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Abstract

This follow up study aims to refine the roles of previously suggested candidate genes (CC
chemokine ligands or CCLs) in multiple sclerosis (MS), and to test these markers in another
autoimmune disorder, systemic lupus erythematosus (SLE). After stringent correction for multiple
testing, we reject the importance of previously suggested borderline associations with CCLs in
MS. A new finding is the differential distribution of CCL8 marker alleles and a haplotype in
extreme severity subgroups of MS. In SLE, this study reveals strong associations with a marker
and a haplotype encompassing the CCL14 gene, which suggests that a lupus relevant variant may
lie within or in the proximity of this haplotype. Published by Elsevier B.V.
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1. Introduction

The development of autoimmunity is defined by complex interactions among genetic and
environmental factors (Perl, 2004). A genetic predisposition is suggested by disease
concordance rates of 25% or higher in monozygotic twins in both organ-specific and
systemic autoimmmunity such as multiple sclerosis (MS) and systemic lupus erythematosus
(SLE) (Perl, 2004). The Human Leukocyte Antigen (HLA) (6p21) locus has the largest
impact on susceptibility for MS (IMSGC, 2007) and SLE (Nath et al., 2004). In MS, the
HLA DRB1*1501 allele appears to have the main role in Caucasians (Oksenberg et al.,
2004), but epistatic interactions among alleles aligning in the DR2 (DRB1-DRB5)
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haplotype have functional significance (Gregersen et al., 2006) and trans interactions among
DRB1 susceptibility (e.g. DRB1*15, DRB1*17, DRB1*0301) and protective (e.g.
DRB1*14, DRB1*11, DRB1*01, DRB1*10) allele combinations also play a role
(Ramagopalan et al., 2007). In addition, HLA locus heterogeneity also exists in MS (de Jong
etal., 2002; IMSGC, 2005; Brynedal et al., 2007). A recent whole genome association
(WGA) in over 12,000 subjects shows very strong associations (p=8.94x10781) for SNPs in
the DRA locus, further confirming the importance of HLA in MS (IMSGC, 2007). In SLE,
the HLA-DR2 and DR3 alleles as well as Class 111 mutations leading to deficiency in
complements 2 and 4 are important determinants of disease susceptibility (Arnett and
Reveille, 1992).

In contrast, non-HLA loci confer small risk to these disorders. Only studies in very large
cohorts could conclusively identify disease variants in genes of IL2Ra (10p15) and IL7Ra
(5p13) relevant for MS (Gregory et al., 2007; IMSGC, 2007; Lundmark et al., 2007).
Likewise, SNPs in ITGAM (Harley et al., 2008) and STAT4 genes were recently associated
with SLE (Remmers et al., 2007). CC chemokine ligand (CCL) genes control the
differentiation, activation, and migration of immune cells, and their functional importance
was repeatedly demonstrated in experimental autoimmune encephalomyelitis (EAE), MS
(Mahad et al., 2004; Banisor et al., 2005; Savarin-Vuaillat and Ransohoff, 2007) and SLE
(Wu et al., 2007; Rovin, 2008). Fourteen CCLs are encoded in 17911.2—q12, where a meta-
analysis revealed the highest non-parametric linkage in MS (The Transatlantic Multiple
Sclerosis Genetics Cooperative, 2001). Quantitative trait loci of EAE were identified in
regions of the mouse chromosome 11 and the rat chromosome 10, both synthenic to the
human 17g11 (Teuscher et al., 1999; Jagodic et al., 2004). These observations prompted us
some years ago to scan the 17g11.2—q12 region and the analyses repeatedly showed weak or
moderate associations of rare SNP haplotypes encompassing CCL2, CCL11-CCL8-CCL13,
CCL15 and CCL3 in MS families (Fig. 1) (Vyshkina et al., 2005; Vyshkina and Kalman,
2005, 2006).

In the present study, we asked if the associations of these CCL genes can be reproduced in a
case—control MS cohort and if these markers also show association with SLE. In addition,
we asked if the selected susceptibility markers show differential distribution in low and high
severity subgroups of MS.

2. Subjects and methods

2.1. Subjects

2.1.1. Patients with MS—Genomic DNA, blood or frozen brain tissue specimens of 523
Caucasian MS patients were obtained from the Multiple Sclerosis DNA Bank (MSDB),
University of California San Francisco, San Francisco, CA, Accelerated Cure Project for
Multiple Sclerosis (ACPMS), Boston, MA, Multiple Sclerosis Research Center of New York
(MSRCNY), New York, NY, and the Human Brain and Spinal Fluid Resource Center
(HBSFRC), Los Angeles, CA. All patients had definite MS (McDonald et al., 2001) with
61% relapsing—remitting (RR)-MS, 10% primary-progressive (PP)-MS, 23% secondary
progressive (SP)-MS, and 1% progressive-relapsing (PR)-MS course (SP or PP-MS was not
differentiated for 5%, all postmortem cases). Information concerning course of MS, age of
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onset (as defined by the treating physician), age at diagnosis of MS, EDSS at the time of
specimen collection, time to reach maximum EDSS, (time to death from disease onset in
case of the postmortem specimens), and medications during the disease course was collected
for each MS patient.

2.1.2. Patients with SLE—Genomic DNA samples from 97 Caucasian patients with SLE
that satisfied the established diagnostic criteria (Tan et al., 1982) were investigated.

2.1.3. Normal controls—Buccal swab specimens of 466 Caucasian normal controls were
collected from staff members, spouses of MS patients and visitors at the MSRCNY, New
York.

Patients and controls had similar average age (MS patients: 46.5; SLE: 44.5; controls: 43.2).
The mean age of disease onset was 35.2 years in MS and 33.8 years in SLE. The female to
male ratio was 2.35 (367/156) in the MS group; 12.9 (90/7) in the SLE group and 2.61
(313/120) in the control group. Human subjects were studied in accordance with IRB and
HIPAA regulations.

2.2. DNA extraction

2.3. SNPs

DNA was extracted by using the Qiagen Blood DNA Mini Kit (Qiagen, Valencia, CA).

A total of 35 SNP markers (17911.2—q12) were included in the study after removing 4
monomorphic markers and 3 markers with Hardy—\Weinberg deviation in controls (NCBI
dbSNP Build 127, http://www.ncbi.nlm.nih.gov/SNP). Thirty-one of these assays were
previously developed and tested by Genaissance Pharmaceuticals (how part of Cogenics,
New Haven, CT) (Vyshkina et al., 2005; Vyshkina and Kalman, 2005, 2006). An additional
4 new assays were successfully validated by Cogenics for the present study. From the
previously validated CCL markers we selected those for the present study which repeatedly
showed association with MS in families (Vyshkina et al., 2005; Vyshkina and Kalman,
2005). Of the total 35 SNPs, 10 markers were tagging SNPs that define haplotypes (http://
www.hapmap.org) and 4 were non-synonymous SNPs. The mean heterozygosity of markers
was 27.1% (range 7.4%-50.5%). Fig. 1 indicates the distribution of markers in the two
previous studies (Vyshkina et al., 2005; Vyshkina and Kalman, 2005) and the present
analyses, and the location of haplotypes associated with the disease.

2.4. Genotyping

Cogenics, a division of Clinical Data, Inc. was contracted to perform the SNP genotyping by
using the Sequenom MassAR-RAY ™ System.

2.5. Analyses

Allele and genotype frequencies and heterozygosity were determined by using the Pedigree
Statistics in MERLIN (Multipoint Engine for Rapid Likelihood Inference, http://
www.sph.umich.edu/csg/abecasis/Merlin/) (Abecasis et al., 2002). Deviations from the
Hardy—Weinberg Equilibrium (HWE) were tested by using the Xz-statistics.
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For associations of marker alleles, genotypes and haplotypes, the Xz—test was used.
Distribution of LD within 17q11 was evaluated by using the Haploview v.4 program (http://
www.broad.mit.edu/mpg/haploview/) (Barrett et al., 2005) and LDmax (Gold) (http://
www.sph.umich.edu/csg/abecasis/GOLD/docs/stats.html) (Slatkin and Excoffier, 1996).
Bonferroni correction was used for multiple testing. Only a few of the selected CCL markers
are in LD with each other. Taking LD among some of the CCL markers into consideration
when correction is made, would not affect the outcome.

2.6. Stratification of the MS cohort

3. Results

Stratification was performed by separating patients with milder (EDSS=4 at 10 years after
onset) and more severe forms of the disease (EDSS26 at 10 years after onset). The two
subgroups are designated as “mild” and “severe” MS hereafter. Mild MS was defined here
by EDSS=4 at 10 years (instead of EDSS=3 at 10 years conventionally used to define
“benign MS”) in order to retain power. The mild subgroup included 105 and the severe
subgroup included 75 patients.

3.1. Association of SNP alleles, genotypes and haplotypes with MS and SLE

Table 1A and B shows the associations of CCL gene SNP alleles with MS and SLE. All
uncorrected p<0.05 are indicated. A total of 35 CCL markers were tested, requiring an
overall a-value of 0.0014 to observe significance at 0.05 level. After correction for multiple
testing, only PG28 (rs854680) remains significant in the SLE group.

Table 2A and B indicates all uncorrected p-values <0.05 for the distribution of CCL marker
genotypes in MS and SLE. After Bonferroni correction for multiple testing, only the shift
towards the AA, AC genotypes of PG28 (rs854680) remains significant in the SLE cohort.

We also analyzed association of SNP haplotypes with MS and SLE. Only observations
significant after correction for multiple testing are shown in Table 3. A total of 13 two-
marker haplotypes were tested within regions of allelic associations. Each marker pair may
generate 3 independent haplotypes, bringing the total number of independent testing to 39 in
two groups (39 tests). This number of comparisons would require an a-value of 0.0013 to
observe significance at 0.05 level. While several haplotypes within CCL11, CCL8, CCL14,
CCL15 and CCL3 show borderline associations with MS (where we previously detected
associations in families), none of the associations could survive Bonferroni correction (data
not shown). There is only a two-marker haplotype of PG28-PG29 encompassing CCL14
that remains significant after correction for multiple testing in the SLE group (Table 3).
PG28 (rs854680) is located 1641bp from the 3° UTR of the CCL14 gene. PG29
(rs16971802) is a non-synonymous SNP (C — T) in exon |l of the CCL14 gene, which
changes glutamine — lysine at protein level. Further extension of this haplotype into the
CCL4 gene (PG28-PG29-PG30-PG31-PG32) also reveals a significant association (Table
3).
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3.2. Association of marker alleles and haplotypes with severity of MS

Distributions of all 35 markers were tested in the mild and severe subgroups of MS and then
haplotypes of markers within CCL8 with p<0.006 were analyzed. Significant differences in
the distribution of two-marker haplotypes in the CCL8 gene were observed after correction
for multiple testing (6 two-marker haplotypes tested within CCL genes; 3 independent
haplotypes for each marker combination; required a-value<0.003) (Table 4). The CGC allele
combination of the three-marker PG19-PG22-PG23 haplotype was also increased in the
severe and decreased in the mild subgroup of MS. None of the other investigated markers or
haplotypes segregated differentially with severity subgroups of MS. Comparisons of marker
alleles and haplotypes in the PP-MS/PR-MS vs. RR-MS/SP-MS subgroups were
unrevealing.

4. Discussion

4.1. Candidate genes of inflammation

A phenotypic characteristic of MS is heterogeneity defined by various balances of
inflammation and neurodegeneration (Lucchinetti et al., 2000; Bielekova et al., 2005).
Neurodegeneration is the major pathological correlate of disability (Zivadinov and Bakshi,
2004), and inflammation can both directly and indirectly contribute to it (Bielekova et al.,
2005). These observations influenced our inflammatory candidate gene selection in two
earlier studies that revealed modest but reproducible observations for variants of CCL genes
(Vyskina et al., 2005a; Vyshkina and Kalman, 2005, 2006). These previous SNP association
studies were performed in independent cohorts of 257 and 361 MS families with various
structures, and in consensus suggested haplotypes (but not individual markers) associated
with the disease (Fig. 1). Associations with two rare haplotypes in CCL15 were significant
in the TRANSMIT analyses even after correction for multiple testing, and MS-associated
haplotypes within both CCL15 and CCL3 overlapped in the phase | and phase Il studies
(Vyshkina et al., 2005; Vyshkina and Kalman, 2005). Here we aimed to conclude our
analyses concerning these candidate markers in MS, and to generate comparative data in
another autoimmune disease, SLE.

4.2. Present findings in MS

4.2.1. SNP markers in CCL genes tested in MS—In the present cohort of 523 MS
patients and 466 controls, we only detected weak p-values for associations with previously
highlighted markers and haplotypes, which all became non-significant after Bonferroni
correction. Assuming a genotypic relative risk of 1.3 for heterozygous and 1.8 for
homozygous state of the high risk allele with 0.20 frequency, we had 73% power to detect a
p=0.05, while we had 80% power for risk alleles with 0.25 frequency and only 30% power
for risk alleles with 0.05 or lower frequency (Purcell et al., 2003). Therefore, this study
unambiguously excluded the association of the tested gene markers with MS since most
markers had an allele frequency of 0.2 or higher. However, it is important noting that no
direct marker only haplotype associations were detected in the previous CCL studies, and
the frequency of all CCL haplotypes which showed association with the disease was very
low (0.02) (Vyshkina et al., 2005; Vyshkina and Kalman, 2005). Therefore, the present
study is in agreement with the data of the recent WGA study that revealed no significant o
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values in the proximity of our CCL gene markers (IMSGC, 2007). The biological
significance of previously detected associations of MS with low frequency haplotypes in
CCL15 and CCL3 genes remains uncertain (Vyshkina et al., 2005; VVyshkina and Kalman,
2005).

4.2.2. Candidate markers in subgroups of MS—Testing the distribution of all CCL
markers in the PP-MS/PR-MS vs. RR-MS/SP-MS subgroups resulted in no significant
observation. However, stratification of MS patients into mild and severe subgroups revealed
a differential distribution of a PG19-PG22-PG23 haplotype within the CCL8 gene. The
severe subgroup had an increased frequency of the C-G-C haplotype, suggesting that these
variants may increase the probability of developing a more rapidly progressing form of MS.
CCLS8 is highly expressed by astrocytes and microglia in active plaques and attracts CCR2,
CCR3 and CCRS5 positive monocytes and macrophages to lesions of MS and EAE
(McManus et al., 1998; Banisor et al., 2005). The CCL8-CCR?2 interaction was suggested to
be involved in the fine tuning of immune response (O’Boyle et al., 2007). Therefore, the
differential distribution of the CCL8 haplotype may result in a differential immune
modulatory effect in extreme severity subgroups of MS. We could not evaluate the marker
distribution in more polarized severity subgroups because of the loss of power (e.g. using
EDSS=3 at 10 years for defining mild MS would have included only 20 patients).

Identifying disease modifying genes in MS has been impeded by several methodological
difficulties (e.g. definition of outcome measures and selection of markers, cohort size and
composition, methods of analyses) (Kantarci et al., 2002). Numerous disease modifier
candidates have been proposed, but only the HLA Class Il variants have thus far survived
scrutiny (Kantarci et al., 2002). HLA DR alleles have a differential distribution in mild and
severe subgroups of MS (Barcellos and Thomson al., 2003; DeLuca et al., 2007;
Ramagopalan et al., 2007), and epistatic interactions between HLA DR2 alleles in LD with
each other determine clinical disease severity by differentially controlling T cell activation
(Gregersen et al., 2006). The disease modifying role of ApoE4 is still being debated
(Ramagopalan et al., 2007). This study suggests a new potential disease modifying
candidate.

4.3. Findings in SLE

4.3.1. CCL gene SNP markers in SLE—None but one of the tested markers showed
association with SLE. The associations of PG28 (1641 bp from 3" UTR of CCL14) and the
PG28-PG32 haplotype with SLE are novel findings, and the p-values are impressive
considering the small size of the patient cohort. Among the markers defining this haplotype
only PG29 (rs16971802) is a non-synonymous mutation. The current marker selection only
allows a partial evaluation of LD in this region, but our preceding analyses with evenly
distributed 232 markers in 17g11.2—-q12 showed a large LD block encompassing CCL14—
CCL15-CCL23-CCL18-CCL3-CCL4 (Vyshkina et al., 2005). PG28-PG32 are located in
this extensive LD block suggesting that a lupus relevant mutation may lie within or in the
proximity of this haplotype, possibly within the CCL14 gene itself. CCL14 (HCC-2) was
characterized at DNA, mRNA and protein levels only recently (Pardigol et al., 1998), and its
involvement in human diseases is still being explored. CCL14 binds to multiple CC
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chemokine receptors (CCR) including CCR1, CCR3 and CCR5 (this latter is a HIV-1 co-
receptor). It may have functional significance in inhibiting HIV entry into CCR5 expressing
cells (Blain et al., 2007) and controlling allergic airway inflammation and growth of cancer
(Gupta et al., 2008). CCL 14 has never been implicated in MS, and this is the first time when
an association was detected in this region with SLE. However, a polymorphism in CCR5
was associated with SLE (Mamtani et al., 2007), which further supports a potential role for
the CCL14-CCRS5 axis in lupus. CCL14 may represent one of the susceptibility genes in the
17p12—-q11 region that has been considered a susceptibility locus in SLE (Johansson et al.,
2004).

In summary, identification of non-HLA susceptibility markers in MS is hampered by their
small effects and a genetic heterogeneity of the disease underscored by recent studies in very
large cohorts (Gregory et al., 2007; IMSGC, 2007; Lundmark et al., 2007). In the present
follow up study, we excluded a major importance of CCL variants in MS. However, the
increased frequency of the PG19-PG22-PG23 C-G-C haplotype (CCL8) in the severe and
its decreased frequency in the mild subgroup of MS is a new finding which may have
functional relevance and merit further evaluation. The associations of SLE with a SNP
marker and haplotype in the CCL14 gene likely indicate a disease relevant mutation in the
nearby region and warrant further LD mapping in larger cohorts.
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The figure depicts the 17911.2—q21 region (1.83 MB) with 1,508,243 bp gap between CCL1
and CCL5 and a 96,158 bp gap between CCL5 and CCL16. The lower part of the figure
indicates the placing of markers in the phase I (open circles) (Vyshkina et al., 2005), phase
Il (open stars) (Vyshkina and Kalman, 2005) and present study (diamonds). Upper bars
(striped) in the top part of the figure indicate MS-associated haplotypes in the phase I study
and lower bars (dotted) indicate MS-associated haplotypes in the phase Il study. Note the
overlap in markers and haplotypes within the genes of CCL15 and CCL3. The main rational
for the selection of the present markers was to include SNPs previously associated with MS,
tagging SNPs and non-synonymous mutations in genes of interest.
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