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Genetic Variants in the Immunoglobulin
Heavy Chain Locus are Associated
with the 1gG Index
in Multiple Sclerosis
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Objective: Intrathecal synthesis of immunoglobulin gamma (IgG) synthesis is frequently observed in patients with
multiple sclerosis (MS). Whereas the extent of intrathecal IgG synthesis varies largely between patients, it remains
rather constant in the individual patient over time. The aim of this study was to identify common genetic variants
associated with the IgG index as a marker of intrathecal IgG synthesis in MS.
Methods: We performed a genome-wide association study of the IgG index in a discovery series of 229 patients. For
confirmation we performed a replication in 2 independent series comprising 256 and 153 patients, respectively. The
impact of associated single nucleotide polymorphisms (SNPs) on MS susceptibility was analyzed in an additional
1,854 cases and 5,175 controls.
Results: Significant association between the IgG index and 5 SNPs was detected in the discovery and confirmed in
both replication series reaching combined p values of p = 6.5 x 107" to p = 7.5 x 1074, All identified SNPs are
clustered around the immunoglobulin heavy chain (IGHC) locus on chromosome 14g32.33 and are in linkage
disequilibrium (r range, 0.71-0.95). The best associated SNP is located in an intronic region of the immunoglobulin
gamma3 heavy chain gene. Additional sequencing identified the GM21* haplotype to be associated with a high IgG
index. Further evaluation of the IGHC SNPs revealed no association with susceptibility to MS in our data set.
Interpretation: The extent of intrathecal IgG in MS is influenced by the IGHC locus. No association with
susceptibility to MS was found. Therefore GM haplotypes might affect intrathecal IgG synthesis independently of the
underlying disease
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Multiple sclerosis (MS) is considered a chronic contribute to the pathogenesis of MS.>7 In a recent

inflammatory disease of the central nervous system genome-wide association study (GWAS), HLA-DRB1*
(CNS) of autoimmune origin involving T and B cells.! 15:01, DRB1*03:01-DQB1*02:01, and DRBI1*13:01
Both environmental and genetic factors are supposed to were found to be genetic risk factors for MS, whereas the
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IgG index,” geometric mean (range)

of the IgG index was used.

TABLE 1: Clinical Characteristics and Cerebrospinal Fluid Parameters of Study Series

Characteristic Discovery Series,
n = 229

Age, mean yr (range) 35 (16-67)

Gender, F:M 173:56

PPMS, No. [%] 11 [4.8]

0.95 (0.29-3.94)

Clinical characteristics and IgG index of the discovery series, and the first and second replication series. Patients who were excluded
after quality control are not shown. Age is given for the time of lumbar puncture.
“In this table, the original data of the IgG index are shown to illustrate results; for linear regression analysis, the natural logarithm

F = female; IgG = gamma globulin; M = male; PPMS = primary progressive multiple sclerosis.

First Replication
Series, n = 256

Second Replication
Series, n = 153

36 (15-71) 41 (14-71)
172:84 106:47
5 [2.0] 27 [17.6]

0.85 (0.37-5.20) 0.99 (0.43-5.36)

classical HLA-A*02:01 allele appeared to be a protective
allele.® In addition, 57 genes outside the HLA locus have
been identified as being associated with increased suscep-
tibility to MS. The majority of these genes are immuno-
logically relevant, thus giving further support to the
hypothesis of an autoimmune disease pathogenesis. The
involvement of the humoral immune response in MS is
suggested by a number of observations; accumulation of
B cells and antibody producing plasma cells is observed
in MS brain lesions,” meninges, and cerebrospinal fluid
(CSF),'° which show signs of clonal expansion and
hypermutation.!" Complement deposition is found in
lesions of a subset of MS patients,'””> who favorably
respond to plasma exchange for treatment of MS
relapse.’® Treatment with anti-CD20 antibodies, which
efficiently deplete B cells, ameliorates the course of
MS, 1415

Furthermore increased gamma globulin (IgG) in
the CSE which was first described by Kabat et al. in
1942,'¢ is considered a marker of a humoral immune
response in MS. Over decades, intrathecal synthesis of
IgG, mainly consisting of IgG1 and IgG3,"” or the pres-
ence of oligoclonal IgG bands (OCBs) in the CSE has
remained a diagnostic hallmark in MS, although the
pathophysiological role and the underlying mechanism of
increased intrathecal IgG are still uncertain. Although 90
to 95% of all patients with MS exhibit OCBs in the
CSE a quantitative measurable local synthesis of IgG is
only seen in 70% of patients. The extent of IgG produc-
tion in the CNS compartment can be quantified by the
IgG index.'® In contrast to OCBs, measuring the IgG
index allows determination of the extent to which IgG is
produced in the local CNS compartment.

Several studies have demonstrated that the extent of
intrathecal IgG synthesis is variable among MS patients, but

19-21

remains stable in the individual patient over time and

largely unaffected by therapeutic interventions including
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glucocorticoids, interferon-beta,”> B-cell depletion,” or
autologous hematopoietic stem cell transplantation.**
Therefore, we hypothesized that genetic factors might influ-
ence the extent of IgG synthesis in the CSE To evaluate this
hypothesis, we performed a GWAS for single nucleotide
polymorphisms (SNPs) associated with the IgG index as a
measure of the extent of intrathecal IgG synthesis.

Subjects and Methods

Study Population
In the CSF study, a total of 669 patients with MS or clinically
isolated syndrome (CIS) were included. Three independent
patient series were analyzed. Patients of the discovery series and
the first replication series were recruited in Germany; patients
of the second replication series were recruited in Belgium. All
patients were of European descent. The discovery series com-
prised 237 patients, the first replication series 279 patients, and
the second replication series 153 patients. After quality control,
which is described below, 8 patients of the discovery series and
23 patients of the first replication series were excluded from
further analyses.

Association of immunoglobulin heavy chain (IGHC) SNPs
with susceptibility to MS was investigated in a data set of 1,854
MS cases and 5,175 controls from the United Kingdom (further
details of this data set are described in Sawcer et al®). Written
informed consent was obtained from all patients. The study proto-
col was approved by the local ethics committees of the Technische
Universitat Munich, University Hospitals Leuven, and all institu-
tions in the United Kingdom. Clinical characteristics of the series
are displayed in Table 1.

CSF Parameters

CSF parameters were obtained from the CSF reports of routine
clinical evaluation. Following national guidelines, CSF examina-
tion is being performed regularly in every patient at the time of
MS diagnosis at all centers having recruited patients for this
study. Therefore, patients included in this study represent an
unbiased general population of newly diagnosed MS patients.
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In this study, we applied the IgG index, which is a quantitative
measure of intrathecal IgG, because metric CSF data are more
sensitive to detect differences in intrathecal IgG within a given
population of MS patients, being 90 to 95% positive for the
qualitative trait OCBs. The IgG index of Delpech and Licht-
blau was calculated as follows: IgG index = (IgG CSF/IgG se-
rum)/(albumin CSF/albumin serum).?’> The normal upper limit
is 0.66. All laboratories contributing to the study have success-
fully taken part in intercomparison programs and are certified
for routine laboratory testing. Distribution of IgG values was
comparable between patient series (see Table 1).

DNA Extraction and Genotyping
DNA was extracted from venous blood by standard methods
using ecither the Gentra Puregene Kit (Qiagen, Hilden, Ger-
many) or illustra Nucleon BACC Genomic DNA Extraction
Kit (GE Healthcare, Buckinghamshire, UK).

Samples of the discovery series were genotyped using the
Human660-Quad chip (Illumina, San Diego, CA) on the Illu-
mina Infinjum platform at the Wellcome Trust Sanger Institute
as part of the WTCCC2 project.® The Illuminus program was
used for genotype calling. Only samples with a call rate >95%
were included. At the Sanger Institute, each sample was finger-
printed with a panel of 31 Sequenom markers; 2 samples either
failed to genotype on Sequenom or gave data of inadequate
quality and were therefore excluded. For additional quality con-
trol, a gender check using Sequenom X-linked markers was
applied. In 232 samples, gender was confirmed. The remaining
5 samples with misspecified gender or no given gender were
excluded. One sample was identified as an ethnic outlier in
multidimensional scaling analysis and was therefore excluded.
In summary, 8 patients of the discovery series were excluded
from further analyses after DNA and genotyping quality con-
trol. Only SNPs with a minor allele frequency of >5% were
included. In total, 526,014 SNPs were successfully genotyped
and further analyzed in 229 samples of the discovery series.

For replication 17 SNPs were selected, covering all
regions that were associated with the IgG index in the discovery
series (p < 1 x 107°). These SNPs showed call rates >95% in
the discovery series. Two of the selected SNPS (rs11160868
and rs10136766) were excluded from the IMSGC/WTCCC2
analysis because of problems in the genotyping of the controls,
whereas rs11621145, rs2725142, and rs2753571 were not con-
sidered in the IMSGC/WTCCC2 GWAS because they were
absent from the external control data set.

Genotyping in an independent first replication series was
performed using the matrix-assisted laser desorption/ionization
time of flight mass spectrometry technology of the Sequenom
iPlexGold system (Sequenom, San Diego, CA). Genotype call-
ing was done with SpectroTYPER 3.4 software. Assays were
designed using AssayDesign 3.1.2.2 with iPLEX Gold chemistry
default parameter. Rs1134590 failed genotyping; rs12884389
could not be called properly. All remaining 12 SNPs had call
rates >97% and are shown in Table 2. In 23 samples, person-
wise call rate was <90%, and therefore these samples were
excluded from further analyses.
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The second independent replication series comprising
153 cases has also been genotyped on the Human660-Quad
chip (Illumina) with the same quality controls as described
above. Six SNPs, which had been validated in the first replica-
tion series as being significantly associated with the IgG index
and/or which reached genome-wide significance in a meta-anal-
ysis of the discovery and first replication series, were investi-
gated in this data set for further replication. SNP call rates in
this data set were >94%. Genotype clustering of these SNPs
has been checked visually by an experienced scientist for all

3 series.

Sequencing and Alignment Analysis

Primer sequences used for sequencing the CH2 and CH3
domain coding exons 6 and 7 of the /GHG3 gene and their
chromosomal locations are described in Supplementary Table 1.
To specifically sequence the JGHG3 exons 6 and 7, we applied
a modified protocol described by Dard et al.*® Briefly, the
primer combination F1/R1 was used for initial polymerase
chain reaction (PCR) amplification of genomic DNA, which
was predigested with the restriction enzyme BspHI (New Eng-
land BioLabs, Ipswich, MA) to prevent amplification of other
immunoglobulin gamma heavy chain (IGHG) genes, namely
IGHGI, IGHG2, IGHG4, and IGHGP. The PCR product cor-
responding to the size of the JGHG3 gene was identified on a
1% agarose gel, which was purified and used as a template for
Sanger sequencing performed by Eurofins MWG Operon
(Munich, Germany) with the primers F2 and F3. Sequencing
for IGHG! and IGHG2 was performed with the primers F4 to
F7. All sequence reads were tested against the human genome
assembly in the National Center for Biotechnology Information
(NCBI) blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to verify
their identity. For sequence alignment analysis and visualization,
ClustalW2*” and Jalview (version2)*® were used. Sequencing
and alignment analysis was performed in 20 samples. Sample
selection was based on the rs10136766 genotype to determine
those SNPs that are in linkage disequilibrium (LD) with
1510136766 and are known determinants of the GM allotype
polymorphism across the IGHG locus. In total 16 GM-allotype
defining SNPs were targeted in sequencing and alignment anal-
ysis:  rs74093865, rs60746425, rs113169458, 1577307099,
rs139413052, rs1803797, rs79545032, rs4042056, rs1051112,
and 1 SNP at position 106235701 without rs designation for
G3m (IGHG3); rs1071803, rs1045853, rs11621259, and
rs113804727 for G2m (IGHG2); 1511627594 and rs8009156
for Glm (/GHG1I); further details are displayed in Supplemen-
tary Table 2. SNP sclection and GM allotype polymorphism
(and GM haplotype) designation were performed according to
the ensemble genome browser (http://www.ensembl.org) and
the ImMunoGeneTics information system (www.imgt.org),
respectively. All chromosomal locations are provided according

to the current NCBI human genome build (GRCh37/hg19).
Statistical Analyses

In the discovery series, the distribution of the IgG index did
not follow a Gaussian distribution, but was right-skewed.
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FIGURE 1: (A) Manhattan plot of the gamma globulin (IgG) index, showing —logqo p values for all 526,014 analyzed single nu-
cleotide polymorphisms (SNPs) in the discovery genome-wide association study (n = 229), ordered by their chromosomal posi-
tion. The genomic inflation factor lambda was 1.002. Therefore, no further correction was applied. The horizontal dashed line
indicates the p value cutoff of 1 x 107°. SNPs with p <1 x 107> are highlighted in red. (B) Regional association plot showing
—log10 (p values) for all SNPs within +£500kb of rs10136766 ordered by their chromosomal position for the IgG index. The
index SNP rs10136766 is colored violet. Each other SNP is colored according to its correlation with the index SNP as specified
in the color scheme. Correlation structures correspond to hg19/1000g EUR Nov2010 data. Gray color indicates unknown corre-
lation. The annotations of IGHG1, IGHG2, IGHG3, and IGHG4 were added manually according to the dbSNP database, as they
were not indicated by LocusZoom.

Therefore values of the IgG index have been transformed using GWAS were taken for replication in the first replication series.
the natural logarithm in all patient series (Supplementary A p value of 1 x 107> was chosen taking into consideration
Fig 1). The association between each single SNP and In(IgG the rather low sample size. Therefore, results were validated in
index) has been tested using linear regression models as imple- 2 independent series. In the first replication step, p values <7.1
mented in PLINK.?® The SNP effect has been assumed to be x 107>, which corresponds to a Bonferroni correction for 7
additive. Adjustment has been made for sex. SNPs reaching independent tests (corresponding to 16 SNPs targeting 7
suggestive significance levels of p < 1 x 107 in the discovery genomic regions), were considered to be significant and tested

January 2013 89



‘wisrydrow{jod apnospnu o[urs = NS ‘urnqo[3d ewwed = 03y “Aouenbaiy o[ 12yJ0 = JY QWOsOWOIYd = YD)
*sa110s JuanNEd ¢ [[e Jo sisA[eue-v1ow ® UI SE [[oMm Se $o110s uonesr[dar yuspuadopur puodas oy pue sy ) UT Xopul H3] Y YIIM PABIDOSSE 9q 01 PIWIUOD SINS,
"sopdures jo oquuny],
*sa110s woneor[dar yuspuadapur Is11y oy U parpnis pue ( < Ol X 1> d) Xopur D3] oY) YIIM PIIRIDOSSE SE SILIDS ATIA0DSIP Y UT PANUIPT SINS

— - - - — 90—H6'T LST'0 T0—HO'I 6800 8T0 TST 90—d9T LOTO 6TO 6CT
I[1-9¢9 0810 T10—-dS'¢ 6600 6T0 TST TI—d8S ¥ITO L0—H0'8 LTTO  TI€0  $ST 90—d6'F TOTO 6T0 6CC
I[T-9¢T S81'0 T10—d0°¢ 7900 6C°0 IST TI—dS'T 0TCT0 90—d¥'1 CTo  1€0 $ST L0—dS8  LITO 6T0  LTT

— - - - - — - - - — 90—d¥'S LSTO ¥TO0 6TC

— — — - — — — — - — 90—d8¢ SITO0 STO0 TIC

— - - - - - - - - — 90—HT8 TCTO0 LTO 86l
9I—dSL 6TT0 TO—HTI 10 90 6¥1 SI—HdL9 TSTO 80—d¥¢ $ST0 LT0  9ST L0—H9T 0STO ¥TO ¥TC
CI=d6'T 90T°0 TO0—HO0'S PIT0 9270 0ST €I1—HdST 6€T0 L0—d¥'C LyT0 9T0 TST LO—HAI'6 HCTO ¥TO0  6TC

— - - - - — - - - — 90—d9'C TSTO 1IT0 97T
YI=dI'¢ SI1T0 €0—Hd6'L LST'0 8T0  ¥¥I  €1-dS9 TETO L0—dST I¥C0 620 ¥SCT 90—dTCT €TTO0 STO  8IT

— - - - - — - - - — 90—dI'CT 9IT0 LTO LTCT

— - - - — C0—HT8 9900 TO—d¥'6 S$80°0— LI'0O 9T 90—dL6 6ST0 SI'0  6TC

— - - - — CT0—dSZ 8900 T0—HOT T800— LI'0O 95T 90—d6'8 T9T0 ¥»I'0 6TC

- - - - — C0—HTT 0600 T0—Hd9T 6L0°0— 6I'0 SST 90—H0'8 TSTO 8I'0 6CC

S—HL¥ 1CI'0  CT—d8L LIT'0O— ¥%L0 €SI 80—dO'S 1810 CO—HdEE CIT0 LL0  SST L0—HLT 8TTO TLO 6TC

- - - - — €0—HTL L60°0 T10—d8¢ 9%0°0— ¢TO0 SST 90—HO'8 0€T0 610 6CC

— - - - — ¥0—406 T¥I'0 10—dT6 9000 680 95T 90—d88 €LT0 /80 6TC

d eog d epg gvd ON d epg d eeg gvd .ON d epg 4Avd ON
sisATeuy-e1o sa119g uoneorjdoy puodag SIsATeuy-e19A sar1og uoneordoy 1siy SOLIDG AI2A0ISI(T

\4

< < < < < < O < < U0 0 <« O < OO0

PNV
PPO

D

v
O
O
O
O
v
v
O
O
v
O
O
O
O
O
O

PNV
0y

0756565y
669757901
€L16%¥7901
€CIyyTo01
8%LE€TI01
90T€€T90T
$8STETI01
€LTT1T901
0€788190T
088TL1901
960691901
9€¥9€0%01
¥L7920%01
996¥%08C1
8€809%¢S
£9/T89%¢
0T€Y60¢

uonisogq

(44
/4!
¥l
/4!
¥l
1
¥l
¥l1
4!
¥1
4!
!
€1
I

o)

€65y LSt
1LSES LTt
GTYISTLTSE
68EH88TIS
1SLL68TTsT
€TL6THES
499£9€10181
48980911183
06SHETTsH
GSHIITOT IS
80186£7EST
$69785681
769785651
T8Y8Y6L5H
L0080y TS
cTE918Es!
858786

dNS

xapu| D6| oY1 yum pareossy sdNS :Z 319V.L




in a second replication series. In addition, SNPs reaching the
genome-wide significance level after meta-analyzing the discov-
ery and first replication series were taken forward for validation
in the second replication series. A p value <9.5 x 107° was
considered genome-wide significant, which corresponds to a
Bonferroni correction for 526,014 tests. Meta-analyses were
performed using a fixed-effects model applying inverse variance
weighting with METAL software (www.sph.umich.edu/csg/abe-
casis/metal). Figures were plotted using R (www.r-project.org)
or Prism (GraphPad Software, La Jolla, CA), as well as Locus-
Zoom™ for the regional association plots. LD between SNP
pairs was calculated using the --Id option in PLINK. For the
calculation of explained variances, we subtracted the multiple
R* value of the covariate model from that of the full model
including covariates and SNP in both replication studies sepa-
rately and assessed the sample size-weighted mean in R.

Power calculations were performed separately for discov-
ery and replication, using Quanto (http://hydra.usc.edu/gxe/).
For the discovery analysis among 229 individuals, there was
>80% power to detect an SNP explaining 11.4% or more of
the phenotypic variance at the suggestive significance level of p
=1 x 107>, In the first replication series, there was >80%
power to validate SNPs explaining >4.8% of the variance with
256 individuals and a significance level of 7.1 x 107°. With a
sample size of 153 in the second validation series, there was
>80% power to validate loci explaining >6% of the variance
at a significance level of 0.025 (Bonferroni correction for 2
genomic regions).

Results

GWA Analysis of IgG Index in MS

GWA analysis was conducted for the natural logarithm
IgG index and 526,014 SNPs in the discovery series.
The genomic inflation factor lambda was 1.002. There-
fore, no further correction was applied. The Manhattan
plot is displayed in panel A of the Figure. A total of 17
SNPs were identified with p values <1 x 107 in the
discovery series (see Table 2).

For replication, 14 of the 17 SNPs, covering all 7
identified genetic regions, were studied in an independ-
ent series of 256 patients. Three of the 17 SNPs
(rs34398108, rs12897751, and rs34295723) were not
included in the assay. Rs1134590 gave no adequate signal
and rs12884389 was excluded after cluster plot analysis.
Five SNPs on chromosome 14 (rs11621145,
rs11160868, rs10136766, rs2725142, and 1s2753571)
were significantly associated with the IgG index (p values
1.4 x 107°t0 3.4 x 107%). In addition, in a first meta-
analysis of the discovery and the first replication series,
152408007 on chromosome 8 reached genome-wide sig-
nificance (p = 5.0 x 107®). None of the other 6 SNPs,
which were successfully genotyped, replicated in the first
replication series or in the first meta-analysis.
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For further validation, all 6 SNPs that reached sta-
tistical significance in the first replication series and/or
first meta-analysis were examined in a second independ-
ent replication series of 153 patients. In the second repli-
cation series, the p value of rs2408007 was 7.8 x 1072,
yet the effect is in the opposite direction. Probability val-
ues of the 5 SNPs on chromosome 14 range from 3.5 X
107" t0 7.9 x 107°. In a meta-analysis of all 3 patient
series, rs2408007 did not reach the genome-wide signifi-
cance level (p = 4.7 x 107°), whereas combined p values
of the 5 SNPs on chromosome 14 reached from 6.5 X
107" t0 7.5 x 107 '°.The strongest association was seen
for rs10136766. In the replication series, rs10136766
explained 8.9% of the variance of intrathecal IgG
synthesis.

All 5 SNPs of chromosome 14 are in LD in our
data. R* between the index SNP rs10136766 and the
other 4 identified SNPs is between 0.93 (rs11160868)
and 0.75 (rs11621145) in the discovery series, between
0.95 (rs11160868) and 0.79 (rs2725142) in the first rep-
lication series, and between 0.95 (rs11160868) and 0.71
(rs2725142) in the second replication series.

Comparison of the IgG values in carriers who were
homozygous for the A or G allele of rs10136766 or who
were heterozygous (A/G) confirmed an increased
intrathecal IgG production in patients carrying the A
allele (Supplementary Fig 2).

Sequencing and Alignment Analysis

The 5 associated SNPs are annotated to the IGHC locus
at 14q32.33 (Fig 1B). The best associated SND,
1510136766, is located in the intronic region between
exons 8 and 9 of the IgG3 heavy chain gene /GHG3
(HGNC: 5527). The IGHG3 gene exhibits G3m allo-
type polymorphism, which was originally defined based
on serological reagents. Much like the polymorphism in
the HLA region, the G3m allotype polymorphism is in
close linkage with similar polymorphic determinants of
the IgG1 and IgG2 heavy chain genes /GHGI (HGNC:
5525) and IGHG2 (HGNC: 5526), respectively. There-
fore, a specific GM haplotype can be determined within
the IGHC locus based on SNP genotypes that define the
GM allotypes of IgG1, 2, and 3. First we carried out a
partial DNA sequencing of the /GHG3 gene in samples
homozygous for the A or G allele of rs10136766 (each n
= 10) to assign the identified risk alleles (rs10136766,
A) to the specific G3m allotype defining SNPs. Next,
partial sequencing of /GHGI and IGHG2 genes was per-
formed in these samples to completely determine the
whole spectrum of GM allotype-defining SNPs across the
IGHGI-3 genes (GM haplotype) in LD with
1s10136766.
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All 1510136766 G/G genotype samples could be des-
ignated as homozygous for the GM5%;3;.. haplotype (pre-
viously designated as Gm b*if;..), whereas rs10136766 (A/
A) genotype samples were homozygous for either the
GM21%1,17;.. or the GM21%1,2,17;.. haplotypes (previ-
ously designated as Gm g*;z,a;.. and Gm g*z,a,x;.., respec-
tively). These results suggest that GM21* polymorphisms
carrying GM haplotypes are associated with higher intra-
thecal IgG synthesis. Supplementary Table 2 summarizes
alignment and GM allotype designations.

Association with Susceptibility to MS

To evaluate whether the identified SNPs of the IGHC
locus are associated with susceptibility to MS,
rs11621145, rs2725142, and rs2753571 were analyzed in
an additional 1,854 MS cases and 5,175 controls.
Rs11160868 and rs10136766 failed quality control in
the controls, so no analysis is available for these SNPs.
No evidence of association with susceptibilicy to MS was
found in this data set (rs11621145 [G]: odds ratio [OR],
0.94; 95% confidence interval [CI], 0.87-1.02, p =
0.132; rs2725142 (G): OR, 0.94; 95% CI, 0.87— 1.02,
p = 0.140; 152753571 (C): OR, 1.06; 95% CI, 0.98-
1.14, p = 0.170).

Discussion

The presence of increased intrathecal IgG is a very charac-
teristic phenomenon in patients with MS. Although it is
believed to be of pathogenic relevance and a marker of B-
cell involvement in MS, the pathophysiological mechanism
and the target of intrathecal IgG has remained unclear.
Because the extent of intrathecal IgG differs largely between
patients, yet remains stable over time in the individual MS
patient (Supplementary Fig 3), a genetic basis has been
hypothesized. To evaluate our hypothesis, we performed a
genome-wide association analysis for common genetic var-
iants of intrathecal IgG. In a discovery series, 7 regions
were identified to be suggestively associated with the IgG
index. Six of these regions did not replicate, which might
be due to the sample size, and therefore these SNPs need
further investigation in a larger sample set.

However, 1 region with 5 genotyped SNPs was
confirmed to be significantly associated with intrathecal
IgG quantified as IgG index in 2 independent replication
series. All associated SNPs are clustered around the
IGHC locus on chromosome 14q32.33. Sequencing of
the region revealed that high intrathecal IgG is associated
with the Gm21* haplotype and low IgG is associated
with the GM5%;3;.. haplotype.

Four IGHG genes, /IGHGI, IGHG2, IGHG3, and
IGHG4, at 14q32.33, encode the constant region of the
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IgG subclasses IgG1, 1gG2, IgG3, and IgG4, respectively.
The constant region of the IgG isotype heavy chain is
formed by 3 domains encoded by separate exons. The
second (CH2) and third (CH3) domains form the Fc
fragment of the IgG3 subtype and are characterized by
extensive amino acid polymorphism detectable by sero-
logical reagents (G3m allotypes/markers). The Fc frag-
ments of the IgGl and IgG2 show similar serologically
detectable polymorphism, and collectively these variations
are defined as GM allotypes. Due to strong linkage
between /IGHGI, IGHG2, and IGHG3 genes, the Glm,
G2m, and G3m allotypes are segregated as specific com-
binations designated as GM haplotypes.”®®" The human
GM allotype variability is likely to influence the struc-
tural and functional characteristics of IgGs.”’ Gm™® and
Gm™*® phenotypes correspond to the current designation
of Gm21%1,17;.. and Gm21%;1,2,17;.. allotypes.

Polymorphism at the IGHC locus may influence
IgG interactions with the neonatal Fc gamma receptor,
which is expressed at the blood-brain barrier and is
thought to be involved in IgG homeostasis and distribu-
tion in the brain.*** In addition, divergent interaction
with other Fc gamma receptors may play an active role
in determining the extent of antibody-mediated tissue
damage by Fc gamma receptor-driven selection (or
enrichment) of particular IgG allotype variants in the
CNS compartment. Allotype differences may also be rele-
vant for IgG interactions with complement factors.
Although the Gm21* haplotype is not associated with
higher IgG serum levels,”® we cannot exclude that it goes
along with a higher IgG synthesis of plasma cells and
plasmablasts infiltrating the CNS compartment. '

Conflicting results have been reported for the corre-
lation of the GM allotype with susceptibility, severity,
and course of MS as well as with absolute CSF IgG lev-
els in MS.>>™® SNPs of the IGHC locus have not been
analyzed in the latest MS GWASs,® because they have
not been adequately genotyped in all controls. In the
present study, analysis of the identified candidate SNPs
in a subset of cases and controls revealed no evidence of
association of the IGHC locus with susceptibility to MS.
These findings demonstrate that the IGHC locus might
not be of relevance for the development of MS. This
would suggest that the locus is rather of general impor-
tance for regulating IgG responses independently of
disease.

It remains to be determined whether the genetic
polymorphism of the IGHC locus impacts on the course
of MS. Indirect evidence from different uncontrolled tri-
als and neuropathological studies suggests that the extent
of humoral immune response in the CNS may be rele-
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vant for the long-term outcome of MS patients. 3
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In conclusion, our study demonstrates that the
extent of intrathecal IgG antibodies is at least in part ge-
netically determined. Increased intrathecal IgG in MS
patients is associated with the IGHC locus. The risk al-
lele of our most closely associated SNP, rs10136766,
implicates Gm21* allotype-containing GM haplotypes in
higher IgG levels of the CSE. These findings contribute
to a better understanding of the mechanisms of increased
IgG CSF levels in MS and possibly other inflammatory
diseases of the CNS.

Further studies will address how the Gm21* pheno-
type translates into a higher intrathecal IgG and whether
the genetic variations at the IGHC locus play a role in
the course of the disease and treatment response.
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