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Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating
autoimmune disease of the CNS [1]. Although MRI is recognized
as the most informative surrogate marker [2], the diagnostic value
of MRI in MS remains insufficient [3]. Glial activation is a key
feature in the neuroinflammatory MS pathology, and glial
activation from the early phase of MS is suggested by a MRS
study [4]. Microglial activation has also been shown in PET
studies [5,6]. However, astrocyte activation in MS has not been
evaluated in vivo due to the lack of an appropriate radioligand,
despite the astrocytosis observed from the early phase of disease
and the important role potentially played by astrocytes [4,7,8].

Acetate is converted into fatty acids by the key enzyme acetyl-
CoA synthase and metabolized in the citric acid cycle. ' C-acetate
has been used as a tracer to evaluate cardiac oxidative metabolism
[9] and later used as a PET biomarker in patients with renal cell

PLOS ONE | www.plosone.org

carcinoma, hepatocellular carcinoma, prostate cancer, and mul-
tiple myeloma [10,11,12,13]. In the CNS, ''C-acetate PET has
proven useful for the diagnosis of astrocytoma [14] because acetate
is preferentially absorbed into astrocytes by the monocarboxylate
transporter (MCT) [15,16]. Notably, the expression of MCT is
increased in MS brains [17]. Therefore, we surmised that ''C-
acetate PET could be a useful diagnostic tool in combination with
MRI, and we investigated the utility of ''C-acetate PET for the
diagnosis of MS and evaluated the astrocyte activity in the MS
brain.

Materials and Methods

Subjects and clinical evaluation
Six patients with relapsing-remitting MS were evaluated. All
patients were in the remission phase. Disability was assessed based
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on the Expanded Disability Status Scale (EDSS) [18]. Six healthy
volunteers (HV) served as normal controls (Table 1). This study
was approved by the Ethics Committee of Osaka University
Hospital, and written informed consent was obtained from each
participant.

MRI

MRI was performed using a GE SIGNA HDxt 3.0-T or a
Phillips Achieva 3.0-T scanner. Three-dimensional (3D) structural
MRI was performed for each subject using a T1-weighted spoiled
gradient recalled (SPGR) sequence (axial plane; slice thickness,
0.90/0.95 mm; matrix size, 512x512; in-plane resolution,
0.47x0.47 mm; TR, 2.144 to 2.192/2.477 to 2.53 ms; TE,
6.908 to 7.108/6.000; flip angle, 18°/15°) and T2-weighted two-
dimensional fast spin echo sequences (axial plane; FOV 250 mmy;
matrix size, 512x512; slice thickness, 5 mm; interslice gap, I to
1.5 mm; TE, 89/80 ms; TR, 4500/3000 m:s).

PET

PET was performed using a SET-3000 GCT/X scanner
(Shimadzu Corp., Kyoto, Japan). ''C-acetate was synthesized by
carbonation of Grignard reagent followed by acid hydrolysis. ''C-
carbon dioxide reacted with methylmagnesium bromide followed
by hydrolysis with hydrochloric acid to yield 'C acetic acid [19].
The radio chemical purity was greater than 98%. A total of
370 MBq of the tracer was administered intravenously, and a 20-
min emission acquisition was initiated 20 min later. PET images
were obtained in a 3-D mode. The images were reconstructed
using a filtered-back projection method after 3D Gaussian
smoothing with a 6-mm full width at half maximum (FWHM).
Scatter correction was performed using a hybrid dual-energy
window method combined with a convolution-subtraction meth-
od, and the true scatter-free component of the standard photopeak
window was estimated sonographically. All PET images were
reconstructed in 256 X256 x99 anisotropic voxels, with each voxel
measuring 1 x1x2.6 mm.

Data analysis

Whole brain VOI analysis. All procedures were performed
using a personal computer (DELL Precision T7400; DELL Inc.,
Round Rock, TX, USA) running on Microsoft Windows 7
(Microsoft Corp., Redmond, WA, USA). The 3D Tl-weighted
MRI scan was re-sliced in the native space of each subject using a
1.0x1.0x1.0 mm voxel size. The results were first categorized as
GM, WM, and CSF, then spatially normalized using the unified
model [20] of Statistical Parametric Mapping (SPM) 8 (Wellcome
Department of Imaging Neuroscience: http://www fil.ion.ucl.ac.
uk/spm/) according to the optimized voxel-based morphometry
(VBM) protocol [21]. This generated both spatial normalization
matrices and inverse spatial normalization matrices. The resulting
normalized GM map was transformed into native space using an
inverse spatial normalization matrix. To generate VOI for GM
and/or WM, binary mask images for the GM and/or WM were
created using the segmented images in the native space of each
subject. The binary mask image boundary was set at 35% of the
maximum GM or WM concentration as described in previous
studies [22,23].

The ''C-acetate PET images were co-registered with the
resliced 3D Tl-weighted MRI using the SPMS8 registration
function based on the mutual information. The co-registration
precision was inspected with the “Check Registration” tool in
SPM8. Then, the co-registered PET images were spatially
transformed using normalization and/or inverse normalization
matrices identical to those generated in the previously described
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automatic segmentation process. The ''C -acetate uptake in the
GM and WM VOI was analyzed using the binary masks within
the native space.

To minimize contamination from the spill-in effect of adjacent
brain segments, the spill-in-free VOIs of GM and WM were
generated by the VOI erosion process. First, the binary masks
were blurred by convolution using the point spread function of the
PET scanner (presumably a simple isotropic Gaussian kernel with
a FWHM of 8 mm). The spill-in-frec gray matter mask G is
expressed as follows:

G={xe GIW(x)<0.1},

where x is a voxel, G is the gray matter binary mask, and W(x) is
the blurred image of the white matter binary mask (i.c. spill-in
fraction from the white matter to the voxel x). The spill-in-frce
white matter mask was also constructed as described above. Spill-
in from CSF was assumed as zero. VOI analysis for ' C-acetate
uptake using spill-in-freec GM and WM masks was also performed
(Figure S1).

The relative standardized uptake value (SUVY) served as the
uptake indicator for analysis; the regional standardized uptake
value (SUV) was divided by the mean SUV within the bilateral
thalami of ecach subject. The Mann-Whimey U test was
performed to determine  significance of G -acetate SUVt
differences between MS and HV. The significance level was
designated at p<<0.05.

Voxel-based statistical analysis. Voxcl-based whole brain
SUVt in the MS and HV groups was compared using Statistical
Parametric Mapping (SPM) 8 (Wellcome Department of Imaging
Neuroscience). The spatially normalized PET images were
smoothed using a 12-mm FWHM isotropic Gaussian kernel,
which conditions the residuals to conform more closely to the
Gaussian random field model underlying the statistical adjustment
of the p values, The SPM statistical model used voxel-by-voxel
“two-sample T-test with covariates,” which designated age as a
nuisance variable in order to detect voxels showing a significant
age-adjusted SUV difference between the MS and HV groups.

11C-acetate uptake and the MR images correlation
assessment. The T2 and T1 black hole lesions were indepen-
denty recorded visually by three observers. T'1 black holes were
defined as visible hypointense regions on the T'1- weighted images
coincident with a high signal intense region on the T2-weighted
images. Each MRI mask image was divided into its hemispheres to
create the hemispheric VOIs. Pearson product moment correla-
tion analyses were performed to assess the association between the
number of MRI lesions, and the SUV of H(-acetate was accessed
from the hemispheric VOIs of the GM and WM. Statistical
significance was designated at p<<0.05.

Statistical analysis

The data in Fig 1 and Table S1 were analyzed using the Mann—
Whitney U test. ANCOVA was used to assess the differences
between age-adjusted groups illustrated in Fig 2B-G, and Pearson
product moment correlation analyses were performed for data in
Fig 3, SPSS 14.J was used for statistical analysis.

Results

VOI analysis of the ''C-acetate SUV revealed that the mean
SUV was higher in the MS patients than in the HV in all regions
assessed (Fig 1A). To evaluate the regional distribution of ''C-
acetate uptake independent of physiologic variation in the whole
brain, we calculated the relative uptake value (SUV), which is the

PLOS ONE | www.plosone.org

11C-Acetate PET for Multiple Sclerosis

regional SUV divided by the mean SUV within the bilateral
thalami of cach participant (Fig 1B). The thalamus served as the
reference region because it is rarvely involved in MS pathology
[24], and the SUV difference between the thalamus of HV and
MS patients was the least among brain regions, as shown in
Fig 1A, Each regional SUVt in the MS patients were increased
particularly in the parietal, occipital, and insula regions.

Spatially normalized group mean images of ' C-acetate SUVt
automatically segmented based on MRI showed increased uptake
in both WM and GM in MS patients (IMig 2A). The SUVt of MS
patients was significantly higher than that of HV in both WM
(p=0.002) and GM (p=0.001). In addition, all six MS patients
had a significandly higher WM/GM SUV ratio than the six HV
(p=10.009) (Fig 2B-D). This trend was consistently observed even
after accommodating spill-in effect from adjacent brain segments
(Fig 2L-G). Collectively, the ''Ceacetate uptake  significandy
increased in both the WM and GM of MS patients, and this
increase was more predominant in WM. The whole brain SPM
analysis revealed a significant increase in SUVt of voxel cluster in
MS patients compared to HV, primarily in the subcortical frontal,
parietal, and occipital regions; no voxels showed a significantly
lower SUVE in MS patients compared to HV {Fig 2H).

The voxel-based t-statistic for the WM tracts showed a
significantly increased mean  T-score, predominantly in the
superior longitudinal fasciculus, posterior thalamic radiation, and
sagittal stratum, with the highest local maximum T-score in the
corpus callosum (Table 52).

We then assessed potential correlation between "'C-acetate
SUV and MRI brain lesions. The mean SUV in WM was
significantly correlated to the number of T1 black holes
(R*=0.5059, p=0.009) and T2 lesions (R*=0.4594, p=0.015)
(Fig 3A, B). The mean SUV in GM also corrclated to the number
of T1 black holes (R*=0.4088, p=0.025) and T2 lesions
(R?=0,3952, p =0.029) (Fig 3C, D). The correlation to the EDSS
score and discase duration did not reach statistical significance.

Discussion

There have been few studies imaging astrocytes in vivo using
"Cacetate PET. In MS, astrocyte proliferation [25] and
formation of scars composing a dense network of hypertrophic
cells are characteristics of the M histopathology [8]. An increased
MCT expression in astrocytes within MS lesions was recently
shown by immunohistochemical analysis [17], which suggest an
increase in astrocyte metabolism. However, latent autoantibody-
mediated astrocyte damage [26] supposedly decreases the
metabolic activity, and therefore, the metabolic activity of
astrocytes in MS brains remains undetermined. In this study, we
observed a significantly increased brain uptake of the radioligand
"'C-acetate in MS patients. Our study revealed for the first time
that astrocytes are generally activated in MS brains based on the
acetate metabolism.

Representative studies showed that a higher value in the kinetic
parameter, which indicates the washout level of ''C-acetate,
reflects the astrocyte reactivity in normal rats and healthy humans
[27]. In MS, however, compared to HV, the pathologic changes in
the severity of ''C-acetate accumulation may be much more
prominent than the changes related to physiologic activation in
healthy humans. Therefore, a slight increase in the washout speed
may be inapparent in the PET SUV in MS. Furthermore, because
the perfusion in the normal appearing white matter decreased in
MS [28], the increase in ' C-acetate uptake by static PET may be
underestimated due to a reduced CBF in MS.
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Figure 1. "'C-acetate CNS biodistribution. (A)Mean standardized uptake value (SUV) of each lesion. (B) Relative SUV compared to that of the
thalamus (SUVt). Data are expressed as the mean * standard error of the mean (SEM) (n=6). The Mann-Whitney U test showed a significant
difference in the median between the HV and MS groups (*:p<<0.0055 after Bonferroni correction). HV = healthy volunteers, MS = multiple sclerosis.
doi:10.1371/journal.pone.0111598.g001
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Figure 2. ''C-acetate uptake distribution and quantification in MS patients. (A)Spatially normalized group mean images of ''C-acetate
SUVt automatically segmented based on MRI. VOI analysis summarizing the mean SUVt in WM (B) and GM (C), and the WM/GM SUV ratio (D) in the HV
and MS groups. The identical analysis performed using spill-in-free VOIs are also shown (E-G). The p-value was calculated using the analysis of
covariance to adjust the variance of age. (H) The SPM analysis result is overlaid onto the T1-weighted brain MRI template. Colored voxels indicate T-
scores representing significantly increased ''C-acetate uptake (SUVY) in patients with MS compared to HV patients. The spatially normalized PET
images were smoothed for the analysis using a 12-mm FWHM isotropic Gaussian kernel. The significance thresholds are corrected for multiple
comparisons at the cluster level with a p-value of 0.05 (family-wise error correction). SUV: standardized uptake value.
doi:10.1371/journal.pone.0111598.g002
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The increased uptake was more pronounced in the WM,
although a significant increase was observed in both the WM and
GM. A significantly increased uptake was observed primarily
within the subcortical WM on the voxel-based statistical analysis
(Fig. 2H). On the voxel-based statistical analysis of the WM tracts,
the distribution of the increased acetate uptake was similar to that
in regions of axonal damage in DTT studies (Table S2). Recent
voxel- and tract-based analyses in DTT studies revealed wide-
spread damage to the subcortical WM, particularly in the sagittal
stratum, corpus callosum, posterior thalamic radiation, and corona
radiata [29]. These data suggested that the region-dependent
increased acetate uptake was induced by the reactive astrocyte
coexisting with heterogencously dispersed MS lesions detected in
DTT studies (Iig. 2H and Table 82). Although inflammatory WM
demyelination detected by conventional MRI is a cardinal feature
of MS, pathologic changes exist even in normal appearing WM
and GM [30]. Astrocyte pathology precedes demyelination in an
animal model [31]; astrocyte hypertrophy occurs at the leading
edge of acute MS lesions, followed later by astrocytic scarring [8].
Thus, the altered astrocyte activation is presumably involved in
MS pathophysiology [4,7,32]. Correlation between the radial
diffusivity quantified by DTI and T1 black hole formation are
recognized markers of axonal loss and tissue destruction [33,34].
In the present study, the strongest correlation was detected
between the mean SUV in WM and the T'1 black hole number,
suggesting that the mean SUV may correlate with axonal damage.
The mean SUV in GM also increased and correlated with the
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number of MRI lesions, suggesting cortical astrocyte involvement
in MS pathology. Cortical involvement and subsequent cognitive
decline occur in approximately half of MS patients [35]. However,
little information exists on the pathophysiologic involvement of
cortical astrocytes [36]. Normally, astrocytes supply lactate to
neurons for oxidation [37], and metabolic dysfunction of neurons
and glial cell activation likely occurs in the MS brain [25].
Moreover, astrocytes are associated with preclinical axonal
damage in an animal model of MS [38]. These results suggest
that the increased ''C-acetate uptake within GM may reflect
astrocyte-associated cortical damage in MS.

The present study has a few limitations. First, ''C-acetate
uptake in MS plaques was not assessed separately because most
plaques were so small that a partial volume effect caused by the
relatively low resolution of PET was inevitable. Second, the
analysis was performed on static PET data instead of kinetic
parameters. In the present study, the data acquired between 20 to
40 min after tracer administration were summed to build static
uptake images because the time activity curve stabilized after
20 min (data not shown). Regional uptake distribution may be
contaminated by the dispersion of radioactive metabolites.
However, in our study, 1-1C-acetate was used, and its dispersion
of labeled metabolites was the smallest among the various types of
acetate tracers [39,40]. In addition, because almost all the tracer
was first absorbed through MCT-1 expressed within astrocytes
according to their reactivity, the summed radioactivity is thought
to reflect the first uptake of ''C- acetate and its subsequent
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metabolism by reactive astrocytes. Finally, because the mean age
was higher in the control group than in the MS group, we used the
ANCOVA to assess the differences among the age-adjusted SUVt.
Although the mean age of MS patients was generally lower than
that of the healthy volunteers, age did not significantly affect the
increased uptake of ''C-acetate in MS patients.

Conclusions

The present study suggests that the pathologic white matter
changes in patients with MS can be detected by non-invasive static
"'C-acetate PET, which may be an effective MS diagnostic tool.
Development of clinically applicable monocarbonic acid tracers
labeled with longer half-life radioactive nuclides are needed, as are
further studies enrolling more participants, including those in the
early and relapse phases.

Supporting Information

Figure S1 Binary mask imaging parameters for VOI
analysis. The scheme of VOI analysis is described. A: ’C-
acetate PET, B: 3D MRI, C: Co-registration, D: Spatial
normalization to the MNI space, E/F: Segmented GM/WM
map in the MNI space, G/H: GM/WM binarized mask in the
original space of the subject, I/]: Eroded version of G/H for spill-
in-free VOI analysis, K-IN: GM/WM masks overlaid onto PET in
the original space of the subject. MNI: montreal neurological
institute. £ Transformation matrix for spatial normalization, {~":
Inverse of the transformation.

(TIF)
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Introduction A*0201 allele appears to be a protective allele [3]. In the Japanese
. ) ) o o population, we and others reported that conventional MS (CMS)
Multiple sclerosis (MS) is a chronic inflammatory demyelinating is associated with HLA-DRBI*1501, while opticospinal MS
disea.se of the .c<?ntra1 nervous system (CNS) with a supposed (OSMS) is associated with HILA-DPBI*0501 [4,5], but no
autoimmune origin involving T and B cells [1]. Interplay between associations were found with any HLA class I alleles [6]. Recently,
genetic and enwironmental factors is assumed to contribute to the we reported that HLA-DRBI*0405 and HLA-DPBI%¥0301 are
pathog;nf:ﬁs .of MS [2]. The la.rgest. genetic ?ff‘eAct on MS susceptibility alleles, while DRBI*090! and DPBI*0401 are
susceptibility is conferred by the major histocompatibility complex protective alleles for Japanese MS when neuromyelitis optica

class II genes. In Caucasians, the HLA-DRBI*1501 allele is most (NMO) and NMO spectrum disorder (NMOSD) patients are
strongly associated with MS, whereas the class I allele HZA- excluded [7].
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Among many potential environmental risk factors, infection is
likely to play a significant role in the acquisition of MS
susceptibility or resistance. One candidate infectious agent is
Epstein-Barr virus (EBV), which is more prevalent in Caucasian
MS patients than in healthy controls (HCs), and thercfore
considered (o increase susceptibility to MS [8,9]. We recently
found that the EBV infection rate has increased in a certain
subgroup of Japanese MS  patients not  harboring LA~
DRBI#0405, a genetic visk factor for MS in the Japanese
population, compared with HCs [7]. Since the first possible
reported association between Chlamydia pnewmoniae infection and
MS [10], the significance of C. pnewmeoniae infection in MS has
remained a matter of debate. We demonstrated that the anti-C.
pnewmoniae auubody positivity rate did not differ significandy
between MS and HCs in Japanese [7], which is consistent with
recent meta-analysis results [11], We also found that the anti-
Helicobacter pylori antibody positivity rate was lower among GMS
patients than among HCs and OSMS patients in Japanese {12].
By contrast, the anti-f1. pylori and anti-C. preumoniae antibocly
positivity rates were increased in Japanese patients with NMO,
especially in those with anti-acquaporin 4 (AQP4) antibodies
[13,14].

Abnormal intrathecal synthesis of IgG, reflected by cerebrospi-
nal fluid (CSF) oligoclonal IgG bands {OBs) and increased IgG
index, is a significant diagnostic hallmark in MS. More than 90%
of MS patients are positive for CSI" OBs in Western countries
[15,16]. However, this proportion appears to vary with ethnicity
or geographical lomtion ranging from only 21-56% in Asian
countries [17-21]. The presence of genetic influences on the OB
phenotype is sugggslcd by their associations in several populations.
For example, the HLA-DRBI*15 allele is associated with OB-
positive MS [19,22,23] and the HLA-DRBI%04 allele is associated
with OB-negative MS [19,22]. Although the prognostic signifi-
cance of OBs is conflicting, the abscn(,c of OBs predicted a
relatively benign clinical course and lower disease sc:w:x'ity in some
early studies [24,25], but not all [18,26-29]. Focusing on MRI
findings, some studies have postulated a potentially lower lesion
load in OB-negative patients [25,29].

With this background, we aimed to investigate whether genetic
and common infectious profiles influence CGSI* IgG abnormality in
Japanese MS patients. In the present study, we focused on HLA-
DRBI loci that are associated with MS in several populations,
including Japanese. Among the infectious factors, we chose (.
pneumoniae, H. pylori, EBV, and varicella zoster virus (VZV)
infections, which could be potential environmental risk or
protective factors for MS.

Methods

Participants

Ninety-four patients examined at the Department of Neurology,
Kyushu University Hospital from 2006 to 2010 were enrolled. MS
was defined using the 2005 revised McDonald criteria for MS
[30]. NMO was defined as cases fulfilling the 2006 revised criteria
for NMO [31]. We regarded patients as having an NMOSD when
they fulfilled ecither two absolute criteria plus at least one
supportive criterion, or one absolute criterion plus more than
one supportive criterion from the 2006 NMO criteria, as
previously described [7,14]. None of the MS patients met the
above-mentioned NMO/NMOSD criteria. Patients with primary
progressive MS were excluded from the study. Informed consent
was obtained from the 94 patients as well as 367 unrelated HCs.
Among the MS patients, 84 patients had RRMS and 10 had
SPMS. The MS patients were clinically classified into two
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subtypes, conventional MS (CMS) and OSMS, as described
previously There were 70 patients with CGMS and 24 patients
with OSMS. We collected demographic data from the patients by
retrospective review of their medical records, These data included
sex, age at onset, disease duration, Kurtzke's Expanded Disability
Status  Scale  (IDSS) scores  [32], annualized  relapse rate,
Progression Index [33], CSF OBs, IgG index, and brain MRI
lesions meeting the Barkhol criteria for MS [34]. GSE IgG was
tested in the acute phase in all cases. OBs were determined by
isoclectric focusing, as the most sensitive method for OB
determination {1 )W)I] OBbs were considered positive when they
were only detected in CSI and coraprised at least two bands. The
1¢G index represents (GSF IgG/serum IgG)/(CSE albumin/serum
albumin). The IgG index was considered to be increased if it was
=0.658 [4]. Among the 92 MS patients assayed for CGSIF OBs, 42
were OB-positive and 50 were OB-negative. Among the 90 MS
patients whose IgG index was assayed, 42 had clevation and 48
did not. In this study, we defined GSF IgG abnormality as the
presence of GSIP OBs and/or increased IgG index, This study was
approved by the Kyushu University Hospital Ethics Committee.
All individuals involved in this study signed a written informed
consent.

MRI analysis

All MRI studies were performed using 1.5 T units (Magnetom
Vision and Symphony; Siemens Medical Systems, Erlangen,
Germany) as previously described [35]. Brain MRI lesions were
evaluated according to the Barkhof eriteria for MS [34].

HLA-DRBT genotyping

The genotypes of the HLA-DREI alleles from the sub hjects were
determined by hybridization between the products of polymerase
chain reaction amplification of the HLA-DRBI genes and
sequence-specific oligonucleotide probes, as described previously

[7]-

Anti-AQP4 antibody assay

The presence of anti-AQP4 antibodies was assayed as described
previously [36], using green fluorescent protein (GIFP)-AQP4 (M1
isoform) fusion protein-transfected human embryonic  kidney
(HEK) cells. Scrum samples diluted 1:4 were assayed for anti-
AQP4 antibodies at least twice using identical samples, with the
examiners blinded to the origin of the specimens. Samples that
gave a positive result twice were deemed positive. When the
judgment was equivocal, we measured the anti-AQP4 antibody
levels using GFP-AQP4 (M23 isoform)-transfected HEK cells.

Detection of anti-H. pylori, anti-C. pneumoniae, anti-VZV,
and anti-EBV nuclear antigen (EBNA) IgG antibodies
Serum anti-C. preumoniae, anti-H. pylori, anti-EBNA, and anti-
VZV IgG antibodies were measured using commercial ELISA kits
(Vircell, Granada, Spain) in accordance with the manufacturer’s
instructions, as described previously [13]. Each antibody index was
determined by dividing the optical density (OD) values for the
target samples by the OD values for cut-off control samples and
then multiplying by ten. As recommended by the manufacturer,
an ELISA test index value was considered positive if higher than
11, equivocal if between 9 and 11, and negative if less than 9.
According to the manufacturer’s instructions, the ELISAs used in
the present study have 100% sensitivity and 83% specificity for .
pylort infection and 100% sensitivity and 93% specificity for C.
pmewmoniae infection. Samples with equivocal results were retested
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Table 1. Comparisons of the demographic features of MS patients according to the CSF IgG abnormality status.

CSF IgG abnormality (+) (n=59) CSF 1gG abnormality (~) (n=35) P value
Malefemale -~ ‘ ‘ o ' - J 1520 . 02669
Age at oﬁsef (yééfs)a ' 3b.54t12.12 . 3406:1570 0.4i57 '
Disease duration (years)® - 1048:324 . o 1029i845 99
EDSS score® - H2.74t1.92 283t184 H
Annualized relapse rate® os8ce0 . ogsge0 0.0946
Pfogréssion i‘ndexa - ' 0.39:0.39 0901200 - 0.4746
Barkhof criteria® . sessesw  16/34(471%) 00025
OSMS wifh short Spina! cord Ie'sions'c 13/59 (‘22(')%) B 11/35 (31.4%) 0.3366

®Values represent the mean = SD.
°Brain MRI lesions meeting the Barkhof criteria [341.

doi:10.1371/journal.pone.0095367.t001

for confirmation, and if the samples were equivocal twice, they
were considered negative.

Statistical analyses

The phenotype frequencies of the HLA-DRBI alleles were
compared using the chi-square test, or Fisher’s exact probability
test when the criteria for the chi-square test were not fulfilled.
Uncorrelated p-values (p""“"") were corrected by multiplying them
by the number of comparisons, as indicated in the table footnotes
(Bonferroni-Dunn’s correction), to calculate the corrected p-values
(p°™). Fisher’s exact probability test was used to compare sex,
brain MRI lesions meeting the Barkhof criteria [34], and
frequencies of antibodies against common infectious agents among
the groups. Other demographic features were analyzed using the
Wilcoxon rank sum test. We analyzed the trends in the
proportions of patients among subgroups with advancing year of
birth using the Cochran—Armitage trend test. All analyses were
performed using JMP 8.0.3 (SAS Institute, Cary, NC). In all
assays, values of p<<0.05 were considered statistically significant.

Results

Relationships between CSF IgG abnormality status and
demographic features in MS

Among the 94 MS patients, 59 (62.8%) were CSF IgG
abnormality-positive and 35 were abnormality-negative. CSF
IgG abnormality-positive patients had a significantly higher
frequency of brain MRI lesions meeting the Barkhof criteria than
abnormality-negative patients (46/58, 79.3% versus 16/34,
47.1%, p=0.0025) (Table 1). The sex distribution, age at onset,
disease duration, EDSS score, annualized relapse rate, Progression
Index, and frequency of OSMS presentation with short spinal cord
lesions (less than three vertebral segments) showed no associations
with the presence or absence of CSF IgG abnormality (Table 1).
The proportion of patients with CSF IgG abnormality did not
change significantly with advancing year of birth (p>0.1)

(Figure 1).

Correlation of CSF IgG abnormality according to clinical

subtypes

The frequency of CSF IgG abnormality did not differ
significantly between RRMS (52/84, 61.9%) and SPMS (7/10,
70%). Additionally, there was no significant difference in the
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“Opticospinal form of MS with short spinal cord lesions extending less than three vertebral segments.
CSF, cerebrospinal fluid; EDSS, Kurtzke’s Expanded Disability Status Scale; MS, multiple sclerosis.

frequency of CSF IgG abnormality between CMS (46/70, 65.7%)
and OSMS (13/24, 54.2%).

HLA-DRBT1 alleles in all MS patients

Compared with HCs, MS patients showed a significantly higher
frequency of the DRBI*0405 allele (p®*=0.0196, OR =2.217,
95% CI =1.389-3.539) and a significantly lower frequency of the
DRBI*0901 allele (p®™=0.0084, OR =0.279, 95% CI =0.135-
0.575) (Table 2).

HLA-DRBT1 alleles in MS patients according to the
presence or absence of CSF IgG abnormality
Compared with HCs, CSF IgG abnormality-positive MS

patients showed a significantly higher frequency of the
DRBI*1501 allele (p®"=0.0392, OR =2.624, 95% CI =
1.432-4.809), whereas CSF IgG abnormality-negative MS

(%)
90

80
70

40

20 ..

1975
-1993

1965
-1974

1955
- 1964

1945
-1954

1933
- 1944

Year of birth

Figure 1. Proportions of patients with CSF IgG abnormality by
year of birth. Among the MS patients, the proportion of patients with
CSF 1gG abnormality did not change significantly with advancing year
of birth. CSF, cerebrospinal fluid; MS, multiple sclerosis.
doi:10.1371/journal.pone.0095367.g001
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Table 2. Comparisons of the phenotype frequencies of the HLA-DRBT alleles.

MS (n=94)

CSF 1gG abnormality (—) (n=35)

DRB1*X CSF IgG abnormality (+) (n=59)

041
0761 (%j
0802 (%)
0803 (%)
1001 (%)

HCs (n=367)

o5
4 (1.1)

1302 (%)
,  %)’

2(34)

8 (13.6)

1502 (%)

16(’)2“(’%/) C(O;O) 0“( .0)' ‘

19652
s
80 (21.8)

**Compared with HCs, p°"=0.0196, OR =2.217, 95% C| =1.389-3.539.
*Compared with HCs, p®"=0.0056, OR =3.660, 95% Cl| =1.802-7.431.
*Compared with HCs, p©"=0.0084, OR =0.279, 95% Cl =0.135-0.575.
*dCompared with HCs, p*°™=0.0392, OR =2.624, 95% C| 1.432-4.809.
pU" " was corrected by multiplying the value by 28 to calculate p®".

doi:10.1371/journal.pone.0095367.t002

patients showed a significantly higher frequency of the DRBI*0405
allele (p®™=0.0056, OR =3.660, 95% CI =1.802-7.431)
(Table 2). The frequency of GSF IgG abnormality was 83.3% in
MS patients with the DRBI*1501 allele compared with 52.4% in
MS patients with the DRBI*0405 allele (p=0.0119).

Relationships between CSF IgG abnormality status and
common infectious agents

Anti-C. pneumoniae IgG  antibodies were significantly more
frequently detected in MS patients with CSF IgG abnormality
than in those without CSF IgG abnormality (p = 0.0119) (Table 3),
although there was no difference in the frequency of anti-C.
pneumoniae IgG antibodies between HCs and total MS patients.
Compared with HCs, anti-H. pylori IgG antibodies were detected
significantly less frequently in the total MS patients (p=0.0451)
and CSF IgG abnormality-negative MS patients (p=0.0474)
(Table 3). There was no difference in the frequency of anti-H. pylor:
IgG antibodies between CSF IgG  abnormality-positive and

PLOS ONE | www.plosone.org

corr

Cl, confidence interval; CSF, cerebrospinal fluid; HCs, healthy controls; MS, multiple sclerosis; OR, odds ratio; p«", corrected p value.

abnormality-negative patients. Neither the anti-EBNA nor anti-
VZV antibody positivity rates differed significantly among the
groups. Among the common infectious agents, only the H. pylori
infection rate decreased successively with advancing year of birth

(p=0.0014) (Figure 2).

Discussion

The main new findings of the present study are as follows: (1)
compared with HCs, CSF IgG abnormality-positive MS patients
had a significantly higher frequency of HLA-DRBI*1501, whereas
CSF IgG abnormality-negative MS patients had a significantly
higher frequency of HLA-DRBI1*0405; (2) CSF IgG abnormality-
positive MS patients had a significantly higher frequency of anti-C.
pneumoniae 1gG antibodies compared with abnormality-negative
MS patients, although there was no difference in the frequency of
anti-C. preumoniae IgG antibodies between HCs and total MS
patients; and (3) compared with HCs, the frequencies of anti-H.

April 2014 | Volume 9 | Issue 4 | 95367



Gene and Infection Influence on CSF IgG in MS

Table 3. Comparisons of the frequencies of antibodies against common infectious agents.

CSF 1gG abnormality (+)

CSF 1gG abnormality (—) HCs

Chlamydia preumonide  56/90 (6222%)

¥

32 (43.8% | s BT

Helicobacter pylori
vzv 89/90 (98.89%)

' 26/90 (28.89%)

57/58 (98.3%)

7/32(21.9%)" 74/177 (41.81%)" ™
143/156 91.67%)

153/156 (98.08%)

32/32 (100%)

*p=0.0119, compared with IgG abnormality (—) MS patients.
**p =0.0451, compared with HCs.

**%n = 00474, compared with HCs.

#xxxxSignificant difference between the linked values (p<<0.05).

doi:10.1371/journal.pone.0095367.t003

wlort 1gG  antibodies were lower, especially in CSF IgG
abnormality-negative MS patients.

The number of enrolled MS patients was not large because of
the relative rarity of the disease in the Japanese population, and
this could lead to partly inconclusive results. However, this study is
the first to investigate the influence of HLA-DRBI alleles on CSF
IgG abnormality in MS patients in Japan when NMO and
NMOSD patients were excluded, and is the only study to
simultaneously investigate the influence of common infectious
agents as environmental risk or protective factors. The ELISAs
used in the present study have reasonably high sensitivity and
specificity [37,38], although H. pylori and C. preumoniae infections
should be confirmed by methods other than ELISA in future
studies.

In the present study, we demonstrated that the presence or
absence of GSF IgG abnormality did not predict the prognosis for
the disease course of Japanese MS patients, consistent with
relatively larger studies in Western countries and a Japanese study

(%)
60

a0

30

20

1965
-1974

1975
-1993

1933
-1944

1945
- 1954

1955
-1964

Year of birth

Figure 2. Proportions of patients with Helicobacter pylori
infection by year of birth. Among the MS patients, the proportion
of patients with H. pylori decreased markedly in those born after 1965.
MS, multiple sclerosis.

doi:10.1371/journal.pone.0095367.g002
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The age of the patients during examination did not differ significantly among HCs and MS patients, regardless of the presence or absence of IgG abnormality (mean +
SD in years: 37.21£12.54 for MS; 36.19x11.36 for IgG abnormality-positive MS; 39.00+14.39 for IgG abnormality-negative MS; and 38.93+12.11 for HCs).
CSF, cerebrospinal fluid; EBV, Epstein-Barr virus; HCs, healthy controls; MS, multiple sclerosis; p©®", corrected p value; VZV, varicella zoster virus.

in Hokkaido, the northernmost island of Japan [18,26—28].
Additionally, the frequency of CSF IgG abnormality did not
differ according to the clinical subtypes of MS.

In CSF IgG abnormality-positive MS patients, the only
significant difference was the more frequent presence of brain
MRI lesions meeting the Barkhof criteria compared with CSF IgG
abnormality-negative MS patients. Carriage of HLA-DRBI*1501
was associated with an approximately 2.6-fold increased risk for
CSF IgG abnormality-positive MS. This is in line with previous
findings demonstrating that DRBI*15 is associated with OB-
positive MS in Swedish patients [22], Spanish patients [23], and
the Japanese population of Hokkaido [19]. Taken together, in this
subpopulation, MS was associated with greater brain MRI lesion
loads, presence of the HLA-DRBI*150] allele, and increased
humoral immune responses in CSF in Japanese. These features
also resemble those of MS in Western people [39,40]. Therefore,
this subgroup of Japanese patients represents a “Western” type of
MS in terms of CSF, neuroimaging, and genetic characteristics. In
Caucasians, the presence of the DRBI*1501 allele promotes the
development of more T2 lesions [41] and intrathecal IgG synthesis
[42]. Similar biological mechanisms may occur in Asian patients.

In CGSF IgG abnormality-negative MS patients, HLA4-
DRBI*0405 showed an approximately 3.6-fold increased risk for
the condition. In this subgroup, MS was characterized by lower
MRI brain lesion loads. This is in line with previous findings that
DRBI*04 is associated with OB-negative MS in Swedish patients
[22] and the Japanese population of Hokkaido [19]. The low
frequency of CSF IgG abnormality is a unique feature in Japanese
MS patients, compared with Western MS patients [17,20].
DRBI*0405 is present in a relatively minor population of
Caucasian MS patients [22], while about 60% of MS patients in
Northern Europe are positive for HLA-DRBI*15, compared with
30% of HCs [43]. The relatively high frequency of Japanese MS
patients carrying the DRBI*0405 allele may be partly responsible
for the low prevalence of CSF IgG abnormality in Japanese MS
patients. According to the fourth nationwide survey of MS in
Japanese people, the most common type of MS had neither
Barkhof brain lesions nor longitudinally extensive spinal cord
lesions [44]. Hence, CSF IgG abnormality-negative Japanese MS
could be a unique subgroup of MS in terms of CSF, neuroimaging,
and genetic characteristics. Kuenz et al. [45] showed that CSF B
cells were correlated with paraclinical markers such as high
numbers of MRI T2 lesions, intrathecal IgG synthesis, and
intrathecal production of MMP-9 and B cell chemokine CxCL-13.
These findings may suggest that distinct immune mechanisms
between IgG abnormality-positive and abnormality-negative
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patients lead to the differences in their GSIF and neuroimaging
characteristics.

In the present study, we showed that C. pmemoniae infection was
higher in GSEF IgG abnormality-positive MS patients than in
abnormality-negative MS  patients. The mechanism  for the
abnormal intrathecal TgG synthesis in MS pativnw infected with
G /m('zmzr)ma«:’ could be molecular mimicry [46], i.e., cross-reactivity
of humoral immune responses against (- jnmazmwu(m antigens and
CNS self-antigens. To date, however, OBs have not been found to
veact highly specifically with any microbial antigens or self
antigens. It is possible that anti-C. preumoniae IgG antibodies
dircetly confer GSIF IgG abnormality in MS patients. In general,
however, GSF anti-C. pneumoniae 1gG antibodies are only found in
a small portion of MS patients, with no differences hetween MS
and controls [47-50]. These lindings suggest that C. pmeumoniac
infection may indirectly modify the intrathecal humoral immune
functions, leading to CGSF IgG abnormality in patients with MS.

It is interesting to note that CSI IgG abnormality-negative MS
pahcn s had a lower frequency of H. pplori infection compared with
HCs in addition to a lower frequency of C. prewmoniae infection
compared with CGSE IgG abnormality-positive MS patients. To
date, there have been no reports focusing on the association
between CST IgG abnormality and H. pylori infection, and there
has been no firm evidence of molecular mimicry between human
myelin antigens and H. pylori. Therelore, it is extremely difficult to
speculate on  the mechanism by which A pylori infection
differentially affects MS subpopulations with and without CGSIY
IgG abnormality. However, these observations extend  our
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previous finding that the rates of . pylori infection, which oceurs
in the infandle period and reflects sanitary conditions in younger
ages, were lower in Japanese MS patients, compared with HCs
[12]. Additionally, the proportion of patents with K. pylori
infection decreased successively with advancing year of birth.
These findings collectively suggest that CSIY 1gG abnormality-
negative MS patients may have grown up in a relatively clean
environment. Tt is possible that a clean environment at younger
ages may  confer CSIY IgG o abnormality-negative MS. We
previously reported that HLA-DRBI#*0405-positive MS showing
a lower frequency of CSE IgG :1bnmmaliw is increasing in the
younger Japanese population [7]. Thus, a modernized clean
environment may powntmw susceptibility o this subtype of MS
without GST IeG abnormality in HLA-DRBI*#0405 carriers. This
possibility should be investigated in future large-scale studies.

In conclusion, DRBI*1501 and C. pnewmoniae infection confer
CSYE 1gG abnormality, while DRBI*0405 and H. pylori infection
are positively and negatively associated with CSF IgG abnormal-
ity-negative MS, respectively, suggesting that genetic and envi-
ronmental factors differentially contribute to MS susceptibility
according to the GSF IgG abnormality status.
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Identification of Independent Susceptible and
Protective HLA Alleles in Japanese Autoimmune
Thyroid Disease and Their Epistasis
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Background: Autoimmune thyroid disease (AITD) includes Graves disease (GD) and Hashimoto
thyroiditis (HT), which partially share immunological features. Determining the genetic basis that
distinguishes GD and HT is a key to understanding the differences between these 2 related diseases.

Aim: The aims of thisstudy were to identify HLA antigens that can explain the immunopathological
difference between GD and HT and to elucidate epistatic interactions between protective and
susceptible HLA alleles, which can delineate the distinct function of HLA in AITD etiology.

Design: We genotyped 991 patients with AITD (547 patients with GD and 444 patients with HT) and
481 control subjects at the HLA-A, HLA-C, HLA-B, DRB1, DQBT, and DPBT loci. A direct comparison
of HLA antigen frequencies between GD and HT was performed. We further analyzed an epistatic
interaction between the susceptible and protective HLA alleles in the development of GD and HT.

Results: We identified 4 and 2 susceptible HLA molecules primarily associated with GD and HT,
respectively, HLA-B*35:01, HLA-B*46:01, HLA-DRB1*14:03, and HLA-DPB1*05:01 for GD and HLA-
A*02:07 and HLA-DRB4 for HT. In a direct comparison between GD and HT, we identified GD-
specific susceptible class Il molecules, HLA-DP5 (HLA-DPB1*05:01; Pc = 1.0 X 107°%) and HLA-DR14
(HLA-DRB*14:03; Pc = .0018). In contrast, HLA components on 3 common haplotypes in Japanese
showed significant protective effects against the development of GD and HT (HLA-A*24:02-C*12:
02-B*52:01-DRB1*15:02-DQB1*06:01-DPB1*09:01 and HLA-A*24:02-C*07:02-B*07:02-DRB1*01:
071-DQBT1*05:01-DPB1%*04:02 haplotypes for GD and HLA-A*33:03-C*14:03-B*44:03-DRB1*13:02-
DQB1*06:04-DPB1*04:01 haplotype for GD and HT). Interestingly, the representative protective
HLA, HLA-DR13 (HLA-DRB1%*13:02), was epistatic to susceptible HLA-DP5 in controlling the devel-
opment of GD.

Conclusion: We show that HLA exerts a dual function, susceptibility and resistance, in controlling
the development of GD and HT. We also show that the protective HLA allele is partially epistatic
to the susceptible HLA allele in GD. (4 Clin Endocrinol Metab 99: E379-E383, 2014)
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utoimmune thyroid disease (AITD), including Graves
disease (GD) and Hashimoto thyroiditis (HT), is
one of the most common autoimmune diseases (1, 2). The
result of AITD is 2 clinically opposing syndromes: GD is
characterized by hyperthyroidism due to the production of
agonistic antithyroid-stimulating hormone receptor anti-
body, and HT is characterized by hypothyroidism due to
a cell-mediated immune response to the thyroid gland (3).
Itisevident thatthe etiology of AITD involves both genetic
and environmental factors (4, 5). The facts that GD and
HT clustered in the same family and that GD progressed
into HT in an individual patient might suggest that GD
and HT share the same genetic factors (3).

Among the genetic factors, HLA genes show the stron-
gestassociation with GD (6, 7), and both predisposing and
protective effects of HLA in GD and HT have been re-
ported (8—17). However, the extensive allelic variations
and strong linkage disequilibrium (LD) among the HLA
alleles have confounded attempts to clearly identify the
actual susceptible and protective alleles in AITD. Al-
though a comparison of the HLA class II association seen
in GD and HT in Caucasians has been reported (8), a direct
comparison of HLA association between GD and HT in
the Japanese AITD population has not been undertaken.
Furthermore, an analysis of epistatic interactions between
protective and susceptible HLA alleles to delineate the
distinct function of HLA in AITD etiology has not been
performed.

Here, we conducted a case-control study of 991 unre-
lated Japanese patients with AITD (547 patients with GD
and 444 patients with HT) and 481 control subjects, com-
paring 81 HL A alleles at 7 loci, and performed a direct
comparison of HLA antigen frequencies between GD and
HT to elucidate the immunogenetic differences and over-
laps between GD and HT. Furthermore, to gain insight
into the immunogenetic roles of HLA in the etiology of
AITD, we analyzed an epistatic interaction between sus-
ceptible and protective HLA alleles in the development of
GD and HT.

Subjects and Methods

Subjects

Unrelated Japanese patients with GD and HT and healthy
control subjects (547, 444, and 481 samples, respectively) were
enrolled. All recruiting centers used standard clinical criteria to
diagnose AITD (see Supplementary Method published on The
Endocrine Society’s Journals Online web site at http://jcem.
endojournals.org.). Documented informed consent was ob-
tained from each participant according to the Declaration of
Helsinki. This study was also approved by the Ethics Committee
at Kyushu Uniwersity, Fukuoka, Japan.

The Endocrine Society. Downloaded from press. ine.org by [${indivi Jser.

J Clin Endocrinol Metab, February 2014, 99(2):E379-E383

HLA genotyping

We determined HLA-A, HLA-C, HLA-B, HLA-DRBI,
HLA-DQBI1,and HLA-DPBI1 genotypes using the Luminex as-
say system (Luminex Corporation) and HLA typing kits (Waku-
naga). Alleles of the HLA-DRB3/4/5 loci were deduced from the
HILA-DRBI alleles through the perfect LD between them. We
observed a total of 151 alleles (HLA-A, 24; HLA-C,20; HLA-B,
42; HLA-DRB1, 32; HLA-DQB1, 15; HLA-DPB1, 14; and
HLA-DRB3/4/5, 4).

Statistical analysis

The P value and odds ratios (ORs) were computed using
PLINK version 1.07 software (18). We tested common alleles
with a frequency higher than 1% in either case patients or control
subjects (total allele number was 81). The frequencies of the most
frequent haplotypes were determined with the maximum likeli-
hood method using Haploview version 4.2 software (19). The
data were compared using x* analysis and logistic regression
analysis for conditional analysis to determine the primarily as-
sociated HLA antigen using other HLA alleles thatare in LD with
each other as covariables. P values were corrected for the number
of different alleles tested (Pc) using the Bonferroni method, and
significance was determined at Pc < .0S.

Results

Identification of susceptible and protective HLA
antigens for GD

HLA-C*03:03, HLA-B*35:01, HLA-B*46:01, HLA-
DRB1%*14:03, and HLA-DPB1%*05:01 showed positive
associations with GD (Pc < .05) (Table 1). Consistent
with LD among HLA alleles, we observed that the asso-
ciation of HLA-C*03:03 with GD did not keep signifi-
cance in the conditional analysis with adjustment for
HLA-B*35:01 (Supplemental Table 1). Thus, we identi-
fied2 HLA class I (HLA-B*35:01 and HLA-B *46:01) and
2 classITantigens (HLA-DRB1 *14:03 and HLA-DPB1 *05:
01) as primary GD-susceptible HLA antigens in this analysis.

A total of 14 antigens showed protective effects against
the development of GD significantly (Pc < .05) (Table 1).
It should be noted that all of these alleles were components
of the 3 most common HLA haplotypes in Japanese pop-
ulations: HLA-A*24:02, HLA-C*12:02, HLA-B*52:01,
HLA-DRB1%*15:02, and HLA-DPB1%09:01 are on the
most common haplotype (designated as HP-1; A *24:02-
C*12:02-B*52:01-DRB1%*15:02-DQB1*06:01-DPB1*09:
01); HLA-A*33:03, HLA-C*14:03, HLA-B*44:03, HLA-
DRB1*%13:02, HLA-DQB1%06:04, and HLA-DPB1*04:01
are on the second most common haplotype (designated as
HP-2; A*33:03-C*14:03-B*44:03-DRB1%*13:02-DQB1*06:
04-DPB1*04:01);and HLA-B*07:02, HLA-DRB1*01:01,
and HLA-DQB1%*05:01 are on the third most common
haplotype (designated as HP-3; A*24:02-C*07:02-B*07:
02-DRB1%*01:01-DQB1*05:01-DPB1*04:02). The con-
ditional analysis revealed that HLA-DR15 (HLA-
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Table 1. List of HLA Alleles Associated with GD and HT

Antigen Frequency (Number) GD vs Control HT vs Control GD vs HT
HLA GD HT AITD Control  OR (95% CI) P Pe OR (95% C1) P Pc P Pc
A*02:07 0.10(55)  0.17(75) 0.13(130) 0.06{27) 1.88{1.17-3.03) .0096 S 3A422.16-542) 1.7 %1077 14 %1077 0017 3
A*24:02 0.50(276) 0.58(256) 0.54(532) 062(299) 0.62(048-080) 1.7%107%  owu 0.83(064-1.08) .16 [ 024 NS
A*33:03 0.07(37) 01045 00882 0.17(84) 0.34(0.23-052) 28x 1077  24x10"°  053(0.36-0.79 0015 NS 057 NS
C*03:03 0.300165) 0.23(104) 0.27(269) 0.19(81)  185(1.38-247) 3.9x10°% 0033 1.31(0.95-1.80 097 i 018 S
C*12:02 0.14(74)  0.19(84) 016(158) 0.22(107) 0.55(0.39-0.76) 2.7 % 10" 023 081(0.59-1.12) 21 NS 022 NS
C*14:03 0.05(7) 008(36) 006(63 01760 026(0.16-041) 64 %1077  55x10 0.44(029-0.67) 1.2 %107% 0098 044 NS
B*07:02 0.06(31)  009(40) 007D 01466 038(0.24-059 1.9x107° 0016 0.62(0.41-094) 026 NS 044 NS
B*35:01 0.23(128) 019(83) 021011 03164 2420171341 56x 1077 48x107°  1.82(1.26-26% 0016 NS 072 NS
B*44:03 0.05(28)  00B(34) 006(62) 017(80) 027(0.17-042) 12x10°% 10x10°%  042027-064) 50x107° 0041 A NS
B*46:01 0.17(95 02089  0.19(184) 00943  214(1.46-314) 1.0 107" 0085 255(1.73-3.77) 25107 21 %1077 28 NS
B*52:01 0.13(72)  0.19(83) 016155 0.22(108) 052{0.38-073) 1.1x10°% 0092 0.79(0.58-1.09) .16 NS 018 NS
DRB1*01:01  0.07(36) 00939 00875 0.14(67) 044(0.28-067) 13x10°" 011 0.60(0.39-090) 015 NS 19 NS
DRB1#08:03  0.21(113) 026 (117) 0.23(230) 016(75  1.41(1.02-1.94) 037 NS 1.94(1.40-2.68) 65 %1077 0083 035 NS
DRBI*13:02  0.06(33)  0.05(21)  005(58) 01678  0.33(0.22-051) 42x1077 36%1077 026{(016-042) 1.0x1077 82x107% 37 NS
DRBI*14:03  008(46) 002()  005(3) 003014 3.06(1.66-565 33=107" 028 0.532(0.21-1.3¢) .18 NS 21107 0018
DRBT*15:02  0.09(50)  0.15(66) 0.12(116) 0.22(108) 0.35{0.24-050) 96 = 1077 82 %1077 060(0.43-0.85) .0034 S 0057 NS
DRB3 0.35(192) 029128 0.32(320) 0.410197) 0.78(0.61-1.00) 054 NS 0.58(0.44-0.77) 1.2 % 107" 0098 036 NS
DRB4 0.69(380) 075335 0.72(715) 0.63(301) 1.36(1.05-1.76) 0.02 NS 1.84(1,38-2.44) 2.7 %1075 0022 037 NS
DOBI*05:01  0.07(38)  0.10(43)  0.08(81) 0468 045(0.30-069) 2.1 x 107 018 0.65 (0.43-0.98) 038 NS 12 NS
DOBI*06:04 0.06(32) 004019  005(51)  0.15(72)  0.35{0.23-055 29% 107" 24x107% 025015-043) 29% 1077 24x107° 27 NS
DPBI*04:01  0.06(31) 00521  005(52) 0.14(66) 0.38(0.24-059) 19x 107" 0016 031(0.19-052) 7.5x107% 62x 107" 51 NS
DPBT*05:01 0.82(450) 0.63(279) 0.74(729) 0.59(286) 3.16(2.38-4.21) 24 % 107'% 211077 1.15(0.88-150) .29 NS 12x107" 1ox 1079
DPBI*09:01  0.09(50)  0.14(61)  0.11(111) 020(97)  040(0.28-0.57) 84 %1077 7.1x107%  063(044-0.89) 0098 NS 023 NS

Abbreviation: NS, not significant. The numbers of patients with GD and HT and control subjects were 547, 444, and 481, respectively. The
corrected P values (Pc) were obtained with the Bonferroni method (number of tests = 85).

DRB1%15:02; OR = 0.35, 95% confidence interval [CI] =
0.24-0.50, Pc = 8.2 X 1077) on HP-1 showed a primary
protective association with GD (Supplemental Table 2).
Regarding HP-2 and HP-3, we could not pinpoint primar-
ily associated antigens with conditional analysis due to
strong LD. However, a haplotype-based association study
confirmed the significant protective association of HP-2
and HP-3 with GD (Supplemental Table 3). It is possible
that multiple alleles on HP-2 or HP-3 control the resis-
tance to GD.

Identification of susceptible and protective HLA
antigens for HT

HLA-A*02:07, HLA-B*46:01, HILLA-DRB1*08:03,
and HLA-DRB4 were positively associated with HT, re-
spectively (Pc <.05) (Table 1). Consistent with LD among
HLA alleles, we observed that the association of HLA-
B*46:01 and HLA-DRB17*08:03 with HT did not keep
significance in the conditional analysis with adjustment
for HLA-A*02:07 (Supplemental Table 4). We identified
HLA-A*02:07 and HLA-DRB#4 as primary HT-suscepti-
ble antigens in this study.

HLA-C*14:03, HLA-B*44:03, HLA-DRB1%13:02,
HILA-DRB3, HLA-DQB1*06:04, and HLA-DPB1*04:01
showed significant effects against the development of HT
(Pc <.05) (Table 1), and all of them were components of
HP-2. Similar to GD cases, we could not pinpoint primar-
ily associated antigens on HP-2 with conditional analysis
dueto strong LD (Supplemental Table 5), but a haplotype-
based association study showed the significant protective
association of HP-2 with HT (Supplemental Table 3).

Direct comparison of HLA antigen frequencies
between GD and HT

In the direct comparison of the frequencies of HLA
antigens between the diseases, we found that 2 HLA class
M antigens, HLA-DR 14 and HLA-DPS, were significantly
increased in GD (Table 1). Other GD-susceptible antigens
(HLA-B35 and HLA-B46) and HT-susceptible antigens
(HLA-A2 and HLA-DRS53) were not detected as specific
antigens for either disease. This finding was explained by
the observation that all these antigens were increased in
either disease at least at the significance level of P < .05
(Table 1). Therefore, it is suggested that these 4 alleles are
commonly susceptible to GD and HT. Similarly, with re-
spect to the protective HLA antigens, there was no signif-
icant difference in the frequencies between GD and HT,
and all of them were suggested to be protective against
both diseases.

Epistatic interaction between protective and
susceptible alleles in GD and HT

To detect the epistatic interaction between protective
and susceptible HLA alleles, we divided the patients with
GD into HLA-DP5—positive and —negative groups and an-
alyzed the effect of protective HP-2 HLA alleles common
to GD and HT. For HP-2, we arbitrarily used HLA-DR13
to represent this haplotype, which is located in the middle
of HP-2. We found that the ORs of HLA-DR13 were sig-
nificantly less than 1.0 in both groups (OR = 0.50, 95%
CI = 0.30-0.83,P = 7.0 X 107> and OR = 0.12, 95%
CI = 0.04-0.39, P = 4.4 X 10~* in the HLA-DPS5-pos-
itive and —negative groups, respectively) (Figure 1A). This
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