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The major locus for multiple sclerosis (MS) susceptibility is located
within the class Il region of the Major Histocompatibility Complex
(MHC). HLA-DRB1 alleles, constituting the strongest MS suscepti-
bility factors, have been widely exploited in research including
construction of transgenic animal models of MS. Many studies
have concluded that HLA-DRB1*15 allele itself determines MS-
associated susceptibility. If this were true, haplotypes bearing this
allele would confer equal risk. If HLA-DRB1*15 bearing haplotypes
differed for risk, roles for other loci in this region would be implied
and further study of the fine structure of this locus would be
compelling. We have tested the hypothesis comparing haplotypes
stratified by HLA class | tagging. We show here that HLA-DRB1*15-
bearing-haplotypes in 1970 individuals from 494 MS families are
indeed heterogeneous. Some HLA-DRB1*15 haplotypes determine
susceptibility while others do not. Three groups of class | tagged
HLA-DRB1*15 haplotypes were not over-transmitted: (i) HLA-
DRB1*15-HLA-B*08 (TR = 25, NT = 23, Odds Ratio = 1.09), (ii)
-HLA-B*27 (TR = 18, NT = 17, Odds Ratio = 1.06), and (iii) rare
HLA-DRB1*15 haplotypes (frequency <0.02). Rare haplotypes
were significantly different from common haplotypes, and trans-
missions were remarkably similar to those for class-I-matched
non-HLA-DRB1*15 haplotypes. These results unambiguously indi-
cate that HLA-DRB1*15 is part of a susceptibility haplotype but
cannot be the susceptibility allele itself, requiring either epistatic
interactions, epigenetic modifications on some haplotypes, or
nearby structural variation. These findings strongly imply that
differences among HLA-DRB1*15 haplotypes will furnish the basis
for MHC-associated susceptibility in MS and raise the possibility
that the MHC haplotype is the fundamental unit of genetic control
of immune response.

MHC | class Il | transmission

he origins of multiple sclerosis (MS) susceptibility, as with

many complex genetic diseases, remain uncertain. It is widely
believed that MS is a CD4" Thl-mediated autoimmune disease
(1, 2). This is supported by many studies based on experimental
autoimmune encephalomyelitis (EAE) models (3, 4), and by
genetic studies showing HLA class II genes represent the stron-
gest risk for MS (5-9). It is often assumed that the MS DR-
association is secondary to a role in antigen-presentation to
CD4* T cells responding to a myelin protein (2).

The evidence that familial risk in MS is determined by genes
is overwhelming, although broadly acting and as yet unidentified
environmental factors are undeniable in accounting for the
disease geography (10). Associations between MS and specific
HLA alleles are clear, but MS does not display the classical
Mendelian inheritance patterns attributable to a single locus (5,
11). Genome scans have shown few consensus linkages (5, 12-15)
or associations (16) additional to HLA genes. The highest
non-Major Histocompatibility Complex (MHC) lod score pre-
viously reported was for markers in chromosome 5p in the initial
Canadian cohort (5), which was also positive in a Scandinavian
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study (17). Zhang and colleagues (2005) found association with
the 5p candidate interleukin 7 (IL-7) receptor (15), subsequently
confirmed with supporting functional data (18, 19). A whole
genome association study has shown few significant effects
outside what had been previously highlighted by linkage, and the
effect sizes are very small at a population level (16), but larger
effects may pertain to individual families. Methods used to
estimate the contribution from the MHC may be inappropriate
since the assumptions made are not sustainable in MS (20). It has
been suggested that some 50% of susceptibility remains to be
found (21).

These efforts highlight the MHC as the main susceptibility
locus for MS. HLA-DRBI allelic subtypes have been widely
explored, including the construction of transgenic animal models
of MS transgenic for HLA-DRB1*15. Complexity in this region
clearly indicates an epistatic hierarchy of resistance and suscep-
tibility alleles at HLA-DRBI, which interact in cis and frans to
influence overall risk (8). Dense single nucleotide polymorphism
(SNP) typing localized association to the immediate region of
HLA class II (9). Reports from several case-control studies
suggesting an independent association with the HLA class 1
region (22-24) appear to be secondary to linkage disequilibrium
(LD) in family-based material (25). The problems of correcting
for LD and for concomitant epistatic interactions, which may be
haplotype-specific, are formidable for case-control studies.

Complex HLA-DRBI interactions have been demonstrated,
and specific susceptibility and resistance alleles and interactions
among them in frans have been identified (8). The roles of these
interactions have been extended in a recent study by evaluating
HILA-DRBI1, HLA-A, and HLA-B haplotypes requiring the con-
struction of 2-locus haplotypes (25). HLA-DRBI*15 haplotypes
were equally over-transmitted regardless of what common allele
was present at HLA-A and -B in cis or in trans, illustrating no
detectable independent effect of class I on susceptibility. These
findings did not rule out a class II-dependent functional inter-
action for class I indeed the long-range LD surrounding HLA
class I and II seen in this study as has characterized many other
systems has remained unexplained (25).

Analogies with murine immunogenetic studies imply that
HLA-DRBI loci themselves are involved directly in autoimmune
susceptibility but the data remain circumstantial in the case of
MS. Importantly, the probability of haplotype sharing of non-
HLA-DRBI*15 alleles between affected sibling pairs unexpect-
edly does not differ (26). Based on findings from pooled low
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Table 1. Two-locus haplotype transmissions of HLA-DRB1*15—HLA-A and HLA-DRB1*X—HLA-A from HLA-DRB1*15 positive (n = 536)
and negative parents (n = 452)

HLA-DRB1*15 Positive Parents (n = 536)

HLA-DRB1*15 Negative Parents (n = 452)

Comparison

Haplotypes TR NT OR X2 P Haplotypes TR NT OR X2 P X2 P

15-1 51 26 1.96 8.27 0.0040 X-1 119 113 1.05 0.16  0.69 5.21 0.022
15-2 136 55 2.47 34.81 3.64 X 10°° X-2 145 157 092 048 049 25.67 1.051 X 1077
15-3 140 59 2.37 33.95 5.67 X 102 X-3 93 73 1.27 2.41 0.12 8.048 0.0046
15-11 41 24 1.71 4.50 0.034 X-11 50 42 1.19 0.70  0.40 1.19 0.28
15-23 4 1 4.00 1.93 0.17 X-23 13 12 1.08 0.04 0.84 — 0.22
15-24 92 22 4.8 46.20 1.07 X 10~ X-24 51 63 0.81 1.26  0.26 31.53 1.96 X 10~8
15-25 20 5 4.00 9.64 0.0019 X-25 13 7 1.86 1.80 0.18 —t 0.14
15-26 11 9 1.22 0.20 0.65 X-26 12 27 0.44 5.77 0.016 — 0.046
15-29 4 16 0.25 7.71 0.0055 X-29 14 12 1.17 0.15 0.69 5.44 0.020
15-30 6 20 0.30 7.95 0.0048 X-30 9 15 0.60 1.50 0.22 1.24 0.27
15-31 2 4  0.50 0.68 0.41 X-31 17 12 142 086 035 — 0.19
15-32 10 4 250 2.66 0.10 X-32 12 15 080 033 0.56 — 0.071
15-33 2 10 0.20 5.82 0.016 X-33 5 11 0.45 2.25 0.13 0.78 0.38
15-68 10 5 2.00 1.70 0.19 X-68 24 37 0.65 2.77 0.10 — 0.039
TOTAL 529 260 2.035 91.71  1.00 X 10~ TOTAL 577 59 0.97 031 0.8 61.16 5.26 X 101>

HLA-DRB1*X refers to any allele other than HLA-DRB1*15.

TFisher’s exact test was used when the expected transmissions in any of the cells of the table were below 10. Uninformative MS families were excluded in this
analysis, which may contain parents homozygous for both class I/ll, and/or HLA identical parents for both class I/ll, and/or with missing class I/Il typing.

frequency haplotypes (25), we hypothesized that constructing
HLA class I and II haplotypes might differentiate among HLA-
DRBI1%15 alleles, imply MS susceptibility is not solely HLA-
DRBI*15 based and provide a tool for identifying the distin-
guishing features. Here we show that HLA class I alleles present
in cis allow construction of haplotypes, which demonstrate
marked risk heterogeneity, imply the HLA-DRBI alleles do not
mediate risk themselves and highlight the potential for regula-
tory or epigenetic effects in this region.

Results

Two-Locus Haplotype Transmissions of HLA-DRB1*15-HLA-A and HLA-
DRB1*X-HLA-A. Overall, HLA-DRBI1*15-HLA-A haplotypes were
529 times transmitted and 260 times not transmitted (P = 1.00 X
10721; Table 1). Most HLA-DRBI*15-HLA-A haplotypes, but
not all, appeared to be over-transmitted from parents to affected
offspring. Haplotypes that were significantly over-transmitted
included HLA-DRBI1*15-HLA-A*01 (P = 0.0040), -A*02 (P =
3.64 X 1079), -4%03 (P = 5.67 X 107%), -A*11 (P = 0.034),
-A*24 (P = 1.07 X 10~), and -4A*25 (P = 0.0019) haplotypes
(Table 1). Some haplotypes were especially over-transmitted (for
example: HLA-DRB1%15-HLA-A%*02, -A*03, -A*24), but even
the large size of this sample does not allow for definitive
comparison among over-transmitted haplotypes given the num-
ber of haplotypes and potential comparisons.

Unexpectedly, some haplotypes such as HLA-DRBI*15-
HLA-A*26 (P = 0.65) were neutral-transmitted, whereas other
haplotypes were significantly under-transmitted including
HLA-DRBI1%*15-HLA-A*29 (P = 0.0055), -A*30 (P = 0.0048),
and -4*33 (P = 0.016) haplotypes (Table 1). Increased trans-
mission of HLA-DRBI1*15-associated HLA-A alleles was not
present when parents lacked HLA-DRBI*15, and no signifi-
cant transmission distortions were observed for the totalled
HLA-DRBI%*X-HLA-A haplotypes (where X is any HLA-DRBI
allele other than HLA-DRB1*15) (P = 0.58) except for HLA-
DRBI*X-HLA-A*26 (P = 0.016), which was significantly
under-transmitted (Table 1).

Significant differences were found between most of the com-
monly over-transmitted HLA-DRB1*15-HLA-A haplotypes and
their paired corresponding HLA-DRBI1*X-HLA-A haplotypes.
Conversely, neutral-transmitted and under-transmitted HLA-
DRB1%15-HLA-A haplotypes had similar transmission patterns
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as compared with their paired HLA-DRB1*X-HLA-A haplotypes
(Table 1).

Two-Locus Haplotype Transmissions of HLA-DRB1*15-HLA-B and HLA-
DRB1*X-HLA-B. Mirroring the transmissions of HLA-DRBI*15-
HILA-A haplotypes, most HLA-DRBI*15-HLA-B haplotypes
also appeared to be over-transmitted including HLA-DRBI1*15-
HLA-B*07 (P = 3.19 X 10717), -B*18 (P = 5.20 X 10~%), -B*37
(P =0.041),-B*40 (P = 0.0030), -B*44 (P = 0.0059), -B*49 (P =
0.039),-B*51 (P = 0.00021), and -B*57 (P = 0.00018) haplotypes
(Table 2).

Haplotypes such as HLA-DRB1*15-HLA-B*08 (P = 0.77) and
-B*27 (P = 0.87) were neutral-transmitted, whereas other hap-
lotypes including HLA-DRBI1*15-HLA-B*13 (P = 0.10), -B*38
(P = 0.15), and -B*52 (P = 0.047) seemed to be under-
transmitted (Table 2). The totalled transmission of HLA-
DRB1*15-HLA-B haplotypes was 538 times transmitted and 260
times not transmitted (P = 7.49 X 10723 Table 2).

HILA-DRBI*X-HLA-B haplotypes were not over-transmitted
from HLA-DRBI*15 negative parents, and there were no signifi-
cant transmission distortions observed for the totalled HLA-
DRBI1*X-HLA-B haplotypes (P = 0.35) except for HLA-DRBI*X-
HLA-B*39 (P = 0.0090) and -B*49 (P = 0.022) haplotypes, which
were significantly under-transmitted (Table 2).

Significant differences were found between the common
HLA-DRBI1*15-HLA-B haplotypes and their paired HLA-
DRB1*X-HLA-B haplotypes. On the other hand, as with HLA-A
haplotypes, the rare HLA-DRBI*15 bearing haplotypes had
similar transmission patterns as compared with their corre-
sponding HLA-DRBI*X-HLA-B haplotypes (Table 2).

Two-Locus Haplotype Transmissions of HLA-DRB1*15-HLA-A/B and
HLA-DRB1*X-HLA-AIB: Categorized by Their HLA Class | Broad Sero-
logical Equivalents. In the HLA-A broad serological equivalent
analyses, HLA-A9 (with closely related HLA-A*23, and -A*24
allele groups; P = 2.20 X 10~!1), and -410 (with closely related
HILA-A%*25, and -A*26 allele groups; P = 0.011) carrying HLA-
DRBI*15 were significantly over-transmitted, whereas HLA-A19
haplotypes carrying HLA-DRBI1*15 (with closely related HLA-
A*29,-A%30,-A%31,-A*32, and -4 *33 allele groups; P = 0.00068)
were significantly under-transmitted. No significant transmission
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Table 2. Two-locus haplotype transmissions of HLA-DRB1*15—HLA-B and HLA-DRB1*X—HLA-B from HLA-DRB1*15 positive (n = 536)
and negative parents (n = 452)

HLA-DRB1*15 Positive Parents (n = 536)

HLA-DRB1*15 Negative Parents (n = 452)

Comparison

Haplotypes TR NT OR X2 P Haplotypes TR NT OR X2 P X2 P
15-7 263 104 2.53 71.22 3.19 X 107 X-7 60 58 1.03 0.03 0.85 17.39 3.044 X 10>
15-8 25 23 1.09 0.08 0.77 X-8 68 61 1.1 0.38 0.54 0.0056 0.94
15-13 4 10 0.40 2.66 0.10 X-13 11 16 0.69 093 0.34 0.59 0.44
15-14 6 4 1.50 0.40 0.53 X-14 14 12 1.17 0.15 0.69 —t 0.28
15-15 6 2 3.00 2.09 0.15 X-15 29 26 1.12 0.16 0.69 —t 0.16
15-18 31 7 4.43 16.37 5.20 X 10~5 X-18 31 21 1.48 1.92 0.17 —t 0.016
15-27 18 17 1.06 0.03 0.87 X-27 33 23 1.43 1.79 0.18 0.49 0.48
15-35 19 11 1.73 2.16 0.14 X-35 67 82 0.82 1.51 0.22 3.37 0.066
15-37 12 4 3.00 4.19 0.041 X-37 11 15 0.73 0.62 043 —t 0.031
15-38 2 6 0.33 2.09 0.15 X-38 3 10 0.30 3.77 0.052 —t 0.39
15-39 3 0 0.00 4.16 0.041 X-39 9 24 0.38 6.82 0.0090 —t 0.031
15-40 21 6 3.50 8.83 0.0030 X-40 14 17 0.82 0.29 0.59 —t 0.0090
15-41 2 4 0.50 0.68 0.41 X-41 5 4 1.25 0.11 0.74 —t 0.29
15-44 47 24 1.96 7.59 0.0059 X-44 71 66 1.08 0.18 0.67 3.94 0.047
15-49 20 9 2.22 4.28 0.039 X-49 6 17 0.35 5.26 0.022 —t 0.0020
15-51 22 4 5.50 13.72 0.00021 X-51 26 26 1.00 0.00 1.00 —t 0.0022
15-52 1 6 0.17 3.96 0.047 X-52 1 1 1.00 0.00 1.00 —t 0.39
15-55 3 0 0.00 4.16 0.041 X-55 2 8 0.25 3.60 0.058 —t 0.035
15-56 1 4 0.25 1.93 0.17 X-56 2 0 0.00 2.00 0.16 —t 0.14
15-57 20 3 6.67 14.07 0.00018 X-57 19 15 1.27 0.47 049 —t 0.011
15-58 6 4 1.50 0.40 0.53 X-58 3 7 0.43 1.60 0.21 —t 0.15
15-60 1 4 0.25 1.93 0.17 X-60 16 18 0.89 0.12 0.73 —t 0.22
15-62 3 0 0.00 4.16 0.041 X-62 27 24 1.13 0.18 0.67 —t 0.16
15-64 2 4 0.50 0.68 0.41 X-64 14 22 0.64 1.78 0.18 —t 0.34
TOTAL 538 260 2.069 96.85 7.49 X 1023 TOTAL 542 573 0.95 0.86 0.35 55.46 9.54 X 10-14

HLA-DRB1*X refers to any allele other than HLA-DRB1*15.

Fisher’s exact test was used when the expected transmissions in any of the cells of the table were below 10. Uninformative MS families were excluded in this
analysis, which may contain parents homozygous for both class I/ll, and/or HLA identical parents for both class I/ll, and/or with missing class I/Il typing.

distortions of non-HLA-DRBI*15 haplotypes were observed
(Table 3).

In the HLA-B broad serological equivalent analyses, HLA-B15
(with closely related HLA-B*51, and -B*52 allele groups; P =
0.024) and -B17 (with closely related HLA-B*57, and -B*58 allele
groups; P = 0.00094) were significantly over-transmitted in the
presence of HLA-DRBI*15, whereas HLA-BI6 (with closely
related HLA-B*38, and -B*39 allele groups; P = 0.76) and -B22
(with closely related HLA-B*55, and -B*56 allele groups; P =
1.00) were neutral-transmitted with HLA-DRBI*15. No signif-
icant transmission distortions of non-HLA-DRB1*15 haplotypes
were observed, except for HLA-DRBI*X-HLA-B16 (with closely
related HLA-B*38, and -B*39 allele groups; P = 0.0012), which
was significantly under-transmitted (Table 3).

Transmission of Common and Rare HLA-DRB1*15 Haplotypes. Two-
locus (HLA-DRB1*15-HLA-A and HLA-DRBI*15-HLA-B) hap-
lotypes were separated into 2 groups: () common, and (ii) rare,
based on their haplotype frequency (greater or less than 0.02).
The common HLA-DRBI*15-HLA-A and HLA-DRBI*I5-
HLA-B haplotypes were significantly different as compared with
their corresponding rare HLA-DRBI*15 bearing haplotypes
(P =1.60 X 10719, P = 1.12 X 107 %, respectively). The common
HLA-DRBI1*15 positive haplotypes were found to be signifi-
cantly over-transmitted, whereas the rare HLA-DRBI*15 posi-
tive haplotypes were mostly neutral-transmitted or under-
transmitted (Table 4).

Discussion

A strong association between the HLA-DRBI*15 allele and MS
has been shown in studies of northern Europeans and their
descendants. MS susceptibility has been variably attributed to

Chao et al.

alleles at the HLA-DR (27, 28) and HLA-DQ loci (29), but
epistasis (gene-gene interactions) in this region is demonstrably
strong (8, 29). Unexpectedly, sharing of haplotypes between
affected sibling pairs from non-HLA-DRBI1*15 bearing families
is not less than in HLA-DRBI*15 bearing families (26). This
finding suggested heterogeneity among HLA-DRBI*15 haplo-
types. The concept that risk is dependent on factors peculiar to
some but not all haplotypes thereby directs attention away from
the structural elements of HLA-DRBI gene itself.

This study has incorporated family data with haplotype trans-
mission disequilibrium test (TDT), which simultaneously as-
sesses linkage and association. Haplotypes produce more defin-
itive transmissions than do the alleles encompassing them, and
this tends to increase power. However, the larger number of
haplotypes relative to alleles at individual loci tends to decrease
power due to the additional degrees of freedom required for the
analysis (30) and may account for why the findings reported here
have not previously been detected.

To overcome these limitations, the current study included an
exceptionally large sample of MS families, focusing analysis on
particular haplotypes and groups of haplotypes. HLA-DRBI*15
haplotypes have been assembled into their HLA-A or HLA-B
broad serological equivalents (see Table 3), and have also been
assigned as either common or rare based on their transmission
frequencies (see Table 4).

In the analyses of HLA-A broad serological equivalents, we
found that the closely related HLA-A4*23 and -A*24 allele groups
(HLA-A9), and HLA-A*25 and -A*26 allele groups (HLA-A10)
carrying HLA-DRBI*15 were significantly over-transmitted,
whereas HLA-A19 haplotypes (with closely related HLA-A%29,
-A*30, -A*31, -A*32, and -A*33 allele groups) carrying HLA-
DRB1*15 was significantly under-transmitted. For the HLA-B

PNAS | September2,2008 | vol. 105 | no.35 | 13071

MEDICAL SCIENCES



Lo L

P

2N

Table 3. Two-locus haplotype transmissions of HLA-DRB1*15/X—HLA-A and HLA-DRB1*15/X—HLA-B from HLA-DRB1*15 positive
(n = 536) and negative parents (n = 452) pooled by their HLA class | broad serological equivalents

Broad HLA-DRB1*15 Positive Parents (n = 536) HLA-DRB1%*15 Negative Parents (n = 452) Comparison
Serological
Equivalents Haplotypes TR NT OR X2 P Haplotypes TR NT OR X2 P X2 P
HLA-A9 15-23 4 1 400 193 0.17 X-23 13 12 1.08 0.04 0.84 —t 0.22
15-24 92 22 4.18 46.20 1.07 x 10-" X-24 51 63 081 126 0.26 31.53 1.96 X 108
Total 96 23 4.17 4478 220 x 10~ M Total 64 75 085 087 0.35 32.64 1.11 X 108
HLA-A10 15-25 20 5 400 9.64 0.0019 X-25 13 7 18 180 0.18 —t 0.14
15-26 11 9 122 0.20 0.65 X-26 12 27 044 577 0.016 — 0.046
Total 31 14 221 642 0.011 Total 25 34 074 137 0.24 7.22 0.0072
HLA-A19 15-29 4 16 0.25 7.71 0.0055 X-29 14 12 1.17 0.15 0.69 5.44 0.020
15-30 6 20 030 7.95 0.0048 X-30 9 15 060 150 0.22 1.24 0.27
15-31 2 4 050 0.68 0.41 X-31 17 12 142 086 0.35 — 0.19
15-32 10 4 250 2.66 0.10 X-32 12 15 0.80 0.33 0.56 —t 0.071
15-33 2 10 0.20 5382 0.016 X-33 5 11 045 225 0.3 0.78 0.38
Total 24 54 044 1154 0.00068 Total 57 65 088 053 047 5.024 0.025
HLA-B15 15-51 22 4 550 13.72 0.00021 X-51 26 26 1.00 0.00 1.00 —t 0.0022
15-52 1 6 0.17 3.96 0.047 X-52 1 1 1.00 0.00 1.00 — 0.39
Total 23 10 230 5.12 0.024 Total 27 27 1.00 0.00 1.00 3.25 0.071
HLA-B16 15-38 2 6 033 209 0.15 X-38 3 10 030 3.77 0.052 —t 0.39
15-39 3 0 0.00 4.6 0.041 X-39 9 24 038 6.82 0.0090 — 0.031
Total 5 6 083 0.091 0.76 Total 12 34 035 10.52 0.0012 — 0.13
HLA-B17 15-57 20 3  6.67 14.07 0.00018 X-57 19 15 1.27 047 0.49 —t 0.011
15-58 6 4 150 040 0.53 X-58 3 7 043 160 0.21 — 0.15
Total 26 7 371 10.94 0.00094 Total 22 22 1.00 0.00 1.00 — 0.0068
HLA-B22 15-55 3 0 0.00 4.16 0.041 X-55 2 8 0.25 3.60 0.058 —t 0.035
15-56 1 4 025 193 0.17 X-56 2 0 0.00 200 0.16 — 0.14
Total 4 4 1.00 0.00 1.00 Total 4 8 05 133 0.25 — 0.28

HLA-DRB1*X refers to any allele other than HLA-DRB1*15.
Fisher’s exact test was used when the expected transmissions in any of the cells of the table were below 10. HLA-A*23 and -A*24 are serological equivalents
of HLA-A9. HLA-A*25 and -A*26 are serological equivalents of HLA-A10. HLA-A*29, -A*30, -A*31, -A*32, and -A*33 are serological equivalents of HLA-A19.
HLA-B*51 and -B*52 are serological equivalents of HLA-B15. HLA-B*38 and -B*39 are serological equivalents of HLA-B16. HLA-B*57 and -B*58 are serological

equivalents of HLA-B17. HLA-B*55 and -B*56 are serological equivalents of HLA-B22.

broad serological equivalent analyses, HLA-BI5 (with closely
related HLA-B*51, and -B*52 allele groups) and -BI7 (with
closely related HLA-B*57, and -B*58 allele groups) were signif-
icantly over-transmitted in the presence of HLA-DRBI*I5,
whereas HLA-DRB1*15 bearing HLA-B16 and -B22 haplotypes
were neutral-transmitted (including closely related HLA-B*38,
-B*39 allele groups, and HLA-B*55, -B*56 allele groups respec-
tively; see Table 3).

We have shown in MS that alleles at HLLA-DRBI1, HLLA-A and
HILA-B are not randomly transmitted, instead alleles tend to be
associated with other alleles in a set or cassette of common
haplotypes. This long range and discontinuous LD between HLA
class I and II has already been described previously (25). Since
transmissions to affected offspring among parental HLA-
DRBI1*15 haplotypes are significantly different, it is plausible
that HLA-DRBI*15 bearing HLA-A9 (HLA-A23, and -A*24),
-A10 (HLA-A*25, and -A*26), -B15 (HLA-B*51, and -B*52) and
-B17 (HLA-B*57, and -B*58) haplotypes had different functional
properties under selection as compared with HLA-DRBI*15
bearing HLA-A19 (HLA-A*29,-A%30,-A*31,-A*32, and -4 *33),

-B16 (HLA-B*38, and -B*39) and -B22 (HLA-B*55, and -B*56)
haplotypes. These observations may well reflect more general
characteristics of this region, which may be present in many other
autoimmune related diseases.

General over-transmission of HLA-DRBI*15 positive 2-locus
haplotypes have been observed for most of the common haplo-
types (see Table 4). However there were notable exceptions, with
HLA-DRBI1*15-HLA-B*08 and HLA-DRBI*15-HLA-B*27, 2 of
the common haplotypes, along with pooled rare haplotypes
taken together. Not only were the transmissions of rare haplo-
types significantly different from the common haplotypes, but
their transmissions were also remarkably similar as compared
with non-HLA-DRBI1%15 haplotypes matched at HLA class 1.
For example, when parents are positive for HLA-DRBI*15, the
transmission of HLA-DRBI1*15 haplotypes carrying HLA-B*07
was significantly increased, but the transmission of HLA-
DRBI*15 haplotypes bearing HLA-B*08 was neutral. Further-
more, the transmission of HLA-DRBI1*15-HLA-B*08 (Odds
Ratio [OR] = 1.09) was no different from its paired HLA-
DRBI*X-HLA-B*08 haplotype (OR = 1.11). This differential

Table 4. A comparison of common and rare HLA-DRB1*15—HLA-A and HLA-DRB1*15—HLA-B haplotypes transmission

Common Haplotypes Rare Haplotypes Comparison
Haplotypes TR NT OR X2 P TR NT OR X2 P X2 P
HLA-DRB1*15—HLA-A 480 191 2.51 124.47 6.64 X 10~2° 49 69 0.71 3.39 0.066 40.90 1.60 X 1010
HLA-DRB1*15—HLA-B 470 184 2.55 125.07 4.91 X 102 68 76 0.89 0.44 0.50 32.63 1.12 X 10~8

Two-locus (HLA-DRB1*15—HLA-A, and HLA-DRB1*15—HLA-B) haplotypes were separated into two groups: 1) Common haplotypes with haplotype frequency
greater than 0.02, and 2) Rare haplotypes with haplotype frequency less than 0.02.
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transmission was also evident among other 2-locus HLA-
DRB1*15/X haplotypes.

These observations indicate unequivocally that HLA-
DRBI*15 haplotypes are heterogeneous and not all HLA-
DRBI*15 haplotypes are associated with MS susceptibility.
This contradicts expectations of disease-related antigen-
specific HLA-DRBI allele restriction as the basis for MHC
association. TDT analysis of HLA class I and class II haplo-
types reveals at least 3 populations of HLA-DRB1*15 haplo-
types, including those that are over-transmitted (susceptible),
neutral-transmitted/under-transmitted (non-susceptible). The
differential transmissions of these susceptible and non-
susceptible HLA-DRBI1*15 haplotypes were confirmed by the
contingency table analysis for common and rare haplotypes
(see Table 4). This is not accounted for by differences in the
alleles themselves and places focus on adjacent variation in
regulatory regions and on the importance of extended haplo-
types containing alleles in LD.

In this study we have demonstrated that HLA-DRB1*15 is part
of a susceptibility haplotype, but cannot be viewed as a MS
susceptibility allele itself. The alleles or haplotypes can be
considered as markers for differential susceptibility carried by
these haplotypes, which would generate a ready approach to
identify haplotype-specific variation responsible for disease risk
in a region of the genome characterized by extraordinary poly-
morphism. Furthermore, increased haplotype sharing accompa-
nied by the absence of distorted haplotype transmission in the
HILA-DRBI*15 negative families highlights the possibility of
epigenetic modification of HLA-DRBI haplotypes.

These novel findings strongly imply that differences between
susceptible (over-transmitted) and non-susceptible (neutral-
transmitted/under-transmitted) HLA-DRBI*15 haplotypes in
HLA-DRBI1*15 positive families, complemented by increased
haplotype sharing in the absence of increased haplotype trans-
mission in HLA-DRBI*15 negative families will contain the basis
for MHC-associated risk in MS and may shed light on the nature
of HLA class I-II LD. We also believe that these findings will
be a general phenomenon, with wider relevance for other
MHC-associated complex disease phenotypes, and animal
model construction.

The difference between common and rare haplotypes is
intriguing and suggests the differences among them in terms of
disease risk may relate to evolutionary age and the timing of
divergence of the rarer haplotypes from common ancestral trees.
Additionally, contributions from selection might reasonably be
expected. The findings in this study suggest that the fundamental
unit of immunogenetics may be a haplotype-based functional
cassette rather than a single histocompatibility allele and its
ability to bind specific peptides as has been widely believed.
Although the findings are derived from a single autoimmune
disease they further raise the possibility that epistatic interac-
tions of HLA class II alleles with as yet unidentified linked
variation (such as seen in the HLA class I loci) determine
immune responses more generally.

Methods

Subjects. We selected 1970 individuals from 494 MS families as part of an
ongoing Canadian Collaborative Project on the Genetic Susceptibility to MS
(CCPGSMS), for which the methodology has been described previously (31).
Informed consent was obtained from all subjects and the experiments per-
formed for this investigation comply with current guidelines and ethics. All
families were Canadian and of European descent. The family types included
are type 1 [families with both parents positive for HLA-DRB1*15 (either
heterozygous or homozygous for HLA-DRB1*15)], type 2 [families with one
parent positive for HLA-DRB1*15 (either heterozygous or homozygous for
HLA-DRB1%*15), and one parent negative for HLA-DRB1*15], and type 3 [fam-
ilies with both parents negative for HLA-DRB1*15].

This study used an expanded cohort of families from a previous study
(25). In that previous study, a total of 1258 individuals from 294 MS families
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were included. In this current study, an additional independent cohort
consisting 712 individuals from 200 MS families were included, which
confirms the findings from the previous study (25). When comparing the 2
cohorts, we found no differences for the HLA class I/ll haplotype transmis-
sions, and the haplotype TDT patterns were very similar between the 2
datasets (data not shown). Therefore, we have decided to pool the 2
cohorts together for this study. The initial dataset (25) generated the
hypotheses tested in this study, which asks if there are any HLA-DRB1*1501
haplotypes tagged by HLA class | that are different for risk. By using this
enlarged cohort of 1970 individuals from 494 MS families, we were able to
adequately address this question.

HLA Typing. The genotyping for the HLA-DRB1 was performed using either
low- or high-resolution allele-specific PCR amplification method (8). Low-
resolution HLA-DRB1 genotypes were obtained by a combination of 24 PCR
reactions, and high-resolution HLA-DRB1 genotypes were obtained with an
additional 48 PCR reactions. In each individual reaction, positive control
primers were designed to amplify a second non-polymorphic genomic control
segment. Amplified products were separated by electrophoresis in 2% aga-
rose gels containing ethidium bromide after the addition of loading buffer,
and visualized them using UV illumination.

The genotyping for the HLA-A and HLA-B were performed using a low-
resolution allele-specific PCR amplification method (32). Low-resolution
HLA-A and HLA-B genotypes were obtained by a combination of 96 PCR
reactions. PCR products were electrophoresed in 1% agarose gels containing
ethidium bromide after the addition of loading buffer and visualized using UV
illumination.

Statistical Methods. The family pedigree files were first tested using the
PEDCHECK program (33) for the presence of errors in Mendelian transmission.

Two-locus (HLA-DRB1-HLA-A, and HLA-DRB1-HLA-B) haplotypes were con-
structed. Transmissions of HLA-DRB1*15 haplotypes from HLA-DRB1*15 pos-
itive parents, and transmissions of HLA-DRB1*X haplotypes (where X refers to
any allele other than HLA-DRB1*15) from HLA-DRB1*15 negative parents
were analyzed. To eliminate the main affect of HLA-DRB1*15, transmissions of
HLA-DRB1*X haplotypes from HLA-DRB1*15 heterozygous parents (for ex-
ample: 15/X, where X refers to any allele other than HLA-DRB1*15) were not
counted. Transmissions of HLA-DRB1*X haplotypes were only counted from
HLA-DRB1*15 negative parents (for example: X/X, where X refers to any allele
other than HLA-DRB1*15).

Parents positive for HLA-DRB1*15 can either be heterozygous or homozy-
gous for HLA-DRB1*15, whereas HLA-DRB1*15 negative parents can bear any
HLA-DRBT allele except HLA-DRB1*15. The "“Total HLA-DRB1*15 Positive Par-
ents” includes all parents from Type 1 families plus the HLA-DRB1*15 positive
parents from Type 2 families, whereas the "“Total HLA-DRB1*15 Negative
Parents” includes all parents from Type 3 families plus the HLA-DRB1*15
negative parents from Type 2 families (see Subjects section for details).

TDT was performed for each locus individually and also to multilocus
haplotypes using the UNPHASED program (ref. 34 and www.hgmp.mrc.ac.uk).
Since this study reports no independent associations of HLA class I alleles,
correction for multiple testing was not applied, and all P-values in tables were
presented as uncorrected P-values (Pyncorrected)-

Two-locus HLA-DRB1*15 bearing haplotypes (HLA-DRB1*15-HLA-A and
HLA-DRB1*15-HLA-B) were categorized by their HLA-A and HLA-B broad
serological equivalents, and the totals of the allele/haplotype groups were
calculated. Furthermore, 2-locus HLA-DRB1*15 bearing haplotypes (HLA-
DRB1*15-HLA-A and HLA-DRB1*15-HLA-B) were then separated into 2
groups: (i) common haplotypes with frequency >0.02, and 2) rare haplotypes
with frequency <0.02. This threshold of 0.02 used to assign common or rare
haplotypes is only arbitrary and was considered based on the sample size and
the haplotypes transmission probabilities.
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