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Summary

Blau syndrome (MIM 186580), first described in a large,
three-generation kindred, is an autosomal, dominantly
inherited disease characterized by multiorgan, tissue-
specific inflammation. Its clinical phenotype includes
granulomatous arthritis, skin rash, and uveitis and prob-
ably represents a subtype of a group of clinical entities
referred to as “familial granulomatosis.” It is the sole
human model with recognizably Mendelian inheritance
for a variety of multisystem inflammatory diseases af-
fecting a significant percentage of the population. A ge-
nomewide search for the Blau susceptibility locus was
undertaken after karyotypic analysis revealed no abnor-
malities. Sixty-two of the 74-member pedigree were ge-
notyped with dinucleotide-repeat markers. Linkage
analysis was performed under a dominant model of in-
heritance with reduced penetrance. The marker
D165298 gave a maximum LOD score of 3.75 at 0
= .04, with two-point analysis. LOD scores for flanking
markers were consistent and placed the Blau susceptibil-
ity locus within the 16p12-q21 interval.

Introduction

An autosomal, dominantly inherited syndrome char-
acterized by granulomatous skin rash, uveitis, and ar-
thritis with camptodactyly was described by Blau in
1985. With further characterization of the disease,
both in the large kindred originally described (Blau
1985; Raphael et al. 1993) and in other families with
Blau syndrome (Pastores et al. 1990; de Chadarevian
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et al. 1993), the disease has been considered a subset
of familial granulomatosis (S. Raphael, unpublished
data). Although the disease has a variable age at onset,
most patients present with symptoms during their first
2 decades of life, and disease onset is unlikely to occur
after the 4th decade.

Blau syndrome represents a unique constellation of
symptoms and pathological findings, which distin-
guishes it from a variety of classic, multisystem in-
flammatory diseases such as sarcoidosis and inflam-
matory arthridites (Raphael et al. 1993). With regard
to sarcoidosis, no subject has yet manifested sarcoid-
like lung disease. Likewise, the phenotypic expression
of the disease does not appear to diminish with time
as has been described for classic sarcoidosis. Finally,
the fact that the disease is inherited in an autosomal
dominant manner further distances it from the sar-
coidosis disease complex.

Blau syndrome is also distinct from both juvenile- and
adult-onset rheumatoid arthritis (RA). The pathological
and histopathological findings of granulomatous in-
flammation are unique, and the presence of camptodac-
tyly in association with arthritis is characteristic of the
syndrome (Raphael et al. 1993). Although rash may be
present in RA, the absence of elevated levels of IgM
rheumatoid factor in patients with Blau syndrome is a
distinguishing feature. It is also noteworthy that, al-
though a few subjects of the kindred reported here had
low antinuclear antibody titers, none had clinically sig-
nificant titers (de Chadarevian et al. 1993). Last, Ra-
phael et al. (1993, p. 847) reported that “segregation
analysis revealed that the expression of the disease in
the kindred did not segregate with any HLA haplotype.”

Interestingly, the members of the Blau syndrome kin-
dred presented here exhibit many of the disparate clini-
cal findings reported in numerous, unrelated patients
with multisystem inflammatory disease (North et al.
1970; Laxer et al. 1986). The availability of such a kin-
dred, displaying an autosomal dominant inheritance
pattern, provides a unique opportunity to define, at the
molecular level, the etiology and pathogenesis of self-
directed inflammation in humans.
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Subjects, Material, and Methods

Family Studies and Collection of Material

The family that was the subject of the current study
included 62 participating members, 16 of whom were
affected with Blau syndrome. Fifty-seven of the partici-
pating members were genotyped for the genomewide
screening; the remaining five were genotyped for chro-
mosome 16 markers only. The family is nonconsanguin-
eous. The diagnosis of Blau syndrome was based on
any one or combination of the following (fig. 1): (1)
persistent inflammation of any joint(s) or tendon(s) or
both, characterized by marked edema and giant cyst
formation or biopsy-proved granulomatous joint in-
flammation or both; (2) ophthalmologist-diagnosed an-
terior- or posterior-tract uveitis or both, in one or both
eyes at any age, in the absence of trauma or any other
identifiable cause; and (3) persistent rash characterized
by biopsy-proved granulomatous inflammation (Blau
1985; Raphael et al. 1993). Most affected patients were
examined personally by S.R. A 10-20-ml sample of
blood was obtained from each participating member,
for genomic DNA extraction or establishment of lym-
phocyte cultures or both. The appropriate informed con-
sent was obtained from all subjects.

DNA Microsatellite Marker Analyses

DNA was extracted from whole blood or from Ep-
stein-Barr virus—transformed lymphoblasts on an auto-
mated DNA extractor, under conditions specified by the
manufacturer (GENEPURE 341; ABI). DNA samples
were stored at —20°C. Polymorphic dinucleotide-repeat
markers (Weber 1990; Weber and May 1991) were ana-
lyzed by PCR (Saiki et al. 1985) amplification of 30 ng
of genomic DNA in a 20-ul reaction containing 30 ng
(2-5 pmol) of each primer (purchased from Isogen Bio-
science or Research Genetics), 1.5 mM MgCl,, 250 uyM
of each nucleotide, and 0.5 units of Tag polymerase
(Perkin Elmer Cetus). One of the primers was labeled
at the 5’ terminus, with y->*P-ATP (Maniatis et al. 1982).
Thermal cycling was performed in a Perkin-Elmer model
9600 thermocycler, under annealing conditions recom-
mended for each primer. The amplified PCR products
were resolved on 6% denaturing polyacrylamide gels
(Sequagel-6; National Diagnostics) and were visualized
by autoradiography (Maniatis et al. 1982).

Linkage Analyses

Linkage analyses and simulations were performed
with the FASTLINK versions (Cottingham et al. 1993;
Dwarkadas et al. 1994; Schaffer et al. 1994) of the
LINKAGE and SLINK packages of programs (Lathrop
and Lalouel 1984; Lathrop et al. 1984; Ott 1989; Weeks
et al. 1990b). The order and intermarker distances used
were as published elsewhere (Shen et al. 1994).
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Results

Clinical Characterization of Blau Syndrome

The clinical symptoms of Blau syndrome have been
described in detail elsewhere (Blau 19835; Pastores et al.
1990; de Chadarevian et al. 1993; Raphael et al. 1993).
In brief, affected members may present with one or more
manifestations of arthritis with camptodactyly, giant sy-
novial cysts, uveitis, and skin rash. Figure 1A depicts
the hand and forearm of a family member with arthritis.
Joint swelling is both articular and periarticular, and
giant synovial cysts are evident. Usually joint swelling
is not associated with destructive changes. Synovial
granulomas are noncaseating and have few distinguish-
ing features. They consist predominantly of activated T-
cells and large epithelioid mononuclear cells, with occa-
sional multinucleated giant cells (de Chadarevian et al.
1993). They are enveloped by a thin mantle of CD8-
positive lymphocytes, the majority of which are also
CD4 positive (de Chadarevian et al. 1993). Many granu-
loma cells express HLA class II antigens and interleukin-
2 receptors. There is no evidence of immunoglobulin
deposition within the granulomas. Figure 1B illustrates
the severe retinal inflammation seen in an affected family
member. In early stages, uveitis is primarily in the ante-
rior tract and, in later stages, progresses to the posterior
tract. Cellular infiltrates eventually become granuloma-
tous. Most family members have required treatment
with systemic or intraocular corticosteroids or both, to
control their symptoms. Retinal detachment, severe
glaucoma, and subsequent blindness may occur.

Skin-rash lesions are localized to the upper and mid
dermis. Rash may appear episodically on any part of
the body and may vary in severity (fig. 1C). Granulomas
in the skin contain an admixture of cells, as do the
synovial granulomas. For most affected members, titers
for antinuclear antibodies and levels of the IgG, IgM,
and IgA antibody classes were within the normal range,
as were values for rheumatoid-factor production and
blood-cell counts (de Chadarevian et al. 1993). There
was no evidence of hypercalcemia, and Kveim skin tests
for sarcoidosis were nonreactive by visual inspection
(Raphael et al. 1993).

The pedigree for the Blau syndrome family that was
the subject of the present study is shown in figure 2.
Details concerning the variability of phenotype and age-
dependent onset of symptoms are discussed below.

Linkage Analysis

Initial analyses were performed with a simple affected/
unaffected dominant model with a slightly reduced pen-
etrance. A large number of unaffected individuals who
were <30 years of age were classified as unknown, and
therefore the model forfeited considerable power. Subse-
quently, a more complex model was developed that took



Figure 1 Manifestations of Blau syndrome in the family. A, Camptodactyly and large synovial cysts in the wrist of a family member
with granulomatous arthritis. B, Retina of the left eye of a family member with uveitis. Multifocal chorioretinal lesions, several pigmented
scars, and marked perivascular sheathing are visible. C, Forearm of a family member with skin rash.
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Table 1

Age-at-Onset Classes in Pedigree

Age Cumulative

(years) No. Total Individual Designation®

0-10 6 6 III-18, 11I-30, IV-21, IV-24,
IV-26, IV-28, IV-29°, IV-30¢

11-15 5 11 11-4, 1I-5, 1I-10, III-20, III-25

16-20 4 15 I-1, II-7, 1I-8, III-9

21-30 1 16 111-22

2 From figure 2.

b Developed symptoms after the study; consequently, data on this indi-
vidual were not included in those used to generate the analysis model.

¢ Developed symptoms during the study; consequently, data on this
individual were not included in those used to generate the analysis
model.

into account the age at onset as well as other factors,
such as phenocopies and diagnostic uncertainty (see Ott
1991; Terwilliger and Ott 1994). All data presented are
those obtained with the more complex model. The fol-
lowing facts were considered: (1) the age at onset varied
considerably (table 1); (2) Blau syndrome comprises
symptoms in three distinct tissue/organ systems, and
some affected individuals had only one of the symptoms
(fig. 2); and (3) despite strict diagnostic criteria, pheno-
copies exist for all the symptoms. When the study was
initiated, there were 16 affected individuals; a small in-
fant (IV-30 in fig. 2) developed symptoms during the
study. The affected individuals could be grouped into
five categories: those with either arthritis with campto-
dactyly, uveitis, or skin rash alone; those with uveitis
and skin rash; and those with all three symptoms. Age-
dependent penetrance was incorporated into the model
by estimating the penetrance from the pedigree data.
With only 16 affected individuals in the pedigree and
five different categories of combinations of symptoms,
the age-dependent penetrance could be estimated only
on an affected/unaffected basis. The cumulative relative
frequency (F(x)) of the four age classes—0-10, 11-15,
16-20, and 21-30 years of age (table 1)—was plotted
against age, and the midpoint value of F(x) for a particu-
lar class was used to compute the penetrances (pene-
trance = 1 — F(x)). The estimated penetrance for the
class of 21-30 years of age was adjusted up from .03
to .07, and the penetrance of the unaffecteds =31 years
of age was set to .05, to allow for the possibility of a
carrier showing no sign of the disease even at advanced
age (table 1). In-laws were considered definitely unaf-
fected with no probability of carrying the disease allele,
on the basis of phenotype (table 1). After individual IV-
30 was diagnosed as affected, her phenotypic status was
changed from unaffected to affected; however, no
changes were made to the model, in terms of age-depen-
dent penetrances.
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To account for phenocopies and diagnostic uncer-
tainty, a liability class was assigned to each category of
affected individual (table 2). Those with all three symp-
toms were considered definitely affected, with no proba-
bility of being affected without having the disease allele.
The arthritis in this pedigree produced large synovial
cysts and camptodactyly. RA constitutes the majority of
inflammatory arthridites and, in terms of the arthritis
alone, is an alternative diagnosis (Lawrence et al. 1989;
Felson 1993). RA is, however, a common disorder, and
few members in the pedigree were subjected to synovial
biopsy to verify the granulomatous nature of the arthri-
tis. Incidence estimates for RA vary considerably by pop-
ulation (O’Sullivan and Catchcart 1972; Linos et al.
1980; Aho et al. 1989; Chan et al. 1993; Felson 1993).
Estimates for the outbred American population =18
years of age are as high as 60/100,000/year for females
and 22/100,000/year for males (Chan et al. 1993). On
the other hand, the highest prevalence of RA, ~2%, has
been recorded in Finland (Aho et al. 1989; Felson 1993).
For lack of cumulative incidence data, the arthritis-only
category was assigned a phenocopy probability of .02 —
that is, a .02 probability of having arthritis while not
carrying the disease allele.

All the individuals with skin rash were biopsied, and
the granulomatous nature of the skin rash was verified.
Nonetheless, since the skin rash in the family had to be
distinguished from sarcoidosis, and since there was no
single definitive criterion to distinguish between granu-
lomatous skin rash in the family and sarcoid/sarcoidlike
granulomatous skin rash, the incidence of sarcoidosis
was used to establish a phenocopy probability. In the
absence of cumulative incidence data, we used the sim-
plification that incidence multiplied by life expectancy
was equal to cumulative incidence. Sarcoidosis has an
incidence of 6.1-10.2/100,000/year (Henke et al. 1986;
Scharkoff 1987), and therefore a phenocopy probability
of .00635 was allowed. Because of the location of the
inflammation in uveitis, no biopsy confirmation of the
nature of the eye inflammation could be obtained. The
incidence of uveitis is ~17 cases/100,000/year (Baarsma
1992), and the uveitis-only category was assigned a phe-
nocopy probability of .01275. The combination of skin
rash together with uveitis occurs in ~8% of uveitis pa-
tients. Consequently, the category of uveitis and skin
rash was assigned a phenocopy probability of .00128,
which is ~10% of that of uveitis alone. Those individu-
als with all three symptoms were considered to be defi-
nitely affected. The penetrance parameters for all liabil-
ity classes in the final model are shown in table 2.

Another consideration for the linkage analyses was
the allele frequency of the disease and marker alleles.
Blau syndrome was first described in 1985 (Blau 1985).
Since then, only two families with similar symptoms
have been described in the literature (Pastores et al.
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Table 2
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Penetrance Parameters for Liability Classes of Analysis Model

PENETRANCE OF
Affected
Genotype
Unaffected —_—
Genotype: b/b B/b B/B
Unaffected individual, age:
0-10 years 1 .81 .81
11-15 years 1 47 47
16-20 years 1 19 .19
21-30 years 1 .07 .07
=31 years 1 .05 .05
Unrelated, in-law (all ages) 1 0 0
Affected individual, symptoms:
Arthritis Uveitis Skin Rash
+ - - .02 1 1
- + - .01275 1 1
- - + .00635 1 1
- + + .00128 1 1
+ + + 0 1 1

1990; de Chadarevian et al. 1993). Even if we allow for
the possibily of many undiscovered families, the assump-
tion of a disease-allele frequency of .0002, or ~4 af-
fected individuals in 10,000, is conservative. The
marker-allele frequencies were of greater concern. Be-
cause the family has origins in the Netherlands, the pro-
gram ILINK (Lathrop and Lalouel 1984; Lathrop et al.
1984) was used to estimate the allele frequencies at 6
= .5 for each locus. For most loci there were ~30-34
alleles from the founders that furnished the estimates.
There were insufficient data to treat the allele frequen-
cies as nuisance parameters in the analyses. Comparison
with known allele frequencies that were available for
some loci revealed overall similarity (data not shown).

The initial search for the Blau disease susceptibility
locus included analyses of polymorphic markers in and
around a number of potential candidate genes, especially
those of the extracellular matrix (not shown). Since HLA
loci were reported to be associated with RA (Nepom
and Erlich 1991), we also performed linkage analyses
with previous HLA typing data (Raphael et al. 1993).
In two-point analyses, one HLA locus, DRb3, gave a
positive LOD score; however, all others gave a negative
LOD score (table 3). All HLA loci gave negative LOD
scores in multipoint analysis. After either excluding or
finding no evidence for linkage at such candidate loci, we
undertook a genomewide search with 240 amplifiable
dinucleotide-repeat markers spread at ~10-20-cM in-
tervals among all autosomes. The programs of the
SLINK package (Ott 1989; Weeks et al. 1990b; also

see Ott 1991; Terwilliger and Ott 1994) were used to
estimate, by Monte Carlo simulations of the pedigree
under the analysis model, the ELOD or expected LOD
score as the average LOD score at a given 0. The simula-
tions and analyses were performed under the assump-
tion that there were four alleles of equal frequency that
yield a PIC value of .75, similar to that of many VNTR
markers. The ELOD at © = .1 was 1.78 and at 6 = .05
was 2.54. Markers representing approximately half of
the human genome were tested before a LOD score
>1.78 was detected in the pericentromeric region of
chromosome 16.

Two-point linkage analyses in which the above, com-
plex model and the estimated allele frequencies of a se-
ries of chromosome 16 markers were used generated the
results shown in table 3. The highest LOD score was
obtained with D16S298 at 6 = .05 (with ILINK, the
maximum LOD score [Z,,.,] is at 8 = .04). Multipoint
linkage analyses were performed by LINKMAP
(Lathrop and Lalouel 1984; Lathrop et al. 1984) and
with order and intermarker distances as published else-
where (Shen et al. 1994). Data from a series of analyses
with the disease locus versus three marker loci were
plotted (fig. 3). The support interval was calculated by
subtracting 1 from the Z,,. By the Z,, — 1 criterion
there was support for linkage over a region of ~14.3
cM, ~10.5 cM p-terminal and ~3.8 cM g-terminal of
the centromere. The region of support on the p arm
extends from ~6.2 cM p-terminal to ~4.3 cM centro-
meric of D165298, and the region on the q arm extends
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Table 3

1103

Two-Point LOD Scores for Loci on Chromosome 16 and in HLA Locus on Chromosome 6

LOD SCORE AT 6 =

Locus 0 .001 .01 .05 .10 .20 .30 40

HABP1 —© -7.839 —4.493 -1.879 —-.821 -.017 .189 147
D165292 - —8.600 -6.198 -3.766 -2.311 —.754 -.111 .051
D165294 —2.264 -2.134 —1.484 -.565 -.173 .084 .104 .053
D165420 —® —6.561 —3.886 -1.236 —-.082 693 687 299
D165401 —3.298 -3.234 -2.872 —2.083 —1.407 —.631 -.235 —.041
D165409 —-.506 -.476 -.274 .096 .260 .340 291 173
D165298 3.446 3.471 3.619 3.738 3.556 2.863 1.938 .852
SPN 1.422 1.473 1.820 2.454 2.621 2.327 1.659 773
D165411 2217 2.228 2.306 2.453 2.410 2.007 1.381 613
D16S308 131 191 611 1.470 1.825 1.785 1.290 .569
D16S416 1.989 1.986 1.955 1.816 1.634 1.241 .800 313
D165419 2.210 2.206 2.170 2.007 1.798 1.358 .887 411
D165408 -2.771 —2.672 —2.038 —.647 121 655 635 321
D165400 —® -3.675 -2.330 -1.031 —.459 —.041 .032 —-.008
D165265 —5.850 -1.632 —.264 1.116 1.630 1.725 1.309 620
D16S301 —6.691 —-4.059 —-2.861 -1.533 —-.833 -.245 —-.054 -.010
D165266 1.303 1.306 1.333 1.366 1.315 1.078 726 291
D16S305 —© —8.793 —6.265 -3.759 —2.464 -1.154 —.486 —.138
HLA A -4.719 —-3.440 -1.990 -.718 -.140 301 .346 .210
HLA B —10.528 -5.931 —4.667 -2.203 ~1.069 -.178 111 142
HLA Bw —3.447 -1.305 -.334 245 395 .389 251 .085
HLA C —-11.403 -6.168 —3.403 -1.249 —.423 .140 236 167
HLA DRf1 —4.012 -2.327 -1.273 -.431 —-.084 192 265 .188
HLA DRf3 .893 .891 .869 774 655 421 211 .058
HLA DQatl -3.936 —2.243 -1.189 -.349 -.012 224 .268 .186
HLA DQp1 -4.811 -3.120 -2.055 -1.160 -.750 —.348 -.128 -.024
HLA DPal -2.954 —1.545 —-.561 113 .349 446 351 175
HLA DPS1 —10.528 -7.715 —4.993 -2.191 -1.051 —-.151 137 154

NOTE.—The highest LOD score obtained is underlined.

from ~0.9 cM centromeric to ~2.9 cM g-terminal of
the marker D165416. The most likely location of the
Blau syndrome locus was close to D165298.

To verify that the two-point Z,,, of 3.75 at 6 = .04
for D165298 was not due to either modeling errors or
biases in data collection, scrutiny, or maximization over
two models, simulations were performed with the com-
plex model shown in table 2 and the ILINK estimates
of allele frequencies for D16S298, under the assumption
of absence of linkage in one series and presence of link-
age in another. In the absence of linkage, analysis of the
same 100,000 replicates once under each model yielded
12 LOD scores >3.70. The empirical P value for the
observed linkage is .00012. Several considerations arose
when we interpreted the empirical P value. First, with
what statistic should it be compared for significance?
Although the theory of likelihood-ratio tests predicts
that, asymptotically, in the absence of linkage, 2log10
Z ax follows a %2 distribution with 1 df, the distribution
can be quite different, depending on the pedigree struc-
ture (Ott 1991). It has been shown that the significance,

o, is equal to the probability that Z,,, is greater or equal
to a critical LOD score, Zy, and that the latter probability
is <107 (see Ott 1991), which provides a statistic against
which to compare our empirical P value. Second, >240
markers were tested in the genome screen, and therefore
the significance would have to be adjusted for multiple tests.
It previously had been shown that the correction for the
multiple tests from multiple markers is not equivalent to
the Bonferroni correction, since many of the markers are
not independent but linked (Lander and Botstein 1989;
Lander and Kruglyak 1995). After applying the suggested
correction (Lander and Botstein 1989; Lander and Kruglyak
1995) while allowing for a genome length of 33 Morgans
in 22 autosomes, we found that a LOD score of ~3.55 is
necessary for an overall significance of .03 (or a LOD score
of slightly >3.3 for an overall significance of .05). Third,
simulation will asymptotically approach the true P value
for the model, in a large number of replicates. If linkage is
not a chance event, then one expects very few LOD scores
greater than Z_,,, which should exceed Z,. Since LOD
scores greater than Z,,,, are or should be very rare events,
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Results of multipoint analysis of the Blau disease susceptibility gene versus a series of markers on chromosome 16. The graph

depicts the location scores (multipoint LOD scores), on the Y-axis, versus the map distance (in cM [Kosambi]), on the X-axis.

there is considerable error in the estimate of P; consequently,
it is imperative that not only the P value but also the upper
bound of a confidence interval for the P value be <107
Taking these considerations into account, we chose
Zy as 3.55, the LOD score required for proof of linkage
at an overall significance of .03 (Lander and Kruglyak
1995). A confidence interval with a 97% confidence
coefficient was constructed (Ott 1991) for 12 of 100,000
observations (P = .00012); and the interval had an up-
per bound of .0002057. The upper bound does not over-
lap with the formal P = .0002987 (107%*’) that is con-
sidered evidence of linkage at an overall significance of
.03. Since, under the simulation and analysis using both
models, obtaining a LOD score of =3.70 was so rare
an event that the upper bound of the confidence interval
did not overlap with the formal criterion, the linkage
observed with D165298 can be considered significant.
The simulations assuming the presence of linkage were
performed such that the simulated marker locus was inher-
ited in the manner of the haplotypes in figure 2. A total of
111 of 2,000 replicates yielded a LOD score >3.70. Analy-
sis of the effect of altering the penetrances and phenocopy
probabilities indicated that the number of replicates with a
LOD score >3.70 could be increased to 988 by decreasing
the age at onset, thereby effectively increasing the informa-
tiveness of unaffected individuals, and by increasing the
phenocopy probabilities for the arthritis-only and uveitis-
only classes (table 2), thereby decreasing the effect of recom-
binant individuals ITI-9 and IV-25. Scrutiny of recombinants
has an effect similar to reclassification of phenotypes or
varying diagnostic schemes, in that it can resolve recombi-

nants. Reclassification of individuals II-5, III-9, and IV-25
(fig. 2) increased the number of replicates with LOD scores
>3.70 to 1,482 when the complex model for the analysis
was used (without altering age-at-onset penetrances or phe-
nocopy probabilities). Reclassifying only individual IV-29
to affected in the appropriate class yielded 287 replicates
with a LOD score of >3.70. These results of reclassification
of individuals’ phenotypes were expected, since it removes
recombinants; and it was shown that varying diagnostic
schemes had a more profound effect on results than did
varying model parameters (Weeks et al. 1990a).
Maximization of the LOD score by either fitting the
model parameters to the data or reclassifying individuals
or both would have resulted in a much higher Z,,.. The
number of replicates with a LOD score greater than the
Zmax under a maximized model assuming the presence
of linkage would become a rare event similar to the rare
event of observing such a high LOD score in the absence
of linkage. Rarely observing replicates that exceed Z,,,
could be an indication that the analysis is biased. The
simulations thus served to verify that the model used
was plausible and that the results were not biased by
fitting the model to the data, by preferential scrutiny of
recombinants, or by maximization over two models.

Discussion

Parametric linkage analyses are influenced by the pa-
rameter estimates used for the analysis models. It has
been shown, however, that misspecification of the model
will not result in failure to detect linkage, if it exists,
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although it will lead to overestimation of the recombina-
tion fraction (Clerget-Darpoux et al. 1986; Risch and
Giuffra 1990, 1992; also see Ott 1991; Terwilliger and
Ott 1994). Great care therefore was taken in establishing
the analysis model for Blau syndrome. The model used
to analyze linkage in the Blau syndrome pedigree took
into account initial considerations regarding phenotypic
variability and age-at-onset differences among affected
members. The first consideration was addressed by as-
signing each category of affected individual to a separate
liability class with phenocopy probability appropriate
to how well the symptoms could be differentiated from
similar symptoms in the general population. Therefore,
an individual with only arthritis was considered 50 times
more likely to be carrying the Blau syndrome allele than
to have arthritis due to some other cause (calculated as
the ratio of B/b penetrance over b/b penetrance; see table
2). On the other hand, an individual with only skin rash
was considered 157 times more likely to be carrying the
Blau syndrome allele than not to be carrying it. The
second consideration, variable age at onset, was ad-
dressed by assigning five age classes, with the youngest
unaffecteds being only ~1.25 times as likely not to be
carrying the disease allele as to be carrying it. Those
>30 years of age were 20 times more likely not to be
carrying the disease allele. The family has origins in the
Netherlands but with admixture from the North Ameri-
can population. The concern was, therefore, that the
allele frequencies would be different both from the avail-
able frequencies and from the frequencies determined
from a control group, either North American or Nether-
lands. Therefore, allele-frequency estimates for each lo-
cus were derived by the program ILINK.

Our data are consistent with a disease susceptibility
locus in the pericentromeric region of chromosome 16,
but they cannot exclude the possibility that an additional
locus may exist that is permissive or modulatory. In light
of the reported association between the HLA-DR4 locus
and a number of inflammatory arthridites (Jabs et al.
1985; Gao et al. 1990; Nepom and Erlich 1991; Weyand
et al. 1992b) and granulomatous arteritis (Weyand et
al. 1992a), we undertook linkage analysis of the HLA
locus in the present family. The data reported in table
3 clearly indicate that no single HLA locus or haplotype
is linked to the disease. Multilocus analyses decreased
the LOD scores for all HLA loci. It is, nonetheless, possi-
ble that one or more HLA haplotypes may be permissive
for the development of Blau syndrome (Greenberg
1993). Within the scope of the current study we did not
have sufficient independent individuals to test for such
a relationship.

Blau syndrome is a subset of a larger family of granu-
lomatoses that demonstrate some of the classical in-
flammatory features of other autoimmune diseases,
such as RA, as well as other nonautoimmune inflam-
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matory diseases, such as sarcoidosis. It is the only hu-
man model of inherited, multisystem inflammatory dis-
ease; as such, it provides a unique and important
opportunity to define a genetic defect and the mecha-
nism that is responsible for tissue-specific, self-directed
inflammation. In light of what is currently known
about the immunobiology of the disease, the product
of a putative disease-susceptibility gene is likely to be
a component of the extra- or pericellular matrix, whose
alteration may force the breakdown of self-tolerance
and, ultimately, may lead to the development of auto-
immune inflammation. Potential candidates in this cat-
egory that map in the Blau interval include sialophorin
(also known as “CD43”), the major sialoglycoprotein
on the surface of a variety of cell types, including granu-
locytes (Bazil and Strominger 1993), and the CD11
integrin complex (Corbi et al. 1988), which includes
the o-subunit of the lymphocyte function—associated
antigen and the leukocyte complement receptor type 3,
both of which are involved in cell adhesion functions.
Additional candidates are CD19 (Maloney and Ling-
wood 1994), involved in B-lymphocyte function, and
the interleukin-4 receptor (IL4R; Pritchard et al. 1991).
The ligand for IL4R is the pleiotropic cytokine IL4,
which counts among its biological functions the regula-
tion of isotype switching in immunoglobulin molecules
and, therefore, has been implicated in a variety of auto-
immune, allergic, and inflammatory responses (Beck-
mann et al. 1992, and references therein). An examina-
tion of positional candidates, a positional cloning
effort, or both, to identify the disease-susceptibility
gene, will benefit from fine mapping with additional
Blau syndrome families.
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