, cxtreme ratios ranged From a low of 0.21 to a high

of 3.33 (Table 4.16). All extreme genotyped subjects were correctly classificd by



TABLE 4.16

Genotyped pancl subjects with extreme
densitomctric ratios

c4 Group by Haplotype | Haplotype 2

AB  family studics
Sample  ratio & densitometry HLA-B C4 HLA-DR HLA-B C4HLA-DR
1 2.81 3 44 A3BQO NT 35  A4B2 NT
2 276 3 44 AIBQO 4 40 A3BI 1
3 333 3 44 A3BQO 1 40  A4BI 7
4 278 3 44 A3BQO -- 62 Ad4B2 4
5 285 3 44 A3BQO NT 35 A3*BINT
6 0.29 1 8  AQO*BI 3 16 A3BI 4
7 0.2t 1 8 AQUBI 3 44 A3BI 7
g4 0.36 1 8 AQOBI 3 40 A4B2 9
o4 0.36 1 8 AQOBI 3 17 A3BI 1

d = members of the same family, sce Table 4.15
NT= not tested
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densitometry. In extreme samples, onc haplotype always carricd a nuli C4 gene, whereas
in mis-classificd and borderline samplcs there were also non-null subjects.

Nine of 108 (8%) genotyped controls were cxtreme (Table 4.16). Of the 9
individuals in the extreme group, samples 1-5 had a densitometric ratio consistent with
a very high A or very low B, and all of these had onc haplotype which was HLA-Bdd
and C4A3BQO.

Four samples (6-9) had cxtremely low densitomctric ratios, and all had onc

haplotype which was HLA-B8, C4AQOBI, DR3.

4.9.3. Borderline genotyped subjects

Of the 108 genotyped controls, 14 (or 13%) were classificd as borderline, with
respect to densitometric results (Table 4.17). A borderline sample was defined as onc

for which two of its three probability (p) valucs (by discriminant analysis) dil

fered
by less than 0.1, For cxample, a subject with a p for group 1 = 0.44 and a p for group
2 = 0.50, would be assigned to group 2 by discriminant analysis. However, this subject

would be i borderline for ip in cither of the two groups.

Among the 14 borderline subjects, 6 (9-14, Table 4.17) were mis-classificd.
These six all belonged to the group of ten subjects falsc-positively assigned to group
1 by densitometry (Table 4.15). This suggests that these borderline subjects had
marginally lower A or higher B than cxpected from genotype.

Eight borderline subjects were assigned to their correct group by densitometry
(1-8, Table 4.17). Most (2-8) had marginally lower A or higher B than expected from
genotype, while onc (sample 1) had marginally higher A or lower B. Thercfore, the
overall trend for borderline subjects was marginally low A or high B. No C4 or
HLA-haplotype was very frequent among borderline subjects.

When subjects were mis-classificd as being in group 2 or 3, the classification

crror was never duc to borderlin ratios (Table 4.15). In contrast, 6/11 of the subjects
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TABLE 4.17

Genotyped pancl subjects with
borderline densitometric ratios

ca Group by HLA HLA
AB family ~ Group by Haplotype 1 Haplotype 2
Sample ratio  studics demsitometry B C4 DR B C4 DR
1 0.76 1 1 44 AQUBI 8 44 A3BI 8
2 081 2 2 17 A3BI 1 40 A4B2 9
3 081 2 2 44 AdB2 NT 15 A3Bl NT
4 080 2 2 8 AQUBI 3 18 A3BQO 3
5 080 2 2 44 A3BI 9 44 A3BI 8
6 082 2 2 - A3BI NT 7 A3BI NT
7 081 2 2 62 A3BI 21 16 A3BI 1
8 082 2 2 38 A3BI 2 37 A3BI 4
9 075 2 1 35 A3BI 7 7 A3BI 2
d 075 2 1 40 AdB2 9 7 A3 2
1 0.74 2 1 - A3BI NT 7 A3Bl NT
12 074 2 1 16 A3*BI* 4 35 A3*BI* 2
13 072 2 1 16 A3*BI* 4 7 AMBI* 1
14 013 2 1 16 A3*BI* 4 7 AMBI* |

d= members of the same family, seec Tabic 4.15
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mis-classificd as heterozygous null for C4A werc borderline. Clearly then, borderline

subjects were the main source of error in falsc-pos

ve assignments to group 1.

Onc interesting family is indicated by "d” in Tables 4.15, 4.16 and 4.17. Family
members 10 (mis-classificd, Table 4.15), 2 (borderline, Table 4.17), 8 and 9 (extreme,
Table 4.16) all showed the same pattern of lower A or higher B than cxpected from

their genotypes. However, there was no MHC haplotype common to all (Figure 4.2).

4.10. C4A:C4B ratios for varlous C4 genotypes

C4A:B ratios for various C4 genotypes were cvaluated, to determine whether
particular C4 genotypes wereassociated with high or low ratios. Subjects were classilied
by group according to family studics (Table 4.18). In null and non-null genotypes, the
range of ratios was greatest in those where onc haplotype was C4A3BL. In all three
groups, genotypes carrying C4A6B1 on onc haplotype had the lowest mean A:B ratios
for their group, although there werconly threc or four C4A6B1 samples in cach genotype

group. The ratios for four of the A6BI subjects were sufficicntly low, that they were

d by i yas ing to group 2 or |, when by family studies, they
belonged togroups 3and 2, respectively (Table 4.15). Thus, C4A6BI was increased nearly
three-fold in mis-classified genotyped subjects (Table 4.22), and the overall trend for

A6B1 individuals was towards low C4A/high C4B.

411, Total C4 levels for genotyped subjects by single radial immunodiffusion

Total serum C4 levels for 78 genotyped subjects showed that most values
observed were within the normal range for serum C4 in healthy Caucasians (0.20-0.50
mg/ml), and all were within the widest reported range (0.06-0.90 mg/ml). With one
cxception, all values for cach category were within mean + 2 SD, but the SD for cach
genotype group was high and the mcans were not significantly different (p < 0.07),

(Figurc 4.3). Intcrestingly, cight of ten subjects with C4A6B1 genotypes had lower total



Figure 4.2

Pedigree for family "D", whose members tend toward less C4A/ more
C4B than expected from C4 genotype. 8 and 9 had extreme A:B ratios;
10 was mis-classificd and borderline; 2 was borderline; and 26 * had the

fowest total scrum C4 by SRID for the heterozygous null C4A group.

A B C D = MHC haplotypes



FAMILY "p"

A B8,C4AQ0C4B1,DR3 | B40,C4A4CAB2,DR9 ¢
s B37,C4A3C4B1,DR2 | B17,C4A3C4B1,DR1 o

C4A:C4B = 0.58 C4A:C4B = 0.81

A/D B/C

B8, C4AQ0C4B1, DR3 B37,C4A3C481, DR2

B17,C4A3C4B1, DR1 B40, C4A4C4B2, DR
CA4A:C4B = 0.36 C4A:C4B = 0.75

0 o

Alc alc

B8, C4AQ0C4B1, DR3 B8, C4A00C4B1,DR3

B40, C4A4C4B2, DR9 B40, C4A4C4B2,DRS
C4A:C4B = 0.36 C4A:C4B = 0.47



Table 4.18

C4A:CAB densitometric ratios for various C4 genotypes

Mean ratio Mean ratio Range of
C4 genotype n* GFSP r;“ n'j“]‘ for C4 ratios for
group genotype C4 genotype
1 054
AQUBI/A3BI 26 061 0.21-1.14
AQUBI/A3B2 3 0.46 0.39-0.52
AQUBI/A4B2 7 048 0.36-0.59
AQUBI/A6BI 3 042 0.38-0.47
2 097
A3BI/A3B1 18 098 0.49-231
A3BI/A4B2 9 1.08 0.75-134
A3B1/A6B1 4 0.84 0.58-1.17
A3BQO/AQUBI 6 096 080-1.23
3 201
A3BQO/A3BI 9 184 0.44-285
A3BQO/A4B2 6 214 112281
A3BQO/A6BI 3 144 1.01-1.88
Total 94

“genotypes with < 3 samples were not considered
bGFS - group by family studics
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serum C4 than the mean for their corresponding group (Figurc 4.3). This was consistent
with the observation that A6B1 was over-represented among genotyped subjects in the
low C4A/high C4B category.

The C4A:C4B ratios for subjects with the highest and lowest total serum C4 values
in cach genotype group were evaluated to determine whether particular A:B ratios would
corrclate with very high or very low total scrum C4. For cxample, an A-null sample
with a very high total C4 might show an cxtremcly low A:B ratio, suggesting that the
high total C4 was duc to extra C4B. (Some of the samples tested by SRID were not
analyzed densitometrically. When this was the case for the sample with the highest or
lowest SRID value in a group, the A:B ratio for the sample with the sccond highest or
second lowest value was cvaluated.) In the heterozygous null C4A group, the A:B ratio
for the individual with the highest serum C4 concentration was 0.54, as compared with
0.47 for the individual with the lowest concentration. The lowest sample belonged to
family "d" mentioned previously (p. 78), and shown in the figurc on p. 79-80. In the

heterozygous null B group, the A:B ratio for the sccond

hest sample was 3.30, compared
with 2.10 for the lowest sample. Lastly, for the non-null group, the highest samplc had
an A:B ratio of 1.30, whilc the sccond lowest had a ratio of 1.20. These two samples came
from siblings who shared identical haplotypes. Thus, there was no correlation between

particular A:B ratios and very high or very low total scrum Cd.

4.12. results for members

The i range of i ic ratios for cach
(Table 4.19), was consistent with the results for genotyped subjects.

Each phenotyped individual was assigned to group 1, 2, or 3 on the basis of
A:B ratio, using the ranges derived by discriminant analysis of the genotyped pancl.
This was donc using thc SYSTAT MGLH modulc (pp. 45-46). A subjcct whose A:B ratio
was beyond the lower limit of the range for group 1 of the genotyped pancel, or the upper

limit of group 3, was assigned a probability of 1 for membership in the appropriate
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TABLE 4.19

Range of C4A:C4B ratios in each population tested

Population n®  nb Range of C4A:C4B ratios

Controls Paticnts
Newfoundiand 108 80 0.18 - 464 0.19 - 4.08 !
St. Louis 122 70 0.25 - 4.83 0.21 - 5.35 ‘
Hungarian 24 40 037315 0.27 - 3.43

number of samples in healthy populations ;

n number of samples in discasc popuiations, i.c. Newfoundland RA, St. Louis

SLE, Hungarian SLE
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group. For cxample, the St. Louis SLE subject with a ratio of 5.35 (Table 4.19) was
assigned to group 3 (upper limit of range = 3.33) withap = 1.

Phenotyped population members with extremely low ratios, extremely high

ratios, and ratios borderline for group i ine whether
particular C4 phenotypes, or where available, HLA-B,DR phenotypes were associated
with unusual C4A:C4B ratios.

Tables 4.20a and 4.20b show C4 phenotypes for population members with extreme
ratios. In the high A/low B category, there were seven phenotypes (Table 4.20a). Four
had two different C4A gencs, but nonc had two different C4B genes. This suggests that
many of these samples carry a null C4B gene. Ten phenotypes contained CA4A3A2, A
heteroduplicated haplotype C4A3A2BQO has been detected by others and is associated
with HLA-B35,DR1 (p. 105). These ten individuals probably have three C4A genes and
one C4B gene. HLA data were available for five of them. Three had B35,DR 1, onc had
B44/60,DR 1 and onc had B35,DR2/4. This suggests that densitometry was identifying
individuals with duplicated genes. There were HLA data for 22 of the 46 high ratio
individuals. O these, 12 had phenotypes which included C4A3, B4 and DR4, and only
onc type of C4B gene, suggesting that the haplotype B44, C4A3BQO found in the high
ratio members of the genotyp:d pancl was also frequent here.

Table 4.20b shows C4 phenotypes for members in the low ratio category. Only
onc had two diffcrent C4A gencs, suggesting that the null C4A genc was prevalent.
HLA-Band DR data werc available for 24 individuals, Of these, 15 had C4B1 and cither
HLA-BS 0. DR3 or both. This suggests that, as in the genotyped pancl, the haplotype
B8, C4AQOBI, DR3 occurred frequently in individuals with very low C4A or very high

C4B. Six phenotypes in the low ratio group contained C4A6. This finding was also

consistent with data from the genotyped pancl.
In the phenotyped populations, all borderline subjects except one belonged to
groups 1 or 2. Onc borderline individual in the St. Louis SLE population belonged to

group 3. Table 4.21a shows the i ion members with i high




TABLE 4.20a

C4 phenotypes of population members with
cxtremely high A:B ratios

€4 Phenotype He Hgg SLo SLsg  NFg NFps  Total

A3A2B1 1 1 3 2 1 1 9
A3A2B2 1 1
A3BI1 11 2 7 9 29
A4A3IB2 2 1 3
A4A2B1 1 1
A2BI 2 2
A3B3 1 1

Total ' 46

Abbreviations: H = Hungarian
SL = St. Louis
NF = Newfoundland
C = Control



TABLE 4.20b

C4 phenotypes of population members with
cxtremely low A:B ratios

C4 Phenotypes Hgpg SLg SLgs  NFg NFg,  Total

A6BI1 1 2 1 1 5
A6B2BI 1 1
A3B3BI 1 1
A3B1 2 4 9 7 5 27
A4A2B1 1 1
AS5BL 1 1
A2B2B1 1 I
A4B2B1 1 1 2 4

Total a1
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ratios. Again, four subjects were CAA3A2BI1. This was consistent with the extremely

high ratio group. Similarly, thrcc C4A6BI subjccts had borderline low ratios and the

borderline St. LouisSLE ion member ing to group 3 was C4A6A3BI (Table

4.21b). This was consistent with the extreme low ratio group.

4.13. Frequency of C4A6 in members appearing to have lov:

C4A/high C4B by densitometry

The frequency of C4A6 among borderline and cxtreme population members in

the low ratio group with their cor ing total i was quite
striking, C4A6 was from 1.6 to 6 times more frcquent in these groups than in the
corresponding total populations (Tablc 4.22). Where haplotype data wercavailable, C4A6
segregated with HLA-B17, DR7. This was consistent with the mis-classificd subjects
in the genotyped pancl in which the frequency of C4A6B1 among subjects in the low

ratio group was increased nearly three-fold, relative to the total panel.

4.14. Observed and expected frequencies for groups 1,2 and 3 in the populations tested

The observed frequencics for groups 1, 2 and 3 were obtained from the densit-
ometry results by counting the number of samples in cach group. The expected frequen-
cics for C4A and C4B genotypes were calculated assuming Hardy-Weinberg cquilibrium,
using the obscrved requencics of homozygous null C4A and C4B in cach population
tested (Table 4.23). (For a discussion of the assumptions upon which this approach is
based, sce pp. 111-112.) For the Newfoundland and Hungarian populations, the total
number in cach population is greater than the total reported for densitometry results
(Table 4.19), because it includes samples excluded from the densitometric analysis c.g.
C4A3IB4. In the St. Louis population, C4 null homozygotes had been identified by the
1987 study of Kemp et al. Thereflore, these samples were not subjected to electrophoresis.

Since the total number of samples run did not include any C4 null homozygotes, the



TABLE 421a
c4 for mcmbers
with hig
C4 Phenotypes SL¢ SlsLe NFg NFpa Total
A3BI1 4 3 4 2 13
A4B2B1 1 1
A6B1 1 1
A3A2BI 4 4
A3A2B2BI i 1
A3B3BI 1 1
A3B2BI 1 1

Total
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TABLE 4.21b

C4 phenotypes for borderline population members

with low A/high B

€4 Phenotypes Skig SLgie NFg NFpy Total
A3A2BI1 2 2
AGA3BI 1 1 2
AGA4B2BL 1 1
A3BI I 4 5 3 13
AIA2B2BI 1 1
A4B2BI1 1 1

Total 20
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TABLE 4.22

Frequency of C4A6 in subgroups with low C4A/high C4B by densitometry

Number of C4A6 Number of C4A6

Population in subgroup in total population
%) (%)

Mis-classificd
genotyped subjects 4/16 25) 1/119 ({7}
Borderline
St. Louis controls 1/4 (25) 9/128 (W}
St. Louis SLE 1/6 an 3/74 1)
Newfoundland RA 174 (25) 4/92 (4)
Extreme
Hungarian SLE 174 (25) 3/42 (&)
St. Louis controls 3/ 27 9/128 (W)
Newfoundland controls 1/9 an 8/120 U}

Newfoundland RA /8 (12) 4/92 (4)
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TABLE 4.23

Frequency of homozygous null C4A and C4B in the populations tested

No. of No. of
n Population null C4A (%) null C4B (%)
1200 92° Newfoundland 4(33%) 5 (5.4%) 3(2.5%) 6 (6.5%)
398" 96> St. Louis 6 (1.5%) 10 (10.4%) 15 (3.8%) 2 (2.1%)
38" 42® Hungarian 3(7.9%) 1 (2.4%) 2(5.3%) 0 (0.0%)
84" 2 (2.4%) 1.(1.2%)

X healthy individuals
paticnts

Hungarian SLE population size doubled in order to calculate an
expected frequency for homozygous null C4B
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frequency of homozygotes in this population was found by counting the number from

a list of the total ied. This with the i valueso- Kemp
et al. (1987) for this population.

The expected values were calculated as follows. The frequencics for C4
haplotypes AQOBX, AXBX and AXBQO (with "X" indicating non-null allcles), were
represented by [A, fAB and fB, respectively. The double-null haplotype AQOBQO was
not included because it is exceedingly rare. Nonc of the 600-plus individuals typed in
this study was homozygoaus for thic haplotype, i.c. C4-dcficient. All possible haplotype
combinations (i.c. genotypes) arc shown in Table 4.24. The sum of these genotype
frequencies in the cquation below, can be taken as 1, given the rarity of the double-null

haplotype mentioned above.

fA? + [(AB)? + (B? + 2fATAB + 2fA[B + 2(BfAB = |
AQOBX AXBX AXBOO AQOBX AQOBX AXBOO
AQUBX AXBX AXBQO AXBX AXBQD AXBX

0:2 22 20 12 11 21

Beneath cach term in the cquation, the corresponding genotype is shown. Below this,

the expected C4A:C4B ratio is written. A i ic ratio cannot be for

homozygous null C4A or C4B individuals, represented by 0:2 and 2:0, respectively. Also,
the 2:2 and 1:1 groups cannot be distinguished densitometrically, therefore both arc
represented by the non-null group, 2. That lcaves as the other two groups identificd
densitometrically, group 1 (1:2), and group 3 (2:1). Using the frequencics of homozygous
null C4A and null C4B in the St. Louis controls as an cxample, (Table 4.23), the expected
frzguency of the 1:2 group was calculated as follows: Six of 398 individuals were
homozygous null C4A, so that the frequency of homozygous null A (fA?) was 6/398 or
0.0151. Thus the frequency of the null A (fA) was

as the square root of 0.0151, which was 0.123. Similarly, 15/398 or 0.0377 represented

the frequency of homozygous null B (fB?) in this population. Thus, the frequency of
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Table 4.24
Genotype fr ics in a ion based on the in
that population
Iaplotype ra fAB B
frequencics
ra FATA TATAB fATB
rAB FATAB fABFAB fABIB
B FATB fBFAB BB
f = frequency
= C4AQOBX, where X is a non-null C4 allcle
AB =  C4AXBX

= C4AXEQO
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the null B (FB) was as the squarc root of this, which
was 0.194. The frequency of non-null haplotypes (FAB) in this population was | minus
the sum of the null haplotypes, or 1-(fA + [B), which was 0.683. From the formula
representing the sum of genotypes shown above, the expected frequency for the 1:2 group
was 2fATAB, or 2(0.123)(0.683) = 0.168. The expected frequencics for the 1:1 and 2:1
groups, calculated as per the formula above, were 0.514 and 0.265, respectively. (Recall
that the 1:1 group was cqual to the sum of the 1:1 group, 2fAfB, plus the 22 group,
f(AB)?). So, the total for the threc groups analyzed densitometrically was 0,168 +0.514

+0.265 or 0.947, with the ining 0.053 ing h null subjects not

analyzed by densitometry. It should be noted that the total of 0.947 included C4A3B4
samples which were, in fact, not included in the obscrved ratios. When the cxpected
frequency for non-null haplotypes was corrected to account for the C4A3B4 samples,
the effect was to lower the expected value for group 2. However, the difference was
so small, that uncorrected values were used. The final number of subjects cxpected in
cach group was calculated asa fraction of the total for the three groups analyzed. Thus,
for the St. Louis controls in group 1, the cxpected (E) value was 0.168/0.947 = 0.177.
Since there were actually 122 subjects analyzed in the St. Louis control population, the

cxpected number of group 1 subjects out of 122 was 0.177 x 122 = 22 (Table 4.25). For

all the haplotype I ics which were used to calculate expected values
for groups 1, 2 and 3 arc shown in Appendix B (p. 133). It may be noted from the
appendix data that although there were no homozygous null C4B individuals in the
Hungarian SLE population, approximate E group values were calculated for this
population by doubling the number of samples in the population, which gave 84, and
assuming that in this number, there would be onc homozygous null C4B individual.
Tables 4.25 and 4.26 show obscrved values by the densitometry-discriminant
analysis method and expected values from homozygous null frequencics (Table 4.23).
The two populations which most closely matched expected values were the St. Louis
SLE (X?= 0.25, p > 0.80) and the Hungarian healthy population (x* = 0.80, p > 0.50). Of

the six populations tested, these two populations had the highest frequencics of



TABLE 4.25

Comparison of obscrved densitomctric frequencies for

c4 with expected f based on

frequency of homozygous nulls

Group

Population
(Healthy) n o E o E o E
Newfoundland 108 34 28 45 56 29 4
St. Louis 122 31 2 51 66 34 34
Hungarian 24 6 8 110 76
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TABLE 4.26

Comparison of obscrved densitometric frequencics for
C4 genotypes with cxpected frequencics, based on
frequency of homozygous nulls

Group
Population 1 2
(Paticnts) n 0 E o E 0 E
Newfoundiand 80 18 22 43 34 19 24
St. Louis 70 28 27 28 30 14 13
Hungarian 40 17 9 16 24 7 7
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homozygous null C4A (Table 4.23). They also bore the closest resemblance to the
genotyped reference pancl. For cxample, in the St. Louis SLE population, the expeeted
proportion of subjccts in groups 1 and 3 was 39% and 13% respectively, compared with
44% and 19% in the genotyped pancl.

In contrast to the results for the St. Louis SLE and the Hungarian healthy
populations, the obscrved and cxpected distributions for the St. Louis control population
and the Hungarian SLE population were significantly different (x?= 13.6, p <0.005 and
Xx*=9.7,p <0.01, respectively). Inboth populations, more samples were assigned to group
1 and fewer to group 2 than expected, assuming Hardy-Weinberg cquilibrium,  OF the
six populations tested, these two had the lowest frequencics of null C4A allcles (Table
4.23). They also bore the least resemblance to the genotyped pancl, For example, in the
St. Louis control population the proportion of subjects in groups | and 3 was 18% and
28%, respectively, compared with 44% and 19% in the genotyped panel. The results for
the St. Louis control population and the Hungarian SLE population suggested that: (1)
as in the genotyped reference pancl, the densitometric method overestimated group 1
hetcrozygous null C4A, and (2) the accuracy of the method was greatly affected by
the frequency of null C4A in the populations tested. It appeared to be most accurate
for the populations with high null C4A frequencies and lcast accurate for those in
which the frequency of null C4A was low.

The Newfoundland control population was the population with the lowest
frequency of homozygous null C4A individuals in which observed and expected
frequencics were not significantly different (x? = 4.5, p > 0.10). This suggested that,

fora ioninHardy-Weinb,

ium, i y-discri
method would produce reliable results in a population with a minimum null C4A
frequency of approximately 3% (Table 4.23).

When cxpected values for the discased and control populations were compared,
only the St. Louis SLE and their controls were significantly different (p < 0.001), with

the largest component of x2 belonging to group 1.
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In contrast, when observed values were compared for the discased and control
populations, the two St. Louis populations were no longer significantly diffcrent (p >
0.10). However, the Hungarian SLE and their controls were significantly different (p
< 0.05), again, with the largest component of ¥ belonging to group 1,

In summary, these results suggest that genc frequencies in a population may affect,
to some degree, the accuracy of densitometry for assigning null gences to heterozygotes.
This implics that the method may only be reliable when applicd to populations having

a certain profile.
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Chapter 5

DISCUSSION

Because no systematic studics have been done on the accuracy of densitometry
as a predictor of genotype, this discussion will focus on the factors which could
contribute to error in using the method for this purpose.

The results of this study suggest that subjects can be "mis-classificd" by the
densitometry-discriminant analysis method for the following reasons:

(1) Expcrimental design
(2)  Inaccurate pedigrees
3) Hidden duplications
(4)  Altered synthesis/catabolism of C4

(5) Sample quality

5.1 Effect of experimental design on mis-classification
S.1.1. Discriminant analysis

Discriminant analysis maximizes the accuracy of prediction of group mamber-
ship, and thus, was a logical choice for this study. However, since the cutting scores
for cach group arc based on the mean of cach group (p. 44), this typc of analysis is
alfected by the range of the ratios which contribute to the mean of cach group. For
example, cxcluding the group 3 subject with the lowest A:B ratio, (Table 4.9), would

have raised the mean for group 3 and the cutting scores for cach group. As a result,
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there would fewer False-positi i to cach group,and in particular,
fewer subjects would have been mis-classificd as hetcrozygous null for C4A. In this
study, degraded samples such as the onc referred toabove were excluded on a subjective
basis. Outlicrscould have been excluded from cach group by a statistical means, before

thedata iscrimi is. (For a di

of outliers, sec the National Burcau of Standards' Experimental Statistics, 1966).
Eliminating outlicrs would decrease the overlap between groups, and this would reduce
the number of borderline subjects. These individuals are most difficult to classifly by
densitometry,and they are the main sourceof error in false-positive assignmentstogroup
1. Therefore, reducing the number of borderline subjects would also reduce the number
of subjects mis-classificd as hcterozygous null for C4A. However, while cxcluding
outliers would have made the analysis look more accurate, those outlicrs which were
not the result of sample degradation represented a genuine result i.c. extreme ratios, and

[or this rcason should not have been excluded.

5.1.2. Composition of the genotyped panel

The results obtained using densitometry plus discriminant analysis, may also

be affected by the ition of the genotyped) pancl. In this study, null

C4A hetcrozygotes made up the largest group, null C4B hetcrozygotes made up the
smallest group, and this may have shifted the reference ranges. This could be tested
by using equal numbers in cach group or using proportions which more closely rescmble
the expected frequencics. It is noteworthy that the method worked best for the
phenotyped populations whose expected frequencics were closest to the composition of
the reference panel (p.95,98). IF this is not coincidence, it suggests thata reference pancl
would have to be tailored for cach unknown population, and thus greatly limits the

uscfulness of the method.




52.  Limitations of densitometry

There arc some samples which cannot be ef fectively analyzed by densitometry.
These arc those with the allotype C4A3B4; samples from hemizygous null individuals
with AQO and BQO, and thosc from individuals with hidden duplications, C4B4 occurs
with a Frequency of close to 1% in Caucasians (Baur ef al. 1984) and hemizygous null
individuals occur with a frequency of about 2% (Welch ez al. 1985). The frequency of
hidden duplications is unknown, yet despite this, rclative A:B ratios arc still used by
many investigators (o assign null allcles.

The null A and B allcles in hemizygous null individuals cannot be detected

hese individualsarclikely tohave A:Bratiosof approximate-

Hy,b
tyone. Single nullalicles canalso remain undetected by densitometry if they occur with
hidden duplications. For cxample, an individual with the genotype A3A3B1/AQ0OB1
would havethe phenotype A3B1 and a densitometric ratio of approximately 1. The null
allele occurring with the duplication would only be detected inastudy of aninformative

family, as in the following cxample.

a A3A3BI AQOB1 c
b A3,Bl AQOB1 d
(Informative family)
Possible genotypes of of f-spring:
(axc) A3A3B1/AQOBI A3A3B1/AQOBI (axd)

(C4A:B ratio) il 1l

AQOon haplotypes cand d would not bedetected if individuals were not
partof a family study
(bxc) A3BI/AQOBI A3B1/AQOBI (bxd)
(C4A:B ratio) 12 1:2
AQO is detected
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53, Inaccurate pedigrees

When one method is being compared to another standard method, the ideal
would be a thoroughly trustworthy ("gold") standard. In practice, this is not possible.
The gold standard chosen for this study (group by family studics), while admittedly
imperfect, was considered among the best available. Obviously, n method can perform
nobetter than the standard against which *t is judged. There were two potential sources
of crror in the gold standard used in this study. First, approximatcly 18% of the
genotyped controls were not sccure. That is, a few familics were not informative for
allC4 alleles,s0 known HL A-associations werc used to assign some haplotypes (pp. 32-33).

For the purpose of this study, it would have been best if these subjects had not
been included. However, it was not discovered until this thesis was being written,
that such individuals had been included in the genotyped pancl. It was dccided to
keep them as part of the genotyped pancl, because most investigators make use of HHILA
data in interpreting pedigrees, therefore including them in this study, reflects the method
in common use. The mis-classificd group, (Table 4.15), suggests that some such
individ uals were being identificd by densitometry. For cxample, if subject 17 had onc.
null C4A allcle, thiscould explain thcapparent low C4A/high C4B in this person. The
large number of individuals typed (*) in the mis-classificd samplcs, suggests that there
isan errorassociated with the practicc of genotyping using HLA-association data,and

that densitometry may be more accurate than it appeared to be in this study.

54, results for the panel

As cxpected, the mean ratio for group 1 approached 0.5, for group 2 approached
10, and for group 3 approached 20. Although the analysis of variance showed a
significant group cffcct, the range of ratios for cach group was large, and there was
considerable overlap between groups. Thus, for many samples, A:B ratio alone could

not be used to predict genotype or to assign null A or B gcnes.
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Thi i garding i y-discrimi; ysis method, based

on the genotyped pancl are:

(1) The overall accuracy of densitometric ratio as a predictor of genotype is, in
this analysis, 78% (p. 63).

(2)  The most common mis-classification error is falsely identifying subjects as
heterozygous null for C4A (p. 71).

(3)  Theoverall trend in mis-classification is shif ting subjects from group 3 to group

2, and from group 2 to group | (p.72).

The figure arrived at for overall accuracy is an overestimate because, although it was
not the casc in this study, within and between-run variability could contribute to
mis-classification. Obscrvations (2) and (3) suggest that individuals tend to have lower
C4A or highcr C4B than cxpected from their family genotype. This shift may be an
artifact caused by machine crror or the discriminant analysis, or it may represent a truc
difference in C4A and C4B levels. The former possibility has alrcady been discussed.
If individuals do tend to have lower A/ higher B than expected, then this suggests that

C4A and C4B are not necessarily produced/catabolized at the same rate, or that some

carry hidden ications of C4B.

Recently, a group used two different genctic models to compare the results of
C4 genotyping by clectrophorctic gels with genotyping by family haplotype and
discquilibrium data (Klitz, Borot and Thomson, 1988). The additive model assumes
an individual heterozygous null for C4A can be typed directly from a gel, while the
recessive model does not. Their results demonstrated that mis-classification can be
duc to both missing null alleles in hetcrozygotes and to falscly assigning null allcles.
Interestingly, they also found that C4B null had a higher assignment crror rate than
C4A null, thesame result shown in thisstudy by the false-negativeassignments for B-null
(pp. 70-71). They concluded that the additive modcl is not correct, and that even with

pedigree data, some mating types are impossible to type accurately.



105

5.4.1. Hidden duplications

The following hypotheses have been made regarding the origin of hidden

Uncqual ing or gene conversion could yicld two identical
alleles at the C4 loci, (c.g. C4A3A3,B1 or C4A3A3, no C4B), or C4 allcles of the same
isotype but different allotype (c.g. CAA3A2,BQO) on one chromosome (Yu and Campbell,
1987; Palsdottir et al. 1987b). The first possibility is refcrred to as homoduplication,
the sccond, as heteroduplication (Yu and Campbell, 1987).

Heteroduplications arc well known. For example, the C4A3,A2 duplication is
observed with C4BQO, most commonly on the haplotype HLA-B35, DR 1 (Uring-Lambert
et al. 1984; Rittner et al. 1984b; Raum et al. 1984), C4B1,B2 has been observed with C4A2
on HLA-B7,DR3 or DR5 and HLA-BI4,DR1, 3 or 6 (Raum et al. 1984; Uring-Lambert
et al. 1984). Heteroduplications can be detected by family studics and conventional C4
typing because the allcles haveadifferentcharge. In contrast, homoduplications cannot
be detected by family studics. Rather, they must be inferred from relative band density
on typing gels or from RFLP patterns, A limited number of studics have suggested

homoduplications as follows:

(1) Bygquantitative increases in C4A bands on C4 typing gcls -
C4A3 with C4BI or BQO and various (unspecificd) HLA-types (Uring-
Lambert et al. 1984)

(2) By RFLP analysis -

(i)  C4A3 with BQO on HLA-B44,DR6 (Yu and Campbell, 1987) and on
HLA-B44,DR4 (Trucdsson et al. 1987) i.c. C4A3 is substituted for C4R,
because the B locus has been converted to express the A locus product,
giving A3A3BQO.

(i)  C4BI with AQO on HLA-B8,DR3 (Trucdsson et al. 1987) and on HLA-
B17,DR6 (Schncider et al. 1986), resulting in AQOBIBI

(iii) C4BI with A3 on HLA-B44,DR7 (Schncider et al. 1986)and with HLA-B44
(Palsdottir et al. 1987a), resulting in A3BIBL.
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Thus, homoduplications have been inferred on null and non-null haplotypes. In
particular, HLA-B44 may be associated with homoduplication of either C4A or C4B.

In this study, more than half of the mis-classificd genotyped panel subjects
with a higher A:B ratio than expected from genotype carried the haplotype HLA-B44,
C4A3BI (Table 4.15). Therefore, somc of these subjecis may have homoduplicated
C4A3. For cxample, subjects 3 and 4 may carry C4A3A3B1 on the B44,DR8 haplotype.
Similarly, in the low C4A/high C4Bcatcgory, subject 15 may have homoduplicated C4B1
on the B44,DR2 haplotype.

Homoduplications may also be inferred from some extreme A:B ratios observed
in this study. For example, all of the subjects with extremely high A:B ratios (1-5,
Table 4.16) carricd the haplotype HLA-B44, C4A3BQO. Most non-dcleted C4B null
alleles segregate with HLA-B44 (p. 20). Therefore, although the C4B genc in these
cxtreme subjects is probably not deleted, it is also not cxpressed as the product of the
Blocus. This could be because itisanon-functional/defective genc, or it may have been
converted to express the A locus product. Because these ratiosindicatchigh C4A relative
to C4B, the latter suggestion scems more likely.

Whilc a high C4A:C4B ratio is associated with HLA-B44, C4A3BI or C4A3BQO,
a low ratio is associated with C4A6BI (9, 11, 19, 20, Table 4.15). Among mis-classificd
subjects, C4A6B1 appcared only in the low C4A /high C4B category, and was increased
ncarly three-fold in this group ascompared with the total genotyped panel. Also, when

densitometric ratios fora varicty of C4 h which

included C4A6BI had mean C4AC4B ratios consistently below the mean for the
corresponding group, based on gene number by family studics (Table 4.18). These results

suggest that some A6BI may have i Cc4Bl.
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5.5. Total serum C4 concentrations

5.5.1. For low C4A:C4B ratio samples

The alternatives to gene duplication for apparcnt increases or decreases in C4A
or C4B protcin, are altered synthesis of C4 or different catabolism of C4A and C4B.
That is, C4A and C4B may be produced/uscd upat different rates, and dif ferent variants

of C4A or C4B may be produced/uscd up at diffcrent rates. Densitometric ratios cannot

provide dircct proof for cither a synthsis/ ismor duplicati ism, C4AB

ratios for AGB1 subjects suggested duplication of BI on some IF this were

50, then one would expect that the total serum C4 for some individuals whose genotype
included C4A6, would be increased. Thercefore, total C4 concentrations were tested by
SRID in order to cvaluate this hypothesis. The SRID results for C4A6 did not support
the hypothesis of duplicated Bl (Figure 43). In the heterozygous null C4B group and
in the non-null group, most C4A6 individuals fell below the mean total serum C4 concen-
tration. This suggests that in some subjects bearing C4AG6, there may be a reduction
in synthesis of C4A6, or an increasc in its catabolism, rather than a duplication of C4B1
on the A6BI chromosome. It alsosuggests that not all C4A variantsarc produced/cata-
bolized at the same rate.

C4A6 codes for a hemolytically inactive product. It is the only C4 variant
identificd to date in which allotypic variation affccts function. This C4 variant is
hemolytically inactive because it contains a mutation which destroys the site on its
B-chain by which C3b must bind to form an active C5 convertase (Kinoshita e al. 1988),
Whether and how this defcct in function might be related to reduced C4A6 synthesis
or increased catabolism is open to speculation.

There is some cvidence to support altcred C4 synthesis as the basis of C4
deficiency. Muir et al. (1984) and Wisnicski et al. (1987) have identificd a C4-deficiency
causcd by hyposynthesis of C4 rcgulated by a genc not linked to the MHC. In some cascs,

rather than hyposynthesis of a C4product there may be no synthesis, duc to a completely
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non-functional gene. This has been shown to be the casc for some homozygous null
individuals in which the null gene on onc chromosome is not deleted, but clearly is
non-functional (p. 25) and in completely C4 deficient individuals who show no gene

deletions (Hauptmann et al. 1987; Goldstein ef al. 1988).

5.5.2. For high C4A:C4B ratio samples

Extremely high C4A:B ratios in some genotyped subjects suggested a possible
homoduplication of C4A3 on the B44 chromosome, or high production of A3, SRID

results showed that 3/5 of these individuals had higher total scrum C4 than the mecan

for their group, ing cither duplication or high p ion of C4A3.
SRID was used in this study because it is a standard method for measuring

total scrum C4 i and the i for the more isti alternative

of rate ncphclometry was not available. Howcver, there are limitac.ons to SRID, as
discussed below, and these must be kept in mind when evaluating the results discussed
in the preceding two scctions.

Total scrum C4 concentrations for 78 genotyped subjects, as measured by SRID,
showed that there was not a significant association between gene number by family
studics and total seruin C4 (Figure 4.3). This is in agreement with numerous other
reports, which show that scrum C4 concentrations arc not strictly corrclated with the
number of C4 genes (Olaiscn e al. 1980; Awdch et al. 1981; Rittner et al. 1984b; Welch
et al. 1985; Sjdholm et al. 1985; Uko et al. 1986). If onc assumes that the pedigrees are
accurate, then these results do not support the hypothesis of gene-dose effect.

In healthy individuals there is a considerable range of scrum C4 concentrations.
This indicates that individuals vary in the total amount of C4 they express. It follows
that individuals could show the same relative amounts of C4A and C4B (e.g. 1:1), but

very different total C4 concentrations. The A:B ratios for extreme total serum C4
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concentrations by SRID in this study support this rcasoning. When C4A:B ratios were
compared for subjects representing the two extremes of scrum C4 concentrations lor
cach group, the ratios were, in nearly cvery case, virtually identical. For example, two
siblings shared identical haplotypes and nearly identical A:B ratios, but onc had the
highest C4 level in a group, while the other had the lowest (p. 83). Furthermore,
combining the densitometric and SRID results for the two subjects with nearly identical
A:B ratios (about 1:1) but quite dif ferent total C4 concentrations, suggests that in these
subjects the relative expression of A and B in cach individual was the same although
the total expression was different.

From the SRID results in this study, it was not possible to determinc if, in some
cases, the C4B gene cxpresses morc protein than the C4A gene, or vice versa, Onc way
to determine whether C4A cxpression dilfers from C4B expression using SRID, would
be to compare scrum C4 concentrations for homozygous null (C4A or C4B) individuals.

Although C4A:B ratios cannot conclusively show whether C4A expression differs
from C4B expression, the densitometric results in this study suggest that C4B may, in
general, be more highly expressed than C4A. This is supported by the following
observations. First, two thiras of mis-classificd subjccts appear to have low A/high B.
Sccond, among extreme subjects in the low A/high B category, half of the haplotypes
arc HLA-B8, CAAQOC4BI, DR3. RFLP studics show that most delcted C4A null genes
arc linked to this haplotype (p. 20). Such dclctions would cxplain low ratios approaching
0.5. Unusually low ratios suggest that C4B may be morc highly cxpressed than usual
on this haplotype although it is also possible that C4B may be duplicated on this
haplotype (p. 105). Another possibility is that thc non-B§,DR3 ("other") haplotype
contains the highly cxpressed or duplicated C4B. Howcver, the low ratio samples in the
genotyped pancl (Table 4.16) had four different "other” haplotypes, suggesting that this
possibility is less likely. There is some cvidence to support the possibility that C4B is
produced at higher concentrations than C4A. Using an ELISA mecthod to mcasure

individual levels of C4A and C4B, Holme e/ al. (1988) found that there is a poor
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corrclation between C4A and C4B i and that some indivi have
disproportionatcly high C4B levels in comparison to C4A. In a study relating C4A and
B levels to age in a large group of healthy individuals, they also found that mean levels
of C4B increasc by approximatcly 12% per decade, while for C4A the increase is 3%.
Also,Campbell and his co-workers have observed thatsome genotypes, regardless of genc
number, tend to have more C4B than C4A (D.Campbell, personal communication). These
independent obscrvations suggest that the inference in this study that C4B may be
cxpressed differently than C4A, is unlikely to be duc to a systematic crror in the
technique used.

Clearly, better methods arc necded to resolve the synthesis/catabolism and

duplication possib

5.6. Ph

notyped population members

5.6.1. Evaluation of C4 phenotype, HLA and C4A:C4B ratio data

Evaluation of C4 phenotype, HLA and C4A:C4B ratio data for the populations,

showed the same trends observed for the genotyped pancl:

[€)) A low C4A:C4B ratio is associated with C4A6B1 (4/16 low A:B samples in the
genotyped pancl and 9/46 low A:B samples in the population study, Table 4.22).
Samples from the genotyped panel tested by SRID had low or low normal total
serum C4. This suggests that cither the chromosome which carries HLA-B17, C4A6
C4B1, DR7 has an A6 genc which is cxpressed at low levels, or that the antibody
detection of A6 may be reduced duc to a deleted cpitope.

) An cxtremely high C4A:C4B ratio is associated with C4A3 C4BQO and HLA-B44
[ 5/5 high A:B samplcs in the genotyped pancl (Table 4.135) and 12/22 tested in
the population study }. These data suggest that the C4A3 on a chromosome
containing HLA-B44, C4A3 C4BQO is expressed at high levels or, alternatively,

that the C4B null genc on this chromosome has been converted to a second A3,
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5.6.2. Distribution of null and non-null genotypes

The following is a summary of the main obscrvations for the phenotyped

populations:

)

@)

)

(O]

The populations which most closcly matched expected distributions were the
St. Louis SLE and the Hungarian controls. Of the populations tested, these two

had the highest frequencies of null A homozygotes (p. 95, 98).

Two populations, the St. Louis controls and the Hungarian SLE differed
significantly from expected distributions. These populations had the lowest

frequencics of null A homozygotes (p. 98).

The greatest shift in the distribution of subjects by densitometry was from
group 2 (no nulls) to group | (onc null A). This shift was greatest in the St. Louis
healthy and the Hungarian SLE populations, and is reflccted in the component

of X* for group 1 (pp. 98-99).

The accuracy of the densitometry-discriminant analysis method of assigning
null genes to heterozygotes scems to depend to some cxtent, on the genc

frequencics of the population tested.

These conclusions arc bascd on the assumptions that the populations arc in

Hardy-Weinberg cquilibrium or that cstimates of and non-null

from obscrved frequencics of null homozygotes arc reliable. This may not be truc for

the Hungarian populations because both arc small and therefore likely to be subject to

sampling error. The St. Louis populations on the other hand, arc modcratcly large and

have been cxtensively studicd by another method (Kemp et al. 1987). That study has

shown that although the two populations differ significantly with respect to null C4A
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homozygotes, the observed frequency of null C4A heterozygotes in cach isapproximately
cqual to that predicted assuming Hardy-Weinberg equilibrium.

The results for the two populations which most closely matched cxpected
distributions suggest that thc more prevalent or frequent the C4A null allcle is in the
population tested (St. Louis SLE and Hungarian controls, Table 4.23), the more likely
it is to be correctly identificd, and the less falsc-positive assignments will contribute
to mis-classification in group 1. In other words, if densitometry is applied to a group
of individuals with a low likelihood of having AQO (St. Louis controls and Hungarian
SLE, Table 4.23), subjects identificd as heterozygous null for C4A will be largely
false-positives. The results of this study suggest that in order to obtain a reliable
estimate of null and non-null genotype distribution in a population using densitometry,

the frequency of null A in the ion should be i 3% (p.

98).

The St. Louis ion best i the limitations of using densi y
to detect null C4A alleles in populations. The same SLE population used in this study,
was subjected to DNA analysis by Kemp et al. (1987). They found that 34.5% of the
SLE patients were heterozygous null for C4A duc to a gene delction. In this study, the
observed frequency in this group was 28/70 or 40%, suggesting that about 6% of the SLE
patients were lalse-positive heterozygous null for C4A (Table 4.26). Because RFLP
analysis identifics only C4A genc deletions, the 6% falsc-positive AQU in this population
may include truc positives that have C4A genes which, for reasons other than delction,
are not expressed. As the frequency of homozygous null A in this SLE population was
high, and the frequency of homozygous null B was low, the distribution of genotypes
obtained by densitometry was nearly accurate. Kemp and co-workers found 12.5% of

their controls had the gous C4A delction, t037/122 or 30% identified

as heterozygous null A in this study (Table 4.25). This suggests an 18% false-positive
rate in this group, although a few of thesc may be true positives with non-deleted,

non-cxpressed genes. Because the frequency of homozygous null C4A in this control



. 113

population was low, a high number of Falsc-positive assignments were made to group

1,resulting inan i istribution of null A and non-null genotypes.
RFLP analysis shows that heterozygosity for C4AQO is signi icantly increascd among
St. Louis SLE paticnts. However, the results of this study show that densitometry could
not detect this difference due to the method’s tendency to falsely identify subjects as
heterozygous null for C4A. This cffect is most pronounced in populations like the St.
Louiscontrolsin which the frequency of C4AQO s low. In sucha population,differences
in genotype frequencics shown by other methods may be inapparent using densitometry.

While the effect of shifting subjects from group 2 to 1 by densitometry is shown
best by the results for the St. Louis control population, the distribution of subjects in
groups 1-3 for the Newfoundland RA’s illustrates the other way in which the method
shifts subjects. The ninc extra obscrved subjects in group 2 (Table 4.26) come from
groups 1 and 3, in nearly equal numbers. By the same reasoning used previously, if
densitometry isapplicd toa group of subjects with a *high” likelihood of having C4BQO,
a large proportion of those identificd as lacking the allcle will be false-negatives. The
frequency of homozygous null B was highest among Newfoundland RA's (Table 4.23),
thus many of the subjects shifted from group 3 to 2 arc falsc-negative for BQO. The
frequency of homozygous AQU in this population was ncar'y cqual to that of BQO. Thus,
few false-positiveassignments to group 1 were made, and as mentioned above, the overall
shift in this population was toward group 2. Becausc the distribution of genotypes in
the Newfoundland RA population was not significantly diffcrent from its control
population, this suggests that C4B null is not significantly increased in this RA
population.

If the homozygous null A frequencies in the Hungarian controlsand SLE patients

hercare

f the true f| icsin theentirc Hungarian healthy
and SLE populations, then the results suggest that healthy Hungarians have a higher
frequency of null A genes than the other healthy populations considered in this study,

and SLE in Hungarians may not be associated with a significant increase in hetero-



14

zygosity for null C4A. Whilc there was nosignificant diffcrence between the Hungarian
populations when expected distributions were compared (p. 95, 98), there was when
observed values were compared (p. 99). However, these results should be interpreted
bearing in mind the following points. (1) Given the small sample size, the frequency
of romozygous null C4A and C4B found in this study may not rcpresent the truc
frequency in the larger Hungarian population. (2) The significant differcnce for
observed values may not be genuine, but rather a reflection of the way in which the
method shifts samples towards group 1.

Since the expected distribution for the three groups in the Hungarian control
population was not significantly diffcrent from the observed, this suggests that
densitometry may be uscful for predicting the frequency of non-nulland heterozygous

null B genotypes in small ions. The densi y-discriminant analysis method

could also be used for populations not in Hardy-Weinberg cquilibrium.

Many studics have based null C4A/discasc associations in population studies
using A:B ratios to assign null heterozygotes. The analysis in this study suggests that
this is an unrcliable way to compare two populations whose null C4A frequencies arc
hypothesized to vary widcly. If there is a tendency to have more B or less A than a
simple genc-dose clfect would predict, then, in populations of low null A frequency
(control populations, for cxamplc), the proportion of apparent null A heterozygotes will
be artificially high, and the results spurious.

The repeated occurrence of the same haplotypes with low ratios -- B17, C4A6BI,
DR7-- and others with high ratios -- B44, C4A3BQU -- lends support for the possibility
that diffcrent C4A or C4B genes may be cxpressed at different rates and/or that some
haplotypes contain hidden "extra’ or converted genes.

Insui:mary, the aim of this study was to evaluate the usefulness of densitometry

as a method for detecting null C4 alleles in i of indivi . In
doing this, a number of questions were raiscd (p. 29). The conclusions of the study

regarding these questions arc:
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(1) The ratio of C4A to C4B in an individual's serum is an inaccurate predictor of
his/her genotype. The overall accuracy is, at best, approximatcly 80% and may
differ for different genotypes. An crror rate of 20% is clearly too high for useful

genotyping.

(2)  Using densitometric measures of C4A:C4B ratio to estimate population frequencics
of carriers of null C4 genes tends to overestimate the frequency of carriers of
null C4A. This scems to be particularly pronounced in populations in which the
actual frequency of the null C4A gene is low.

This limits the uscfulness of the method for comparing distributions of genotypes in

populations for which gene frequencies are likely to be very different, as for example,

in the discascd and hcalthy populations compared in this study. The results of the
present study suggest that discase association studics based on densitometric analyses

should by interpreted with caution. For example, onc group (Christiansen et al. 1983)

has used a similar densitometric method and reports good correlation between C4A:C4B

ratio and genotype from family studics. However, in a survey of 102 healthy controls
and 90 diabetics (Uko et al. 1986), they were able to determine the number of nuli alicles

by A:B ratio in only 74 of the controls and in 60 of the 90 diabetics. Two of the 28

control samples were excluded due to overlapping bands. The remaining 26 were termed

"indeterminate" which was defined as the presence of only onc allele at cach locus and

a i icratioof 1. these 25% i lindivi 3

but this frequency is far in cxcess of that reported (approximately 2%) for thesc

. More likely, thi: tion includes indivil ygous null for C4A
or C4B, who nonctheless have a densitometric ratio of 1,and those who are homozygous
non-null. Therefore, this group was able to predict genotype by densitometry for, at
best, 75% of their control population. Such findings rcinforce the conclusion of this
study that densitometry is not practical for determining genotype distributions in

various populations.



116
3) The "genc dosc cffect’ is based on the assumptions that all C4A and C4B gencs

arc expressed equally, and that no indivi carry i A

or B genes. The results of this analysis suggest that a sizcable number of
individuals may have morc C4B than C4A, and that this may not necessarily be
related to genotype per se. Inaddition, the data suggest that the MHC haplotype
HLA-B17,C4A6C4BI, DR7 may carry a C4A6 that is cxpressed at low levels, and
the haplotypec HLA-B44, C4A3C4BQO may carry two copies of C4A3 or a single

A3 that is expressed at high levels.

Because i y isuseful for ing large b f samples relatively
quickly, this study concludes that the mcthod’s best use would be in sifting through
large populations to identify potentially interesting subjects for study by more

sophisticated mcthods.

5.7.  Future aims

Itisclear that better methods are needed to investigate the relationship between
true gene number and individual scrum C4A and C4B levels. Such methods could be
uscd to further investigate the questions raised in this study concerning the level of C4B

cxpression relative to C4A in an individual; the possibi that different C4A and C4B

variantsarc produced/catabolized atdifferentrates; and thatsome of the ratios observed
are the result of hidden duplications.

One method which will provide a reliable value for the number of C4 genes in
a given phenotype, has just been developed (Dunham et al. 1989). Bricfly, DNA from
periphcral blood mononuclear cells is digested with particular restriction enzymes
which cut infrequently on cither side of the C4A-C4B gene complex. This generates
large DNA fragments which arc separated by pulsed-ficld gel clectrophoresis, transferred
to membranes and hybridized with genomic and cDNA probes specific for the comple-

ment gene cluster. The size of the fragments hybridizing with these probes is directly
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related to the number and length of the C4 gences present in the DNA samples analyzed.
In this way, both the number and size of C4A and B genes present on a chromosome are

revealed. This method may providea means for disti ishing dcleted from deleted

null alleles, and may prove especially uscful for studying persons in whom homocxpres-
sion is suspected.

Individual levels of serum C4A and C4B can now be measured using an cnzyme-
linked-immunosorbent-assay (ELISA), using C4A and C4B-specific monoclonal antibodics
recently produced in this laboratory.

One way to proceed further using the results of this study, would be to select
from informative familics, samples with extremely high and low A:B ratios, thosc that
were mis-classificd and those with the C4A6BI genotype and determine, as far as
possible, the true gene number in these samples using the dircct DNA analysis method
described above. Serum C4A and C4B levels for these samples could be measured using
the monoclonal antibody tcchnique. Taken together, results from dircct gene counting,
dircct serum C4 quantitation and family studics should make it possible to clucidate
the relationship between serum C4 concentrationsand C4 genes, and this will be directly
important in discasc association studics. In SLE for example, dcleted C4A genes occur
with increased frequency, and it has been suggested that decreased scrum C4A

concentration in individuals with onc or two dclcted C4A genes could result in defective

of i (p.25). Unc ion of this hyp: is is that scrum
C4A concentration and C4A gene number arc dircctly related. Clearly, investigators
will be aided best in their cfforts to determine the nature of the relationship between
null alleles, scrum C4 concentrations and autoimmunc discases such as SLE, by using

the most accurate methods currently available, in order to disscct this relationship.
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Appendix A

for genotyped panel subjects

Factor Distance(1) Distance(2)  Distance(3) Prob(1)
Prob(2) Prob(3) Group Predict Group$

1 2274 3375 0.244 0.003
1 0.067 0929 3.000

2 3276 4376 0.757 0.000
2 0.006 0.994 3.000

3 -0.123 0978 2642 0377
3 0.605 0019 2.000

4 0.017 1.118 2,501 0339
4 0.633 0.028 2.000

5 0.569 1.669 1.950 0201
5 0.678 0.121 2.000

6 -0.160 0.941 2,678 0387
6 0.597 0017 2,000

7 -0.249 0.851 2768 0.411
7 0.576 0.013 2.000

8 0282 1.383 2237 0271
8 0.671 0.058 2.000

9 -1.459 0.358 3977 0.722
9 0.277 0.000 1.000

10 -0819 0.282 3337 0.566
10 0.431 0.002 1.000

1 -0.427 0.674 2945 0.460
1 0.533 0.008 2,000

12 -0573 0.528 3.092 0.500
12 0.495 0.005 1.000

13 -0.129 0972 2.648 0378
13 0.604 0.018 2.000

14 0.455 1.556 2.064 0.228
14 0.681 0.091 2,000

15 0.895 1.996 1.624 0.129
15 0.618 0253 2,000

16 -0.439 0.661 2958 0.463
16 0.530 0.007 2,000

17 -0.468 0.633 2.987 0471
17 0.522 0,007 2.000

18 0.223 1.324 2296 0.286
18 0.665 0.049 2.000

19 0.863 1.964 1.656 0.136
19 0.627 0237 2.000
20 0.643 1744 1.876 0.184
20 0.671 0.145 2.000

21 -0.459 0.642 2978 0.468




0615

0444

0728
0343
0720
0683
0.691

0.649
0.708
0659
0426
0729
0.725
0679
0.739
0.695
0576
0.728
0.589
0.649
0.691
0654
0720
0723
0675
0675
0.609
0639



0.6%
0.685
0.000
0.091
0.004
0.000
0217
0.001
0.001
0.001
0.004
0.000
0.000
0.001
0.260
0.000
0.000
0.777
0.646
0.683
0.567
0.577
0.728
0.809
0.314
0.685
0.681
0.248



0.499
0.331
0.607
0.694
0.342
0613
0.741
0.422
0.500
0.254
0.555
0.457
0.508
0.396
0.195
0.410
0.670
0.421
0.465
0.135
0.512
0.521
0516
0.311
0.456
0.000
0.143
0.002
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3.000
1.436
3.000
1.332

000
0.707
3.000

0.046
0.701
0.176
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Appendix B

for members
Population n FAXBX fAQOBX FAXBQD
Newfoundland 120 06593 0.1826 01581
controls
Newfoundland 92 05115 02331 02554
RA
St. Louis 398 0.6832 0.1227 0.1941
controls
St. Louis 96 05333 03225 0.1442
SLE
Hungarian 38 0.4898 0.2809 02293
controls
Hungarian 42 0.7366 0.1543 0.1091
SLE

& r ics were according to the obscrved frequency

of gous null C4A and null C4B in cach population (pp. 46,

88; Table 4.23). A detailed example showing the calculation of haplotype and

genotype frequencies can be found on pp. 93-95.
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