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Investigators have intensively evaluated the major histocompatibil- MHC genetic polymorphisms are at best equivocal (5), but
ity (MHC) complex for sarcoidosis susceptibility genes with the of the Class II molecules studied in sarcoidosis the majority
majority of reports implicating the human leukocyte antigen (HLA)- of positive findings have been with the human leukocyte
DRB1 gene. Because most studies have been performed in white antigen (HLA)-DR–associated antigens (5–13). Most re-
and Asian populations, we sought to determine which MHC genes cently, a large multicenter case–control etiology study of
might be risk factors for sarcoidosis in African Americans. We geno- sarcoidosis (ACCESS) in both whites and African Americans
typed six microsatellite markers spanning 11.6 megabases that (14) extensively genotyped MHC Class II genes and reported
overlapped the MHC region on chromosome 6p21-22 in 225 nuclear the strongest association was with polymorphisms in HLA-
families ascertained by African American probands with a history DRB1. The HLA-DRB1*1501 allele conferred increased risk
of sarcoidosis. Using a family-based association methods approach, in whites but protection in African Americans (15). This
we performed multiallelic tests of association between each marker result indicates that genetic associations in African Ameri-and sarcoidosis. A statistically significant association was detected

cans may be different than those observed in other popula-between sarcoidosis and the DQCAR marker (p � 0.002) less than
tions.two kilobases telomeric from the HLA-DQB1 gene. Typing two addi-

Before ACCESS only a few reports of HLA associationstional markers in this region revealed that DQCAR–G51152 haplo-
in African Americans existed, and these studies relied ontypes, spanning a 38-kilobase region across the HLA-DQB1 gene,
serologic detection of HLA antigens (16, 17). A further limi-were associated with sarcoidosis on a global level (p � 0.022).
tation of previously reported sarcoidosis HLA associationsAnalysis of individual DQCAR and G51152 alleles showed that the
is that nearly all these studies, including the ACCESS study,DQCAR 178 (expected � 21.0; observed � 10; p � 0.0005) and
used the case–control methodology, and therefore resultsG51152 217 (expected � 25.6; observed � 14; p � 0.0009) alleles

were transmitted to affected offspring less often than expected; may have been potentially biased by population stratification
whereas the DQCAR 182 allele was transmitted more often than (18). The results of family-based studies, which control for
expected (expected � 52.6; observed � 66; p � 0.002). Our results genetic background that may confound case–control results,
indicate that HLA-DQB1 and not HLA-DRB1 plays an important role add a higher level of certainty to putative regions of genetic
in sarcoidosis susceptibility in African Americans. Identification of susceptibility. To better understand the relationship of the
the specific HLA-DQB1 alleles that influence sarcoidosis susceptibil- MHC gene region to sarcoidosis susceptibility in African-
ity in African Americans and the study of their antigenic-binding American populations, we conducted an association scan
properties may reveal why African Americans suffer disproportion- over an 11.6-megabase (Mb) region overlapping the MHC
ately from this disease. region in a sample of African-American sarcoidosis families.
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Study Sample and Data CollectionThe search for host factors that influence sarcoidosis suscepti-
The study protocol was approved by the Henry Ford Hospital Institu-bility has focused on genes involved in immune pathways
tional Review Board. The majority of families were ascertained through(1). Many immune response genes are clustered in the major
African American individuals with a history of sarcoidosis who werehistocompatibility (MHC) region on chromosome 6p21-22,
seen at the Henry Ford Health System. Diagnosis was confirmed by aparticularly the Class II region, which has the highest known
tissue biopsy demonstrating noncaseating granulomas in a majority ofconcentration of immune-related genes (2). A recent genetic the index cases (86%). The cases without histologic confirmation of

linkage study in German affected sib pairs found its strongest disease had radiographic evidence of bilateral hilar adenopathy and
signal for linkage to sarcoidosis with a marker mapped to were observed for 2 years or more with no other medical condition
the MHC Class II region (3, 4). that could explain radiographic abnormalities or clinical course.

Reported associations of sarcoidosis susceptibility with The participants described previously were first contacted by letter
and then by phone. After consenting to the study, subjects underwent
an interviewer-administered questionnaire. Information obtained from
each participant included a medical history, occupational and environ-
mental exposure history, and, for affected family members, a family

(Received in original form December 19, 2001; accepted in final form November 1, 2002) history. Participants were also asked to donate 30 ml of blood for DNA
This work was supported by grant R01HL54306 from the National Heart, Lung, analysis.
and Blood Institute. Of the 623 eligible probands recruited for study, 359 (58%) were

enrolled with one or more first-degree family members. Of these, 234Correspondence and requests for reprints should be addressed to Benjamin A.
Rybicki, Ph.D., Department of Biostatistics and Research Epidemiology, Henry Ford had two or more parents or sibs that donated a blood sample for DNA
Health System, 1 Ford Place, 3E, Detroit, MI 48202. E-mail: brybick1@hfhs.org analysis. An additional 10 African-American sarcoidosis families were

recruited outside of the Henry Ford Health System, resulting in 244This article has an online supplement, which is accessible from this issue’s table
total families. Both parents were genotyped when available. When oneof contents online at www.atsjournals.org
or both parents were unavailable for genotyping, all available full sibsAm J Respir Crit Care Med Vol 167. pp 444–449, 2003
were genotyped. Using a panel of unlinked markers, we excluded 20DOI: 10.1164/rccm.2112060

Internet address: www.atsjournals.org families (8.2%) with Mendelian segregation inconsistencies, and two
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TABLE 1. BREAKDOWN OF THE DIFFERENT FAMILY acid, and heating to 70�C for 2 minutes. Five microliters of sample were
CONFIGURATIONS OF THE 225 AFRICAN AMERICAN run on 4 or 6% polyacrylamide, 8 M urea gels containing 90 mM
SARCOIDOSIS NUCLEAR FAMILIES IN THE Tris–borate buffer pH 8.3, 2 mM ethylenediaminetetraacetic acid for
STUDY POPULATION 3 to 4 hours at 55 W. Gels were exposed to film for 18 hours at �70�C.

Allele sizes were determined by running M13 DNA sequencing laddersNumber of Affected Offspring
in each gel for single base pair (bp) resolution. Individuals were geno-

1 2� typed according to allele size using DNA sizing markers as standards.
(n, % Total) (n, % Total) Each DNA sample was assayed at least twice per marker, to confirm

genotype. When fluorescent dye–labeled primers were used, the reac-
Family configurations

tion conditions varied as follows: 2.5 to 1 pmol primer, 2.5 U AmplitaqBoth parents 43 (19.1) 2 (0.9)
Gold (Applied Biosystems, Foster City, CA).One parent, at least two offspring 97 (43.1) 7 (3.1)

No parents, at least three offspring 66 (29.3) 10 (4.4)
Statistical Methodology

To determine whether one or more alleles at the locus of interest
was associated with the sarcoidosis phenotype, we used a family-based
association test statistic (21), S, calculated using the FBAT software

families (0.8%) where on further follow-up the proband was found not (22). The S test statistic was optimal for our family data that had a
to have sarcoidosis, from the analysis. Three of the remaining 222 sizable proportion with missing parental genotype information in that
families had two separate nuclear families, which were analyzed sepa- it treats all offspring genotype as random. This eliminates the need
rately, resulting in 225 nuclear families or a total of 704 individuals for for assumptions about the phenotype distribution and the parental
study. The three basic family configurations are shown in Table 1. genotype distribution. When parental genotypes are missing, the test
Although the majority of family members with a sarcoidosis history statistic conditions on the offspring genotype configuration. Test statis-
were probands through whom the family was ascertained, there were tics were run under both dominant and additive inheritance models.
also 22 sibs and four additional family members (who were treated as The dominant model assumes that offspring with one copy of the allele
index cases in the analysis) with a history of sarcoidosis based on self- being tested have the same probability of affection as those with two
report of a physician diagnosis of this condition. In 18 of the 22 sib copies, whereas the additive model assumes that the probability of
cases, and the other four additional family member cases, the family affection is double in those with two copies compared with those that
member reported that the diagnosis was confirmed by biopsy. In the have only one.
remaining four sib cases, a medical record review revealed a chest A haplotype-based test of association with disease was performed
radiograph report of bilateral hilar adenopathy at the time of the re- with TRANSMIT version 2.5 (23) to jointly test the association of
ported sarcoidosis diagnosis. Over 90% of the families in our study haplotypes formed by adjacent markers with sarcoidosis. In TRANS-
population had only one affected offspring, and in over 80% of the MIT, an average score of non-Mendelian transmission is calculated for
families additional unaffected sibs were enrolled to complete allelic each family unit, considering all possible haplotype assignments. The
transmission data where one or both parents were missing. family scores are used to calculate global and haplotype-wise �2 tests

of deviance from expected transmission patterns. To protect against
Genotyping inflated Type I error, the global test was first checked for significance
We genotyped six polymorphic microsatellite markers that spanned a at the 0.05 level, before proceeding to individual haplotype tests of
distance of approximately 11.6 Mb (approximately 5 cM based on the significance.
Marshfield genetic map—http://research.marshfieldclinic.org/genetics) Linkage disequilibrium (LD) between selected pairs of loci was also
overlapping the 3.6-Mb human MHC region on chromosome 6p21-22. estimated. This was done in two stages; first, because haplotypes were
Marker spacing was an average of 2.3 Mb with a spacing range of 7.5 not directly observable, maximum likelihood haplotype frequencies
kilobases (kb) to 4.8 Mb. High molecular weight DNA was isolated were computed using the ARLEQUIN genetic analysis software (24).
from anticoagulated blood by detergent lysis and organic extraction These haplotype frequencies were next used to calculate the normal-
(19). Unlabeled and fluorescent dye–labeled microsatellite primers ized measure for disequilibrium between loci, D�, first proposed by
were purchased from Research Genetics (Huntsville, AL). Two proto- Lewontin (25).
cols were used to amplify from genomic DNA, depending on the method
of labeling. In the first case, one primer in each reaction was labeled RESULTSat the 5� end with � [32P]ATP (20). The amplification reaction included
10 ng DNA; 1 to 2 pmol each primer; 50 mM Tris–hydrogen chloride Association Scan of MHC Results
(pH 8.3), 2.5 mM magnesium chloride, 0.05% Tween-20, 0.05% NP-

Multiallelic test statistics for the six markers that we tested,40, 20 mM each deoxynucleotide triphosphate, and 1 U Taq DNA
spanning the 6p21-22 region, showed that only one marker,polymerase (Promega, Madison, WI). Samples were denatured by the

addition of 10 �l 95% formatted, 20 mM ethylenediaminetetraacetic DQCAR, was associated with sarcoidosis (Table 2). This associa-

TABLE 2. ASSOCIATION OF CHROMOSOME 6p22.1–6p21.31 MICROSATELLITE REPEAT MARKERS
TO SARCOIDOSIS IN 225 AFRICAN AMERICAN NUCLEAR FAMILIES

Dominant Model Additive Model

Microsatellite Marker Location* Ninf
† �2 (df )‡ p Value �2 (df )‡ p Value

D6S105 31.42 197 13.14 (11) 0.284 6.91 (11) 0.806
DQCARII 36.20 193 17.37 (15) 0.297 16.25 (15) 0.366
DQCAR 36.21 162 28.25 (10) 0.002 28.70 (10) 0.001
D6S1666 40.08 180 8.51 (14) 0.860 10.01 (14) 0.762
D6S1618 40.86 192 19.80 (14) 0.137 13.91 (14) 0.456
D6S291 43.02 200 10.58 (10) 0.391 10.83 (10) 0.371

* Megabases from terminus site of the p arm of chromosome 6 based on the Human Genome Project Working Draft (http://
genome.ucsc.edu/).

† Ninf � number of informative families, i.e., families where one or both parents were heterozygous at the locus in question.
‡ �2 (df) � Chi-squared statistic (degrees of freedom).
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TABLE 3. ASSOCIATION OF INDIVIDUAL DQCAR ALLELES WITH SARCOIDOSIS IN 225 AFRICAN
AMERICAN NUCLEAR FAMILIES

Allele Frequency
Allele Size in Base Pairs (%) Ninf* S† E(S)‡ S/E(S) Variance (S) Z Score p Value

176 0.3 1 — — — — —
178 6.5 38 10 21.0 0.48 10.0 �3.48 0.0005
180 0.1 1 — — — — —
182 48.6 82 66 52.6 1.25 19.2 3.06 0.002
184 1.8 12 4 6.0 0.67 3.2 �1.15 0.251
186 4.9 23 11 11.9 0.92 5.5 �0.37 0.712
188 0.2 2 — — — — —
190 3.6 19 5 9.7 0.52 4.7 �2.17 0.030
192 5.1 37 19 20.3 0.94 9.8 �0.41 0.679
194 2.0 14 6 7.1 0.85 3.5 �0.60 0.561
196 20.3 82 51 49.1 1.04 20.1 0.43 0.667
198 2.6 16 6 9.1 0.66 4.1 �1.55 0.121
200 3.8 26 12 13.5 0.89 6.3 �0.61 0.540

* Ninf � number of informative families.
† S � number of observed allelic transmissions.
‡ E(S) � expected number of allelic transmissions under dominant model of inheritance.

tion had a level of statistical significance that was not affected frequency distribution was associated with sarcoidosis. In our
sample, 156 DQCAR–G51152 haplotypes were possible, butby the genetic model tested (i.e., dominant model p � 0.002

versus additive model p � 0.001). On applying the Hochberg based on parental genotypes only 33 haplotypes had probabilities
greater than zero. A global test of the association between theand Benjamini multiple significance testing correction method

(26), both p values were still less than the corrected Type I entire DQCAR–G51152 haplotype distribution and sarcoidosis
was statistically significant (p � 0.022). Table 4 depicts the indi-error levels of 0.0045 and 0.0042, respectively. None of the other

markers tested reached the initial 0.05 level of statistical signifi- vidual DQCAR–G51152 haplotype associations with sarcoidosis
for those haplotypes with an expected frequency of five orcance. The marker with the next lowest p value was D6S1618

(p � 0.137 for the dominant model), approximately 4.6 Mb from greater. The DQCAR 178–G51152 217 haplotype, which was
under transmitted to offspring with a sarcoidosis history, hadDQCAR. Of the six markers tested, D6S1618 was the only

marker where the type of genetic model (dominant versus addi- the strongest association with the disease phenotype (p � 0.001).
Alternatively, the DQCAR 182–G51152 223 haplotype, the mosttive) had an effect on the level of significance. Therefore, all

subsequent testing was done solely under the dominant inheri- frequent haplotype representing 23.3% of all probable haplo-
types, was over transmitted to offspring with a history of sarcoid-tance model.

Table 3 shows the statistics for individual DQCAR alleles. osis (p � 0.028).
LD between the different locus pair combinations of the fourThe most highly significant allele was the 178-bp length allele

(p � 0.0005) that showed a marked under transmission to af- microsatellite markers that spanned the HLA-DQA1–DQB1
region is depicted in Figure 2. Overall, the D� statistic computedfected offspring (ratio of observed versus expected � 0.48). The

next most significant allele was the 182-bp length allele (p � for six marker pairs appeared to have a negative linear relation-
ship with physical distance. Only the G51152–T16CAR locus0.002), which showed a slight over transmission to affected off-

spring (ratio of observed versus expected � 1.25). This allele pair had a markedly lower LD value than would be expected
was also the most prevalent allele at 49.1%. The only other
allele that showed an association with sarcoidosis at the 0.05
significance level was DQCAR 190, which, like DQCAR 178,
showed an under transmission to affected offspring (ratio of
observed versus expected � 0.52).

Finer Mapping of HLA-DQA1–DQB1 Region

To more closely investigate the strong association we observed
between the DQCAR marker and sarcoidosis, we typed two
additional microsatellite markers approximately 30 and 52 kb
centromeric to HLA-DQB1. Figure 1 depicts the association of
these two markers, and the DQCAR and DQCARII markers,
in relation to their location in the HLA-DQA1–DQB1 gene
region. G51152, the closest marker to HLA-DQB1 on its centro-
meric side, had an association with sarcoidosis that did not quite
reach statistical significance (p � 0.08). The association between
sarcoidosis and T16CAR, 22 kb further away from HLA-DQB1
than G51152, had a slightly lower significance level (p � 0.12).
The G51152 allele that had the strongest association with sarcoid-
osis was 217, which was transmitted to affected offspring less Figure 1. Association of DQCARII, DQCAR, G51152, and T16CAR mi-
often that expected (expected � 25.6; observed � 14; p � 0.0009). crosatellite repeat markers with sarcoidosis, and the position of these

Given that the DQCAR–G51152 haplotype spans the HLA- markers in base pairs along chromosome 6 relative to nearby HLA Class
II genes.DQB1 gene, we tested whether the DQCAR–G51152 haplotype
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TABLE 4. ASSOCIATION OF DQCAR–G51152 HAPLOTYPES WITH SARCOIDOSIS IN 225 AFRICAN
AMERICAN NUCLEAR FAMILIES

Variance
DQCAR–G51152 Haplotype* Observed Expected Observed/Expected (Observed minus Expected) �2 p Value

178–217 16.00 26.81 0.60 10.71 10.92 0.001
182–193 21.24 17.92 1.19 7.32 1.50 0.221
182–215 11.02 8.42 1.31 3.35 2.02 0.155
182–217 5.00 4.40 1.34 1.92 0.19 0.663
182–221 29.00 26.97 1.08 11.52 0.36 0.549
182–223 105.9 94.00 1.13 29.36 4.82 0.028
182–224 66.85 60.42 1.11 21.92 1.88 0.170
182–241 13.00 13.18 0.99 5.77 0.006 0.938
186–215 11.00 10.63 1.03 4.31 0.03 0.862
186–219 10.00 8.83 1.13 3.81 0.36 0.549
190–224 9.00 12.68 0.71 4.94 2.74 0.098
192–215 19.00 21.35 0.89 9.44 0.59 0.442
194–215 9.00 9.39 0.96 4.06 0.04 0.841
196–215 48.98 46.30 1.06 17.51 0.41 0.522
196–224 37.16 38.03 0.98 14.49 0.05 0.823
198–215 8.00 12.68 0.63 5.55 3.94 0.047
200–215 17.00 18.08 0.94 7.37 0.16 0.689

The global test for an association between the DQCAR–G51152 haplotype distribution and sarcoidosis was statistically significant
(p � 0.022). Only haplotypes with frequencies greater than 0.5% were included in the global test.

* Only haplotypes with an expected value greater than 5 are depicted in the table.

based on the physical distance between these two markers. In telomeric to the HLA-DQB1 gene, which has had mixed allelic
Table 5, we depict the ten allele pairs of these four loci with the association results with sarcoidosis (10, 13, 27, 28). We typed
highest LD value corrected for allele frequency. The two highest two additional markers that are the closest microsatellite repeat
LD values were both from the DQCAR–G51152 marker pair markers centromeric to HLA-DQB1. The G51152 marker, 30
that spanned HLA-DQB1. The DQCAR 182–G51152 215 haplo- kb from HLA-DQB1, was marginally associated with sarcoidosis
type had the highest LD value and was present at a much lower (p � 0.08). The next two closest functional genes to DQCAR
frequency than expected. Conversely, the DQCAR 182–G51152 and G51152, HLA-DQA1 and HLA-DRB1, have also been re-
223 haplotype with the next highest LD value was present at a ported to be associated with sarcoidosis (5, 10, 13, 15, 28). Other
higher frequency than expected. Overall, the DQCAR 182 allele reported associations with genes less than a megabase away from
was in five of the ten haplotypes with the highest LD values, DQCAR include LMP7 (29), TAP1 and TAP2 (30), and HLA-
and DQCAR alleles were in seven of the ten haplotypes. DPB1 (28, 31, 32).

LD as a gene mapping tool in the MHC region is complicated
by “recombination hotspots” that lead to uneven LD across thisDISCUSSION
region. For instance, much higher LD values have been observed

Our scan of the Class II MHC region on chromosome 6p21-22 between DQB1 and TAP2, 170 kb apart, than between TAP1
showed that one marker, DQCAR, had a strong association with and TAP2, 15 kb apart (33). The HLA-DRB1–DQA1–DQB1
sarcoidosis (p � 0.002). This marker is approximately 1 to 2 kb haplotype demonstrates nearly complete linkage disequilibrium

in most populations (33–35). This complicates association studies
of these genes because it is difficult to determine which specific
HLA allele or alleles are predisposing to disease. Sarcoidosis
association studies of DRB1, DQA1, and DQB1 alleles often
reveal that at least one or more alleles of these Class II genes
are associated with disease. Recombination between the HLA-
DRB1–DQA1–DQB1 genes does occur, and it appears that his-
torically more recombination has occurred between the smaller
25-kb region separating DQA1 and DQB1 than the 60 to 80 kb
region separating DRB1 and DQA1 (33, 34). This suggests that
DQA1–DQB1 haplotype associations may be easier to dissect at
the genotypic level than DRB1–DQA1 haplotype associations.
Furthermore, in African Americans, LD in the MHC Class II
region may not be as complete as in white populations (34, 36,
37). For example, more diversity in HLA-DRB1–DQA1–DQB1
haplotypes have been found in African Americans compared
with whites (37). A chromosomal crossover between DQCARII
and DQCAR is the most likely explanation for this increased
diversity (37). This would in part explain our positive association
with DQCAR, but not DQCARII, even though the two markersFigure 2. Relationship between linkage disequilibrium as measured by
are only 7.5 kb apart. In our African-American sample, we foundD�, and physical distance in base pairs for the six marker pairs formed
that the LD between the DQCAR–DQCARII microsatelliteby the DQCARII, DQCAR, G51152, and T16CAR microsatellite repeat

markers. markers was high (D� � 0.74) but not as high as LD values
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TABLE 5. TEN HIGHEST LINKAGE DISEQUILIBRIUM VALUES BETWEEN MICROSATELLITE MARKER
ALLELE PAIRS SPANNING THE HLA DQA1–DQB1 GENE REGION

Expected Frequency Observed Frequency
Locus Pair Allele Pair (pq) (X) LD* RLD†

DQCAR–G51152 182–215 14.4 0.5 0.139 0.963
DQCAR–G51152 182–223 10.6 21.1 0.103 0.977
DQCARII–DQCAR 200–182 14.0 23.1 0.089 0.638
DQCARII–G1152 200–215 8.2 0.0 0.082 1.000
DQCARII–G51152 200–224 7.3 1.4 0.058 0.795
DQCARII–DQCAR 200–196 6.3 0.7 0.056 0.888
DQCARII–DQCAR 198–182 10.0 5.1 0.050 0.495
DQCARII–DQCAR 186–182 4.7 0.0 0.047 1.000
DQCAR–G51152 196–223 4.8 0.2 0.045 0.948
DQCARII–G51152 198–223 4.3 0.0 0.043 1.000

* LD � linkage disequilibrium � pq [|X � pq|/Dmax] (adjusted for allelic frequencies).
† RLD � relative linkage disequilibrium � |X � pq|/Dmax. Dmax � min[pq, (1 � p)(1 � q)] when D� 	 0 or min[p (1 � q),

(1 � p) q] when D� 
 0.

reported between the HLA-DQA1 and -DQB1 genes in white 75-kb region of DNA-spanning HLA-DQA1 and -DQB1 genes
strongly suggests that HLA-DQB1 harbors sarcoidosis suscepti-populations (33, 38), the two genes that form bookends around
bility alleles. In addition, based on reported (41, 42) and mea-the DQCAR–DQCARII haplotype. Unfortunately, there is no
sured LD in the HLA-DRB1–DQA1–DQB1 gene region, HLA-disequilibrium measure totally independent of allele frequencies
DQA1 and -DRB1 are unlikely to be sarcoidosis susceptibility(39), which makes any comparison of D� values between locus
genes in our African-American study population. Allele-specificpairs tenuous. However, Zapta recently showed that for microsa-
typing of HLA-DQB1 that is currently underway should helptellite allele frequencies similar to those used in the present
confirm whether it is the primary sarcoidosis susceptibility genestudy, D� as a measure of LD is robust to variations in allele
for African Americans in the MHC Class II region.frequencies under most circumstances (40).
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