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Linkage disequilibrium analysis of familial
psoriasis: identification of multiple disease-

associated MHC haplotypes

Abstract: Although psoriasis vulgaris (PsV) is strongly associated with
certain human leukocyte antigens, the pathogenetic nature of these associ-
ations remains elusive. The objectives of this study were: (i) to determine
whether HLA loci directly determine susceptibility or merely serve as
markers for the susceptibility allele; and (ii) to identify additional disease-
associated haplotypes. By applying maximum likelihood linkage disequilib-
rium analysis (LDA) in cases vs. controls, we found the susceptibility gene
to be more strongly associated with specific HLA haplotypes than with their
component alleles. Stronger linkage disequilibrium between PsV and HLA
alleles was detected at HLA-C and HLA-B than at DRB1 and DQBI. Para-
metric linkage analysis accounting for marker-trait disequilibrium in pso-
riasis vulgaris pedigrees yielded most significant results for a locus close to
HLA-B and -C. Furthermore, we found that susceptibility is linked to at
least three different ancestral HLA haplotypes; among them, HLA-Cw7-B8-
DRB1*0301-DQB1*02 is linked to PsV for the first time. These results
identify a major PsV susceptibility locus in the immediate vicinity of, but
distinct from HLA-B or HLA-C, and suggest that multiple disease alleles
have arisen during human evolution.

Psoriasis vulgaris (PsV) is a chronic inflammatory skin disease af-
fecting 1-2% of the Caucasian population (1). Although keratino-
cyte hyperproliferation is a cardinal feature of PsV, increasing evi-
dence also indicates that immune system activation plays a central
role in its pathogenesis (reviewed in (2)). Suggestive of a primary
immune pathogenesis, two different animal models demonstrate
that dysregulated (3) or superantigen-activated T cells (4) induce
PsV-like skin syndromes in mice, and the administration of a toxin
selective for activated T-lymphocytes results in clinical improve-
ment (5). Association of PsV with HLA antigens was first described
in 1972 (6, 7). Since then, numerous phenotypes at the HLA-A, -B, -
C,-DRB1, DQA1 and DQBI loci have been associated with PsV, with
HLA-Cw6 demonstrating the strongest association in most investi-

gations (reviewed in (8)). Given the immunological background of
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PsV, it has been proposed that HLA molecules are directly involved
in its etiology (9, 10). However, at present, the primary cause of PsV
remains elusive.

Several partial or complete genome scans in PsV have appeared
in recent years (11-14). Two of these scans revealed evidence for a
gene in the HLA region, as expected given the strength of known
HLA associations (11, 13). However, the evidence for linkage to HLA
region markers in these studies was surprisingly limited. In a recent
investigation, we studied the inheritance of HLA alleles themselves,
rather than that of microsatellite markers mapping to the MHC (15).
In that study, we demonstrated that alleles at HLA-C, -B, -DRB1
and -DQBI1 belonging to the ancestral haplotype (AH) 57.1 (16) are
linked to PsV in the presence of strong linkage disequilibrium (LD).
That study also showed that incorporation of marker-trait LD
markedly increased the ability to detect linkage in parametric link-
age analysis, and served to localize the gene to the HLA-B/-C region.
It did not, however, identify the susceptibility gene itself, nor did it
exclude the presence of disease allele(s) on haplotypes other than
AH57.1.

The current study utilizes a German cohort consisting of 80 fam-
ilies with 300 affected members, assembled on the basis of juvenile
onset in the proband. This cohort is nearly twice the size of the
German subgroup analyzed in our recent study of PsV linkage to
HLA markers in US. and German families (15). The objectives of
the present study were: (i) to determine whether the HLA loci under
study directly determine susceptibility or merely serve as markers
for the susceptibility allele; and (ii) to identify additional disease-
associated haplotypes. We find that susceptibility is linked to at
least three different ancestral HLA haplotypes, and that LD with
the trait is stronger for these haplotypes than for their component
alleles. One of these haplotypes, HLA-Cw7-B8-DRB1*0301-
DQB1*02, is linked to PsV for the first time. We also confirm the
conclusion of our previous study (15) that the disease allele resides
in the vicinity of the class I-class III junction. Taken together, these
results strongly suggest that the susceptibility determinant is not
encoded by any of the HLA genes tested, and that multiple disease
alleles have arisen at the trait locus during the evolution of modern
humans.

Material and methods
Ascertainment of probands, families and controls

Psoriasis patients with early onset (<40 years) were identified from
billing records, referrals, or clinic files, and used to identify families
with at least two affected members. All individuals were examined
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by a dermatologist and considered to be affected if they displayed
two or more characteristic skin, scalp, nail or joint lesions (1). Par-
ents and siblings of affected sib pairs were collected whenever poss-
ible. The study group obtained using these criteria consisted of a
total of 646 HLA-typed individuals (300 affected) belonging to 80
German families, yielding a total of 886 evaluable meioses. Selected
characteristics of the study cohort are presented in Table 1. A group
of healthy, unrelated local blood donors served as the control group
for estimations of LD (see below). This group consisted of 86 unre-
lated local blood donors fully typed for HLA-A, -B, -C, -DRB1 and -
DQBI, and an additional 49 blood donors typed only for DRB1 and
DQBI.

HLA typing

DNA was prepared from peripheral blood lymphocytes or immor-
talized lymphoblast suspensions (17). HLA-A and -B were typed
serologically by the lymphocytotoxicity test (LCT) (18). Allele fre-
quencies were calculated from the observed HLA-A and -B sero-
types assuming Hardy Weinberg equilibrium. HLA-C alleles were
determined by polymerase chain reaction with sequence-specific
primers (PCR-SSP) (19), and HLA-DRBI alleles were assigned by
group-specific PCR followed by hybridization with sequence-speci-
fic oligonucleotide probes (PCR-SSOP) according to the 11th Inter-
national HLA Workshop DNA typing reference protocol (20). DQB1
specificities were determined by PCR-SSP (21) and the alleles of the
DQB1*05 and *06 groups were subsequently estimated by PCR-
SSOP using 11th International HLA Workshop probes (20). Am-
biguous hybridization patterns were validated by sequencing-based
typing (SBT), using group-specific PCR primers tailed with the -
21M13 universal primer (5'-tgt aaa acg acg gcc agt-3’) to amplify
the sequence in question, followed by sequencing on an ABI 373A
DNA sequencer (Applied Biosystems, Foster City, CA, USA), using
fluorescent-labeled M13 sequencing primers and Amplitag FS®
polymerase (Perkin-Elmer-Cetus, Norwalk, NJ, USA).

Estimation of HLA associations

HLA phenotypes of the psoriatic case group were derived from 96
unrelated, diseased founders of the families under investigation and
compared to those obtained from the unrelated local controls de-
scribed above. Deviations of observed HLA allele frequencies be-
tween cases and controls were determined from 2XN contingency
tables, and significance was tested using a Monte Carlo approach
involving 5,000 simulations (22).



General characteristics of the study cohort

A. Proportion of subjects affected

Affected/total male 136/302 45.03%
Affected/total female 164/344 47.67%
Affected/total individuals 300/646 46.44%

B. Number of affected individuals per family

Number  affected Number of families
2 22
3 21
4 19
5 6
6 3
7 7
8 1
12 1
total: 300 80
Table 1

Linkage disequilibrium analysis (LDA)

In order to estimate the likelihood L of LD and the corresponding
LD parameters under the genetic model chosen for our linkage
studies (see below), two sets of calculations were performed using
the case-control option of the EH program (23, 24). The first set of
calculations involved individual HLA loci vs. the trait locus, and
will be referred to here as two-locus LDA. The second set of calcu-
lations involved pairs of adjacent HLA loci taken together with the
trait locus, and will be referred to as three-locus LDA. Significance
levels for two-locus LDA were estimated from y? values (=2 In[L])
and their number of degrees of freedom (df) using the CHIPROB
linkage utility (23). The hypotheses defining the three possible out-
comes of three-locus LDA are HO (no association), H1 (markers as-
sociated independently of disease), and H2 (markers and disease
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associated). The relevant hypothesis is H2-H1, because LD between
the markers is assumed (24). Therefore, the relevant distribution is
v? (H2-H1)=y? (H2)—7? (H1). Due to the extensive polymorphism
of the HLA loci analyzed, the number of df exceeded by several
times the number of individuals present in the case and control
groups combined (df=#; - n, ... - n;—i+1; where ¢ is number of loci
investigated and 7, is the number of alleles at locus 7) (23). There-
fore, it was necessary to estimate three-locus LDA significance
levels by Monte Carlo methods (22, 23). Repeated simulations were
performed to generate random genotype tables having the same
marginal totals as the observed data. Because random simulation
of HLA genotypes calculated for each locus separately does not
take disequilibrium between the HLA loci into account, we used
the haplotype frequencies determined for the control population as
described above to generate sets of random haplotypes, from which
the simulated genotypes were extracted. One thousand sets of geno-
types, each the size of the case group, were generated and used as
input for repeated runs of the EH program. We then counted the
number of times that a x? value determined by the observed data
was equaled or exceeded by the simulated data. The P-value corre-
sponding to the 95% confidence interval was determined from this
count using the BINOM linkage utility (23).

Linkage studies

We selected a dominant genetic model, the use of which is well-
supported by prior studies of the inheritance of HLA in PsV (6, 25,
26). We assumed a disease allele frequency of 0.03, penetrances
Jop=/pa=0.3=0.3 and f43=0.001, a disease prevalence ¢ of 1.9%,
and the proportion of cases due to nongenetic causes (R) of 5% (24).
These values fit Hardy-Weinberg equilibrium and are reasonable in
view of the estimated psoriasis prevalence in Germany (1) and the
existence of a distinct form of adult-onset psoriasis displaying sev-
eral characteristics of the spondyloarthropathies (27). Two-point

Two-locus LDA: Maximum likelihoods and significance determinations Table 2
Locus: HLA-A HLA-C HLA-B HLA-DR HLA-DQ

In(L) for H1* —867.23 —599.56 —1110.06 —-875.15 —706.17

In(L) for HO? —881.18 —638.36 —1155.16 —891.88 —720.44

%2 for H1-HO® 27.90 77.60 90.20 33.46 28.54

df 28 32 50 24 14

P-value n.s. 0.000012 0.00043 0.01 0.012

1 L =likelihood of obtaining observed results given H1 (marker and trait locus associated)

2 | =likelihood of obtaining observed results given HO (marker and trait locus not associated)
3 42 value for H1-HO=—2 In [L (HO)/L (H1)]=2 [In L (H1)-In L (HO)]

df: degrees of freedom
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Two-locus LDA: Haplotype frequencies

Table 3

HLA allele d/HLA D/HLA? Allelic association? Component of
Al 0.1637 0.0075 0.044 AH 8.1, 57.1
A2 0.2323 0.0124 0.051

A24 0.0766 0.0036 0.045

Cw6 0.0895 0.0183 0.170 AH 57.1

Cw7 0.2785 0.0051 0.018 AH 8.1, others
B8 0.0929 0.0031 0.032 AH 8.1, others
B13 0.0275 0.0066 0.194 AH 13.1

B44 0.1159 0.0026 0.022 AH44.1, 44.2
B57 0.0237 0.0103 0.303 AH57.1
DRB1*0301 0.0953 0.0031 0.032 AH 8.1, others
DRB1*13 0.0916 0.0038 0.040

DRB1*0701 0.0971 0.0145 0.130 AH57.1
DQB1*06 0.2314 0.0046 0.019

DQB1*02 0.1789 0.0093 0.049 AH 13.1, others
DQB1*0301 0.1412 0.0040 0.028 AH 8.1, others
DQB1*0303 0.0498 0.0097 0.163 AH57.1

1 Marker-trait-locus haplotype frequencies calculated under the assumption of allelic association. Only haplotypes occurring at least

three times in the case group are shown. D denotes disease allele, d denotes non-disease allele(s)

2 Defined as D/HLA—(D/HLA+d/HLA)

90
80 X 2
B-DR
70
*—x
60 x 2 OB
A-C
—~ 50
-
b4
-1 40
30 * %
DR-DQ
20
10
0 ' : : : :
< (&) m El 5
o @]
&) 0
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Fig. 1. Likelihoods (L) of LD between the trait locus and individ-
ual HLA loci vs. two-locus HLA haplotypes. Bars represent the Ln(L)
for disequilibrium between the trait and individual HLA loci, and horizon-
tal lines represent the Ln(L) for disequilibrium between the trait locus and
the indicated two-locus HLA haplotypes. For two-locus LDA, the hypothesis
of allelic association was conditioned against the hypothesis of no associ-
ation. For three-locus LDA, the hypothesis of both markers and trait locus
associated was conditioned against the hypothesis of markers associated
with each other independent of disease.
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parametric linkage calculations were performed using MLINK, IL-
INK (28) and HOMOG (23). Pairwise log likelihood odds ratios (lod
scores) were calculated for five HLA loci (HLA-A, HLA-C, HLA-B,
HLA- DRB1 and HLA-DQB1). LD information was incorporated
into parametric linkage analysis by substituting marker-trait locus
haplotype frequencies under the “define haplotype option” in
MLINK AND ILINK, as described (15, 24). The haplotype frequen-
cies used were the maximum likelihood estimates determined by
two-locus LDA. For some very rare HLA alleles not found in the
control populations but present in the study group, two-locus LDA
yielded a haplotype frequency of zero. In such cases, the trait-
marker locus haplotype frequencies were set to the lowest possible
non-zero value (1 X 1077).

Results

HLA allele frequency distributions differed significantly between
affected founders and the healthy control population for all HLA loci
investigated (HLA-A: y%?=35.25, P<0.001; HLA-B: y?=88.5,
P<0.001; HLA-C: %?=80.09, P<0.001; HLA-DRBI: y?=34.42,
P<0.001; HLA-DQBI: %2=23.31, P<0.005). Unaffected founders dif-
fered significantly from healthy controls only for HLA-C (x*=23.33,
P<0.05).
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The likelihood and strength of LD between individual HLA loci
and the trait locus was estimated by two-locus LDA. The maximum
likelihoods and significance values are given in Table 2, and the
corresponding marker-trait haplotype frequencies are given in Table
3. Disequilibrium with the trait locus was most significant for HLA-
B and HLA-C, less significant for DRB1 and DQBI1, and not signifi-
cant for HLA-A. The Class I alleles A2, Al, A24, Cw6, Cw7, B8,
B13, and B57 displayed the greatest haplotype frequencies with the
disease allele, as did the Class II alleles DRB1*0701, DRB1*0301,
DRB1*1301/02, DQB1*0303, DQB1*0201/02, and DQB1*06 (Table
3). The allelic association (defined here as the percentage of a given
haplotype positive for the disease allele) was highest for B57, fol-
lowed by B13, Cw6, and DQB1*0303. Although the disease allele
was frequently found on haplotypes positive for Cw7, B8, DQB1*02
and DRB1*0301, the allelic association of these markers was low,
due to the high frequency of the respective alleles in the control
population. Except for A2, B44 and DRB1*1301/2, all alleles found

Three-locus LDA: Monte Carlo significance tests*

HLA-Haplotype

at high frequency on chromosomes carrying the disease allele at
the trait locus could be assigned to established ancestral HLA
haplotypes. These included AHD57.1 (Cw6-B57-DRB1*0701-
DQB1*0303), AH 13.1 (Cw6-B13-DRB1*0701-DQB1*02), and AH 8.1
(Cw7-B8-DRB1*0301-DQB1*02).

In order to determine whether or not any of the tested HLA loci
might be the direct determinant of susceptibility, we also performed
three-locus LDA. For all HLA intervals investigated, the log likeli-
hoods for LD between the trait locus and pairs of adjacent HLA
marker loci determined by three-locus LDA were much greater than
those determined by two-locus LDA (Fig. 1). Moreover, the maxi-
mum likelihood values for LD between each of the four pairs of
contiguous HLA loci were much greater when estimated under the
assumption of LD with the trait locus (Fig. 2). To evaluate the sig-
nificance of the results shown in Fig. 2, we performed three-locus
LDA on 1,000 sets of simulated control genotypes and compared
the resulting 2 values to those obtained using the observed data.

A-C c-B B-DRB1 DRB1-DQB1

Siin Smax obs. Siin Smax obs. Siin Smax obs. Siin Smax obs.
H2 278 406 342 662 829 899 561 969 681 1197 1367 1089
H1 251 363 222 637 804 765 506 640 519 1266 1353 1029
H2-H1 22 52 120 13 38 134 40 76 162 5 24 60

2 Simulated y? values for H2, H1 and H2-H1 after 1,000 Monte-Carlo simulations, vs. observed (obs.) values for H2, H1; and H2-H1. H1: markers associated; H2: markers and disease associated.

Smin @and S, denote minimum and maximum simulated values obtained under each hypothesis

Table 4
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Three-locus LDA: Haplotype frequencies®

Table 5

Allele at Allele at Allelic

locus 1 locus 2 d/HLA D/HLA association? Component of
A2 Cw6 0.032 0.009 0.220

Al Cw6 0.019 0.004 0.174 AH 57.1

Al Cw7 0.093 0.002 0.021 AH 8.1, others
Cw6 B57 0.008 0.011 0.579 AH 57.1

Cwé B13 0.031 0.006 0.162 AH 13.1

Ccw7 B8 0.088 0.002 0.022 AH 8.1

B57 DRB1*0701 0.012 0.009 0.429 AH 57.1

B13 DRB1*0701 0.015 0.005 0.250 AH 13.1

DRB1 *0701 DQB1*0303 0.023 0.009 0.281 AH57.1
DRB1 *0701 DQB1*02 0.075 0.005 0.063 AH 13.1
DRB1 *13 DQB1*06 0.083 0.004 0.046

DRB1 *0301 DQB1*02 0.098 0.003 0.030 AH 8.1, others

1 Marker-trait-locus haplotype frequencies, calculated under the hypothesis H2-H1 in Table 4 (i.e., allelic association between the

marker loci is given). Haplotypes occurring at least three times in the case group are shown. D denotes disease allele, d denotes

non-disease allele(s)
2 defined as D/HLA+(D/HLA+d/HLA)

For each pair of contiguous HLA loci analyzed, none of the 1,000
simulations reached the y? values achieved by the actual data
(Table 4). Since the sample-based 95% confidence interval of P for
zero observations after 1,000 runs extends from zero to 0.003, this
analysis yields significance at the P=0.005 level for all intervals
investigated.

The most common three-locus haplotypes determined to contain
the disease allele at the trait locus are given in Table 5. The strong-

est allelic associations between two-locus HLA haplotypes and the
trait locus were observed for Cw6-B57, B57-DRB1*0701, and
DRB1*0701-DQB1*0303, all of which are components of the ances-
tral haplotype AH 57.1. Cw6-B13, B13-DRB1*0701, and DRB1*0701-
DQB1*02, all of which are components of AH 13.1, yielded consist-
ently lower allelic associations. The third ancestral haplotype to be
represented was AH 8.1, which encompasses three HLA haplotypes
identified by three-locus LDA: A1-Cw7, Cw7-B8, and DRB*0301-

Lod scores calculated by two-point linkage analysis, with and without incorporation of marker-trait haplotype frequencies

Z(0)

Locus 0.0 0.1 0.2 0.3 0.4 Zmax Omax

HLA-A —8.79 -1.11 0.66 0.83 0.44 0.87 0.265
without HLA-C —4.48 1.36 2.24 1.75 0.83 2.24 0.198
haplotype HLA-B -13.61 -1.70 1.18 1.53 0.88 1.58 0.271
frequencies HLA-DRB1 -11.21 -1.13 1.03 1.20 0.66 1.26 0.263

HLA-DQB1 -11.97 -2.20 0.09 0.53 0.31 0.53 0.298

HLA-A® —6.69 3.50 4.86 4.07 2.29 5.13 0.195
with HLA-C -0.39 11.52 11.48 8.83 4.79 12.23 0.144
haplotype HLA-B —8.02 9.41 11.38 9.51 5.49 11.39 0.189
frequencies HLA-DRB1 —-7.95 4.48 6.16 5.27 3.03 6.16 0.203

HLA-DQB1 -11.13 1.08 3.41 3.34 2.03 3.58 0.243

1 HLA-A did not yield significant LD with the trait locus. Haplotype-based lod-scores for this locus are shown only for completeness

Table 6
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DQB1*02. For AH 57.1, the strongest allelic associations were ob-
served over the HLA-B/C-interval, whereas the HLA-B-DRB1-inter-
val yielded the strongest association for AH 13.1. In the case of
AH 8.1, allelic associations were much lower and no particular inter-
val was predominant.

To extend the results of the foregoing case-control tests to our
pedigrees, we applied the HLA marker-trait locus haplotype fre-
quencies defined by two-locus LDA to parametric linkage analysis.
The lod scores obtained for all individuals are summarized in Table
6. In the absence of marker-trait disequilibrium, the largest maxi-
mum lod score observed using ILINK was Z,,.,=2.24 for HLA-C at
a recombination fraction theta (0)=0.198. However, the replacement
of allele frequencies by marker-trait-locus haplotype frequencies re-
sulted in highly significant lod scores for HLA-B and HLA-C, the
highest value observed being Z,,.,=12.23 for HLA-C at 6=0.144.
The lod scores for HLA-DRB1 and -DQB1 also increased, but did
not reach the levels observed for HLA-B and -C. For all analyzed
markers and haplotypes, admixture tests for genetic heterogeneity
were carried out (23). No statistically significant evidence for hetero-
geneity was found (data not shown).

Parametric two-point lod scores for HLA-C at 6=0.144 (the 6
value yielding Z,,.,) are presented on a family-by-family basis in
Fig. 3. As illustrated by the preponderance of points under the diag-
onal line, most lod scores increased after application of LD infor-
mation (increased in 58, decreased in 20, and unchanged in 2 out of

Haplotype-Based Lod Score

80 pedigrees). In most of the pedigrees in which lod scores in-
creased, phase-unknown matings could be found. In several others,
we found affected sibs that were HLA-different, and in at least two
families affected grandchildren shared no HLA haplotypes with
their diseased grandparents. Representative examples of such pedi-
grees are shown in Fig. 4.

Discussion

Linkage studies seek to identify disease genes by virtue of cosegre-
gation of the trait and marker genotypes within families. Such
analyses can normally detect genes of large effect with reasonable
power over large distances (up to 20 cM). However, due to the com-
pact nature of the MHC, which spans only about 4 cM and yet
contains at least 200 genes (29), linkage methods that count recom-
binations within families have proven to be of limited use for dis-
ease gene mapping within the MHC. In contrast, studies looking
for associations between particular marker alleles and the disease
phenotype in a set of unrelated individuals can be more powerful,
when the marker is less than 1 cM apart from the disease locus (30).
For PsV, numerous such association studies have been performed,
typically using HLA phenotypes or genotypes as markers, but non-
HLA-genes like TAP or TNF have also been investigated (31, 32).
141
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41 =D
HLA-A 5> o YR
HLA-C 6 3 [
HLA-B 1360 44 18
HLA-DRB1 0701 1501 | 0401 1104
HLA-OQBT 0201 0602|0301 0301

3 24 «5 46 7

HLA-A 24 2 24 2 2 2 2 2 2 2
HLA-C 6 3 6 6 7B 3 7 7 3
HLAB 44 80 44 13 1813 60 18 18 60
HLA-DRB1 0401 1501 0401 0701 1104 0701 1501 1104 1104 1501

HLA-DQB1 0301 0602 0301 0201 0301 0201 0602 0301 0301 0602

Fig. 4. Examples of pedigrees in which LOD score values in-
creased after considering marker-trait linkage disequilibrium
(LD). (A). In this pedigree, linkage is unlikely without consideration of LD,
since the affected offspring (#3, #4, #5) do not share at least one common
HLA-C allele (or HLA haplotype) identical by descent from their affected
mother (#2). Under the assumption of LD, linkage is much more likely, since
there is now a higher probability that the disease allele was transmitted to
individual #5 from the healthy father (#1), on the chromosomal segment
containing the paternal HLA-Cw6 allele. In this pedigree, the lod score for
HLA-C increased from —0.25 to 0.13 upon consideration of LD. (B). In this
pedigree, linkage is unlikely without consideration of LD because one of the
affected grandchildren (#8) does not share an HLA haplotype with the
affected grandmother (#2), and because affected children are HLA-different

However, the identification of the genetic cause of these associations
can cause extreme difficulties (33-35). Above and beyond the strong
LD which exists within the MHC, proper interpretation of associ-
ation studies depends strongly upon knowledge of population struc-
ture, including the possibility that the disease allele may have arisen
independently on multiple occasions (36). If this were the case for
PsV, each disease allele-bearing chromosome would be “marked” by
its own characteristic HLA haplotype. However, there would be no
guarantee that all chromosomes marked by that haplotype must
carry the disease allele, unless the disease locus proves to be one of
the HLA loci under study. Even if this were the case, the associated
HLA allele might not be necessary or sufficient for development of
disease (37). For instance, different alleles might interact with differ-
ent antigens to provoke disease, multiple alleles might possess the
ability to present a given antigen, or multiple alleles might be pro-
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#1° #2
HLA-A 3 24 2 24
HLA-C 5 7 7 1
HLA-B 44 7 8 27
HLA-DRB1 1501. 1501 [ 0301 0801
HLA-DQB1 0602 0602 | 0201 0303
#3 #4 #5 #6 #7
HLA-A 31 3 24 2 24 2 3 2 3 24
HLA-C 1 3 7 7 7 7 5 7 5 1
HLA-B 44 40 7 8 7 8 44 8 44 27
HLA-DRB1 0701 070t |1.501 0301 1501 0301 1501 0301 1501 0901
HLA-DQB1 0303 0604 | 0602 0201 0602 0201 0602 0201 0602 0303

#8 #9
HLA-A 31 24 2 31
HLA-C 17 7 1
HLA-B 44 7 8 44
HLA-DRB1 0701 1501 0301 0701
HLA-DQB1 0303 0602 0201 0303

(#5 and #7). In addition, this pedigree is uninformative for HLA-C because
#4 is homozygous for HLA-Cw7, and therefore the phase of inheritance
for the HLA-C alleles of individuals #8 and #9 is unknown. When marker-
trait disgequilibrium information is used, HLA-C and HLA-DQBI yield
moderately positive results, because we have found the Cw7 and Cwl
alleles to be in weak LD, and the DQB1*0303 allele to be in moderate LD
with the trait. Note that these alleles are transmitted on different haplo-
types (founders #2 and #3). In this pedigree, the lod score for HLA-C in-
creased from 0 (uninformative) to 0.03 upon consideration of disequilib-
rium; for HLA-DQBI from —0.05 to 0.3. For the other loci, lod scores

are negative, even when disequilibrium information is considered. (¥): Not
HLA-typed; the haplotypes are estimated from the HLA data of the
children and the mate.

cessed to yield the same antigenic peptide. Any of these examples
would provide a plausible mechanism for invoking the involvement
of multiple alleles at the disease locus (33, 38, 39).

In an effort to better understand the genetic cause of HLA as-
sociations in PsV, this study had two objectives. The first was to
determine whether psoriasis is more tightly associated with particu-
lar HLA haplotypes than with their component alleles, because a
primary association with one or more haplotypes would not consist-
ent with the marker allele and the disease allele being identical.
This is the first study to directly compare the strength of allele-
specific vs. haplotype-specific associations in familial psoriasis. The
second obhjective was to use the identities of the disease-associated
haplotypes to strengthen our earlier conclusions about the location
of the susceptibility locus within HLA (15). In pursuit of both objec-

tives, we used a maximum-likelihood case-control approach to esti-



mate the likelihoods of LD between the PsV trait locus and individ-
ual HLA loci (two-locus LDA), and between the trait locus and each
of four contiguous two-locus marker haplotypes (three-locus LDA).
Finally, to make better use of the information content of our clinical
material (40), the marker-trait haplotype frequencies derived from
two-locus LDA were applied to parametric linkage analysis.

A critical element of all these analyses was the genetic model.
Therefore, we first performed a case-control association analysis in
order to guide us in the selection of suitable parameters for this
model. In agreement with the published association data (reviewed
in (8)), we found that affected founders differed significantly from
local controls in the distribution of alleles at all HLA loci, most
prominently for HLA-B and HLA-C. Interestingly, unaffected foun-
ders also yielded a significant association with the HLA-C locus.
This observation could reflect either a recessive mode of inheritance,
or a dominant model with high disease allele frequency and low
penetrance. Previous family studies of HLA markers in PsV are
most consistent with a dominant mode of inheritance (6, 25, 26).
Therefore, we specified a dominant model with high disease allele
frequency (3%) and low penetrance (30%). Under Hardy-Weinberg
equilibrium, these parameters yield a disease prevalence of 1.9%,
which is in good agreement with epidemiologic estimates of the
prevalence of PsV in Germany (1).

Having selected the genetic model, we utilized several methods
to determine whether the trait locus was more strongly associated
with particular haplotypes (“haplotype-specific”), or with their com-
ponent marker alleles (“allele-specific”’). First, we compared the
maximum likelihood estimates determined under two-locus vs.
three-locus LDA. These comparisons revealed that the maximum
likelihood estimates for LD between the trait locus and two-locus
HLA haplotypes were much higher than the corresponding likeli-
hoods for individual HLA loci (Fig. 1). The differences in likelihoods
shown in Fig. 1 are striking, even though the three-locus LDA re-
sults were conditioned against the more restrictive null hypothesis
of marker-marker association (see Fig. 1 legend). Second, we com-
pared the likelihoods of LD between adjacent HLA loci independent
and dependent of disease. The results demonstrated that LD be-
tween adjacent HLA loci was stronger in the presence of PsV (Fig.
2). This difference was highly significant (Table 4). Thus, both re-
sults strongly favored haplotype specificity.

Further support for haplotype-specificity was provided by the
identities of the most strongly disease-associated alleles and haplo-
types. The strongest disequilibria detected by two-locus LDA in-
volved HLA-B and HLA-C. However, HLA-B yielded four associated
alleles, whereas the only strongly-associated HLA-C allele was Cw6.
Two of four HLA-B alleles, B57 and B13, were significantly associ-
ated with both HLA-Cw6 and the disease allele (Table 5); the two
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remaining HLA-B alleles, B8 and B44, were much less strongly as-
sociated. HLA-B57 (a component of AH57.1), was much more
prominent than B13 (a component of AH 13.1) in terms of allelic
association. Consistent with these observations, the DQB1*0303 al-
lele, which is also a component of AH 57.1, demonstrated much
stronger LD than did DQB1*02, which is a component of AH 13.1.
HLA-B37, which is also forms a haplotype with Cw6 (41), was not
significantly associated with psoriasis in this study. However, B37
has been shown to be associated with psoriasis in Japan and in
several other European studies (see references in (8)). Our own re-
cent study of U.S. psoriatics yielded relative risks of 3.8 and 2.6 for
B37 and B13 association, respectively, although neither result was
statistically significant (15). Thus, it seems reasonable to assume
that the Cw6-B13 and Cw6-B37 haplotypes also carry the risk allele
in Caucasian populations, albeit at lower frequencies than does Cw6-
B57. This situation appears to be reversed in the Japanese popula-
tion, where Cw6-B37 carries the highest risk and is also linked to a
different class II haplotype (i.e., DRB1*¥1001-DQB1*0501 in Japanese
vs. DRB1¥0701-DQB1*02 in Caucasians) (41). If Cw6 itself was a
disease allele, one would expect all three of these haplotypes to be
equally strongly associated with disease, irrespective of nationality.
Clearly, this is not the case.

Our second objective was to better map the trait locus using
disequilibrium techniques. All these studies favored localization to
the centromeric class I region. Thus, the HLA-B and -C loci yielded
much higher maximum likelihood estimates and marker-disease
haplotype frequencies than did HLA-DRB1 and -DQBLI in two-locus
LDA (Fig. 1), in three-locus LDA (Figs. 1 and 2), and in parametric
linkage analysis (Table 6). Very similar results emerged from our
earlier study of U.S. and German psoriatics (15), and in studies of
recombinant ancestral haplotypes performed by others (42). For the
two most common disease-associated ancestral haplotypes, AH 57.1
and AH 13.1, the disease-marker haplotype frequencies maximized
in the vicinity of HLA-B and -C (Table 5). Given that the HLA-class
III regions of AH57.1 and AH 13.1 are clearly different (16), it is
unlikely that a mutation would randomly occur on two haplotypes,
both marked by Cw6 and DRB1*0701. It is therefore attractive to
hypothesize that the segment containing the disease allele is com-
mon to both ancestral haplotypes. All our data point to the shared
segment being closer to HLA-C than to HLA-DR. Furthermore, the
existence of at least three HLA- B alleles in LD with the trait and
with HLA-Cw6 strongly suggests that the disease allele resides tel-
omeric to HLA-B.

Two-locus and three-locus LDA identified additional alleles at
various loci characterized by weak allelic associations with the trait
locus, relative to AH 57.1 and AH 13.1. These alleles could not be
assigned to previously described PsV-associated haplotypes. How-
143
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ever, many of these alleles proved to be components of the ancestral
haplotype AH 8.1 (A1-B8-Cw7-DRB1*0301-DQB1*02), the most fre-
quent ancestral haplotype in the Caucasian population (41). As can
be inferred from the allelic associations in Table 5, only 2-3% of
AH 8.1 haplotypes were positive for the disease allele. However, due
to its high frequency, AH 8.1 is found in about one-fourth of our
PsV cases, including about half of the Cw6-negative cases. This
finding provides additional evidence that HLA-C is not itself the
disease locus, as Cw7 is also found on several other common haplo-
types not in detectable LD with the trait locus. The remaining alleles
(B44, DRB1*1301/2, and DQB1 *06) detected by two-locus LDA are
common in Caucasians (41) but could not be assigned to a specific
ancestral haplotype. Similarly, the HLA-A/-C and HLA-B/-DRB1
haplotypes found to be in cis to the disease allele by three-locus
LDA are found on a variety of haplotypes that are common in the
healthy Caucasian population (41).

Pedigrees are recognized to provide two sources of information
content about the disease allele: its pattern of transmission as well
as its identity (40). To utilize the disease allele transmission infor-
mation available in our pedigree data, we applied the results of two-
locus LDA to parametric linkage analysis, as recently described (15).
Under the usual assumption of linkage equilibrium between the
marker and the trait, maximum lod scores did not exceed 2.24
(P<0.001). Lods of this magnitude have been interpreted as only
suggestive of linkage (43), and stand in obvious contrast to the LDA
results, which yielded strong evidence for a susceptibility locus de-
spite utilizing only a portion of the available information. After
defining marker-trait haplotype frequencies we observed much
higher lod scores, presumably because the inclusion of LD infor-
mation increases the weighting given to the likelihood obtained
when the disease allele is placed in cis to the associated marker
allele (44). In agreement with our LDA results, the largest increases
in lod scores were observed for HLA-B and -C (Table 6).

Our results indicate the existence of a PsV susceptibility locus
in close physical proximity to HLA-B and -C. The disease allele(s)
appear to be located on different haplotypes, with very different
strengths of allelic association. One hypothesis suggested by these
data is that disease alleles have arisen on multiple occasions
throughout evolution. Under this “multiple-origins” hypothesis, LD
between disease- and HLA alleles would be a function of the age of
the mutation and the recombination fraction between the trait- and
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HLA-loci. In the case of very old disease-predisposing mutations,
the gradual accumulation of recombinants results in the fragmen-
tation of the extended ancestral haplotype(s) upon which disease
allele(s) arose, while the disease-associated haplotypes would be
preserved in the vicinity of the disease locus. Mutations of inter-
mediate age may not be old enough to have accumulated a meaning-
ful number of recombinants, resulting in similar haplotype frequen-
cies across the entire HLA region. Such mutations would also be
predicted to display lower allelic associations, since a smaller frac-
tion of the chromosomes carrying that ancestral haplotype carries
the disease allele. The most recent mutations may have arisen inde-
pendently on a large number of different chromosomes, which
would tend to carry the most common haplotypes by chance alone.
According to this hypothesis, the oldest PsV disease allele would
have arisen on AH 13.1, and then would have been propagated to
AH 57.1 when this ancestral haplotype was generated by recombi-
nation. A somewhat later mutation would have occurred on AHS8.1,
and multiple other relatively recent mutations would have arisen
independently on a large number of different haplotypes.

While the multiple-origins hypothesis is parsimonious and
therefore attractive, we cannot at present exclude other expla-
nations. For example, disease-related peptides derived from Cw6
itself could be presented to CD4+ T cells by the DQ9 heterodimer
(encoded by the AH 57.1 alleles DQB1*0303 and DQA1*0201) (45).
However, this would require that Cw6 peptides be presented by
DQ2 in the case of AH 13.1. Also, if this were the case, more than
50% of PsV cases would have to be explained by other class I-
class II interactions. Another possible explanation is the “shared
epitope” hypothesis (46, 47), in which different alleles are pre-
sumed to encode the same disease-predisposing structural deter-
minant. Some investigators have suggested that the presence of
alanine at position 73 of the in the alpha 1 helix of the HLA-C
molecule might be such a determinant in PsV (48). However, we
found only very weak and insignificant associations between ala-
nine-73 and psoriasis in our previous study (15), and this hypo-
thesis cannot readily explain the haplotype dependence of the ala-
nine-73-positive Cw6 and Cw7 associations presented in this re-
port. In the future, more detailed linkage disequilibrium analysis
of microsatellite and/or single nucleotide polymorphisms across
HLA should allow more precise testing of the multiple-origins
hypothesis developed in this report.
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