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Multiple sclerosis is a heterogeneous disease with an unpredictable course and a wide range of severity; some individuals rapidly

progress to a disabled state whereas others experience only mild symptoms. Though genetic studies have identified variants that are

associated with an increased risk of developing multiple sclerosis, no variants have been consistently associated with multiple

sclerosis severity. In part, the lack of findings is related to inherent limitations of clinical rating scales; these scales are insensitive to

early degenerative changes that underlie disease progression. Optical coherence tomography imaging of the retina and low-contrast

letter acuity correlate with and predict clinical and imaging-based outcomes in multiple sclerosis. Therefore, they may serve as

sensitive phenotypes to discover genetic predictors of disease course. We conducted a set of genome-wide association studies of

longitudinal structural and functional visual pathway phenotypes in multiple sclerosis. First, we assessed genetic predictors of

ganglion cell/inner plexiform layer atrophy in a discovery cohort of 374 patients with multiple sclerosis using mixed-effects models

adjusting for age, sex, disease duration, optic neuritis and genetic ancestry and using a combination of single-variant and network-

based analyses. For candidate variants identified in discovery, we conducted a similar set of analyses of ganglion cell/inner

plexiform layer thinning in a replication cohort (n = 376). Second, we assessed genetic predictors of sustained loss of 5-letters

in low-contrast letter acuity in discovery (n = 582) using multivariable-adjusted Cox proportional hazards models. We then

evaluated candidate variants/pathways in a replication cohort. (n = 253). Results of both studies revealed novel subnetworks

highly enriched for connected genes in early complement activation linked to measures of disease severity. Within these networks,

C3 was the gene most strongly associated with ganglion cell/inner plexiform layer atrophy (P = 0.004) and C1QA and CR1 were

top results in analysis of sustained low-contrast letter acuity loss. Namely, variant rs158772, linked to C1QA, and rs61822967,

linked to CR1, were associated with 71% and 40% increases in risk of sustained LCLA loss, respectively, in meta-analysis pooling

discovery and replication cohorts (rs158772: hazard ratio: 1.71; 95% confidence interval 1.30–2.25; P = 1.3 � 10�4; rs61822967:

hazard ratio: 1.40; 95% confidence interval: 1.16–1.68; P = 4.1 � 10�4). In conclusion, early complement pathway gene variants

were consistently associated with structural and functional measures of multiple sclerosis severity. These results from unbiased

analyses are strongly supported by several prior reports that mechanistically implicated early complement factors in

neurodegeneration.
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Introduction
Multiple sclerosis, an inflammatory demyelinating and neu-

rodegenerative disorder of the CNS, is the most common

cause of progressive disability in young adults. The disease

is highly heterogeneous. Certain individuals with multiple

sclerosis experience a mild course with little disability pro-

gression, while others worsen insidiously and accumulate

substantial disability over years. Mechanisms contributing

to the observed heterogeneity in disease evolution are

poorly understood; discovery of specific pathways asso-

ciated with risk of disease progression will allow for

more accurate individualized prognosis as well as facilitate

the discovery of novel therapeutic targets, which could be

tested in progressive multiple sclerosis.

Variation in human leukocyte antigen (HLA) genes

within the major histocompatibility complex (MHC) is a

strong, well-known risk factor for multiple sclerosis, and

previous genome-wide association studies (GWAS) have

successfully identified over 200 non-MHC variants asso-

ciated with disease susceptibility (Patsopoulos et al.,

2017). However, in comparison, genetic correlates of mul-

tiple sclerosis severity are much less well-understood, with

no variant(s) being identified consistently with disease

course. Major limitations include use of moderate sample

sizes without replication and a lack of accurate sensitive

measures of disease course. Common clinical outcomes,

including the Expanded Disability Status Scale (EDSS)

score, are relatively coarse, semi-quantitative measures.

They also can be insensitive to change, especially in the

early stages of multiple sclerosis when behavioural changes

are masked by functional compensation. Other limitations

include difficulties in performing longitudinal analyses of

advanced/non-conventional MRI outcomes that are

acquired from multiple centres.

Advances in quantification of disease progression have

allowed for more sensitive and quantitative assessments of

the evolution of multiple sclerosis over time. Both optical

coherence tomography (OCT) structural imaging of the

retina and low-contrast letter acuity (LCLA) are highly re-

producible and validated outcome measures, shown to cor-

relate with clinical and imaging-based outcomes in multiple

sclerosis patients. Thus, they could serve as sensitive pheno-

typic measures to discover genetic predictors of multiple

sclerosis disease progression (Balcer et al., 2012; Saidha

et al., 2015; Martinez-Lapiscina et al., 2016). For example,

in patients with multiple sclerosis degeneration of the com-

posite ganglion cell-inner plexiform (GCIP) layer correlates

strongly with grey matter atrophy and disability accrual

(Saidha et al., 2015), and decline in other OCT-derived

measures are associated with progressive visual function

loss and risk of disability progression (Talman et al.,

2010; Martinez-Lapiscina et al., 2016). Furthermore,

increased lesion volume, reductions in brain volume, and

increased damage to optic radiations correlate with im-

paired LCLA in multiple sclerosis (Wu et al., 2007;

Maghzi et al., 2014). Hence, the visual pathway may

serve as an ideal set of outcome measures to interrogate

genetic predictors of multiple sclerosis course.

Herein, we present results of two GWAS (both with in-

dependent replication) that capitalize on these recent

technological advancements and leverage longitudinal

structural and functional changes of visual pathway out-

comes in patients with multiple sclerosis followed on aver-

age for over 3 years. Using single variant- and pathway-

based analyses, we identified subnetworks of potentially

associated genes enriched in early complement activation

for both visual system outcomes. Our findings are sup-

ported by extensive prior work highlighting increased

C1q and C3 expression in brain tissues from patients
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with progressive multiple sclerosis, and recent mechanistic

work highlighting the role of early complement pathway

factors in mediating neurodegeneration (Stevens et al.,

2007; Orsini et al., 2014; Michailidou et al., 2015, 2017;

Watkins et al., 2016; Liddelow et al., 2017).

Materials and methods

Genetic predictors of structural
retinal thinning using OCT

Discovery: study population and OCT imaging, Johns

Hopkins Multiple Sclerosis Center

Patients with a confirmed diagnosis of multiple sclerosis (2010
revised McDonald criteria) were followed beginning in 2010
from the Johns Hopkins (JH) Multiple Sclerosis Center for an
ongoing prospective retinal imaging cohort study. Individuals
with other known neurological or ophthalmological disorders,
diabetes mellitus, uncontrolled hypertension, glaucoma, or re-
fractive errors exceeding �6 dioptres were excluded from
study enrolment. Retinal imaging was performed approxi-
mately biannually using spectral domain Cirrus HD-OCT
(model 4000, software version 6.0; Carl Zeiss Meditec) as
described in detail previously (Syc et al., 2012; Saidha et al.,
2015). Briefly, peripapillary and macular retinal layer thick-
nesses were obtained with the Optic Disc Cube 200�200
protocol and Macular Cube 512�128 protocol, respectively.
Scans with signal strength 57/10 or with artefact were
excluded in agreement with the OSCAR-IB criteria and were
used to compute thicknesses of the composite of the GCIP
layers (Tewarie et al., 2012). We selected rates of changes in
the composite GCIP layers because in patients with multiple
sclerosis the GCIP is less vulnerable to swelling associated with
inflammation of the optic nerve (unlike the retinal nerve fibre
layer) and GCIP degeneration correlates more strongly with
grey matter loss and disability in multiple sclerosis (Saidha
et al., 2015). We censored individuals who experienced optic
neuritis during follow-up (i.e. stopped updating GCIP).
Inflammatory pathology associated with optic neuritis may
contribute to accelerated GCIP loss that may be unrelated to
the underlying progressive GCIP atrophy of interest in this
study (Trip et al., 2005; Saidha et al., 2015).

Discovery: genotyping, quality control, imputation

JH-OCT cohort participants provided blood samples for DNA
extraction and were genotyped on the Illumina Multi-Ethnic
Global Array (MEGA). We implemented a standard GWAS
quality control (QC) pipeline. We excluded individuals with
genotype success rates 50.99, related individuals [e.g. those
with proportion of identity-by-descent values 50.125 (third
degree relative)], and those with excess heterozygosity [�4
standard deviation (SD) Fmean]. We tested for potential popu-
lation outliers using principal components analyses (PCA; –pca
option in PLINK); we excluded those who were 42 SD of
the mean for PC1 and PC2. Also using PCA, we determined
the likely genetic ancestry of our population by mapping the
included individuals onto the 1000 Genomes Population
(Supplementary Fig. 1). Results suggest our population to be
largely of European descent. Using generalized linear

regression models, we also confirmed that the identified prin-
ciple components were not collinear with the included covari-
ates used in subsequent regression models. For example, the
identified principle components were not associated with age,
sex, history of optic neuritis, or disease duration (all P4 0.05).
A total of 474 individuals were genotyped and 458 (97%)
remained after sample QC; 374 of 458 individuals also had
longitudinal OCT data available and were eligible for the ana-
lysis. We also implemented a standard GWAS QC pipeline
with respect to exclusion of poor performing variants. We
excluded ambiguous variants, variants with minor allele fre-
quencies (MAF) 50.05, those with missing genotype rates
40.05, and those demonstrating deviation from Hardy
Weinberg equilibrium (P50.001). A total of 1 731 558 vari-
ants were genotyped, and 503 678 remained after QC and
were included in the analysis. We also imputed classical alleles
for HLA class I genes (HLA-A, HLA-B, and HLA-C) and
HLA class II genes (HLA-DPA1, HLA-DPB1, HLA-DQA1,
HLA-DQB1, and HLA-DRB1), corresponding amino acid se-
quences and additional MHC variants not genotyped explicitly
using SNP2HLA (Jia et al., 2013; Patsopoulos et al., 2017). To
do so, we used the MHC-specific reference panel provided by
the Type 1 Diabetes Genetics Consortium. Imputed MHC-
region and HLA alleles with info scores 50.70 were excluded.
For risk scores of interest, our MHC risk score was defined as
the linear combination of previously-identified MHC-region
multiple sclerosis risk alleles where each risk allele is weighted
by its effect on multiple sclerosis susceptibility (Moutsianas
et al., 2015). Our non-MHC multiple sclerosis risk score
was defined as linear combination of previously-identified
non-MHC multiple sclerosis risk alleles where each allele is
weighted by its effect on multiple sclerosis susceptibility
(Jager et al., 2009). For non-MHC multiple sclerosis suscepti-
bility variants not genotyped explicitly, we imputed allele dos-
ages using the Minimac algorithm as used on the Michigan
Imputation Serve with the updated Haplotype Reference
Consortium Panel version r1.1 excluding variants with imput-
ation R25 0.70 (Howie et al., 2012; Reed et al., 2015; Das
et al., 2016; McCarthy et al., 2016). In total, 180 possible
non-MHC multiple sclerosis susceptibility variants were geno-
typed or imputed with high quality and included in our ana-
lyses and risk score, and no participants were missing data on
non-MHC multiple sclerosis risk alleles.

Discovery: statistical analyses

An overview of our overall analytic approach is provided by
Supplementary Fig. 2I. We derived a patient-specific rate of
change in GCIP from a multivariable-adjusted mixed effects
regression models to use as the dependent variable in genetic
analyses. Briefly, we used a linear mixed effects model (also
adjusting for age at first OCT, sex, history of optic neuritis
and disease duration) incorporating patient-specific intercepts
and slopes to model the rate of change in GCIP over time;
patient-specific slopes were derived as the sum of the fixed
effect and predicted individual random slope. The multivari-
able-adjusted patient-specific slopes of GCIP decline were used
in all subsequent analyses. This approach has been applied
previously in GWAS of longitudinal changes in age-related
cognitive decline (De Jager et al., 2012). Our analyses did
not adjust for multiple sclerosis therapies as (i) multiple scler-
osis therapies may act as mediators and potentially attenuate
associations between variants and GCIP decline; and (ii)
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statistical adjustment for mediators in this context may intro-
duce bias in the effect of interest (collider bias) that may stem
from unmeasured common factors influencing therapy class
decisions and disease severity (e.g. comorbidity or socio-eco-
nomic factors; Vanderweele et al., 2014). For individual vari-
ant- or risk score-based analyses, we regressed multivariable-
adjusted patient-specific slopes of GCIP atrophy on allelic dos-
ages of genetic variants (including individual variants, imputed
individual MHC susceptibility or non-MHC multiple sclerosis
susceptibility alleles, or composite MHC susceptibility/non-
MHC multiple sclerosis susceptibility risk scores) in an addi-
tive linear regression model also adjusting for genetic ancestry
using the first six principal components. Sensitivity analyses
additionally adjusted for multiple sclerosis subtype (relapsing-
remitting or progressive multiple sclerosis).

Network analysis

Because of the relatively small sample size of our study and
previous observations that alterations to biological pathways
rather than in individual genes may provide key biological
insight to the results of GWAS, we subsequently performed
an extensive set of pathway- and network-based analyses
using the results of the individual variant analyses, which are
described in detail here (Baranzini et al., 2009, 2010;
Gourraud et al., 2013; Housley et al., 2015; Matsushita
et al., 2015). For these analyses, we calculated a gene-based
P-value using the Multi-marker Analysis of GenoMic
Annotation (MAGMA) algorithm, which is a fast and flexible
method for gene-based analyses of GWAS genotype data (de
Leeuw et al., 2015). It applies a multiple regression-based ap-
proach that properly incorporates linkage disequilibrium be-
tween markers and estimates potential multi-marker effects.
We then performed an agnostic pathway analysis using the
HotNet2, which is a topology-based algorithm that was ori-
ginally developed for the analysis of somatic mutations in
cancer datasets and has been applied previously to genome-
wide association data (Nakka et al., 2016). Briefly, HotNet2 is
a method for finding significantly mutated subnetworks within
protein-protein interaction networks that applies a directed
heat diffusion process through an interaction network. Each
gene represents one node in the network and the amount of
‘diffusible heat’ is determined by a heat-score, which we cal-
culated as the negative log-transformed P-value derived from
the gene-based tests from the MAGMA analysis. We assessed
significance of HotNet2 results for each run by permuting the
heat score interaction networks to calculate a P-value for the
number of identified subnetworks containing k or more genes,
as suggested by HotNet2 developers. We then tested for en-
richment of the novel HotNet2-identified subnetworks using
pathway information provided by FUMAgwas GENE2FUNC
analyses (Kamburov et al., 2013; Watanabe et al., 2017).
HotNet2 analyses were performed using the iRefIndex protein
interaction database (Razick et al., 2008).

In sensitivity analyses, since HotNet2 may underperform
when many heat scores are assigned similar values (as in the
case when the majority of P-values are insignificant), we as-
signed a value of 0 for heat scores, for which we have low
confidence in their association with GCIP decline, as in previ-
ous analyses (Leiserson et al., 2015; Nakka et al., 2016). We
identified low-confidence genes using data-derived threshold
based on the local false discovery rate (FDR) of gene-based
P-values and used (1� [local FDR]) as a quantitative metric

of ‘confidence’ (interpreting the local FDR as the probability a
gene is not associated with GCIP decline given the observed P-
value). To identify the gene-score threshold cut-off, we plotted
confidence versus gene-based P-values and used the P-value
limit corresponding to the first inflection point (e.g. evidence
of a sharp drop in confidence), as described previously (Nakka
et al., 2016). When the curve did not demonstrate an obvi-
ous inflection point, we set gene-score threshold correspond-
ing to a P-value limit of 0.20. We then applied HotNet2
using the confidence-adjusted gene-based heat-scores to
derive novel subnetworks and subsequently tested for enrich-
ment, as above.

Further, to ensure the robustness of our network approach
in its ability to extract biologically meaningful information
from GWAS data, we applied the algorithm to existing sum-
mary statistics from Alzheimer’s disease and age-related macu-
lar degeneration. In both primary and sensitivity analyses,
HotNet2 identified networks of apolipoprotein genes (e.g.
APOE) in Alzheimer’s disease and complement pathway
genes in age-related macular degeneration (e.g. C3, CFH).
Both pathways are highly studied for each respective disease
(Supplementary Fig. 3). All statistical tests were two-sided, and
analyses were conducted using PLINK, R and Python.

Replication: study population and OCT imaging,

University of California at San Francisco Multiple

Sclerosis Center

Patients with a confirmed diagnosis of multiple sclerosis
(n = 376) were recruited from the University of California at
San Francisco (UCSF) Multiple Sclerosis Center for a similar
prospective retinal imaging cohort study and similarly met
McDonald (2010 criteria) for the diagnosis of multiple scler-
osis. They were imaged using Heidelberg Spectralis OCT
(Heidelberg Engineering). Similar to the JH-OCT, image se-
quences included a macular volume scan and have been pre-
viously described in detail elsewhere (Balk et al., 2016).
Further, similar to the JH-OCT cohort, OSCAR IB criteria
were adhered to ensure sufficient data quality standards
(Tewarie et al., 2012).

Replication: genotyping

Participants in the UCSF-OCT cohort were genotyped on the
Multiple Sclerosis chip, a custom content Illumina Chip con-
taining an exome-chip backbone and all candidate variants
derived from a previous meta-analysis of multiple sclerosis-sus-
ceptibility variants (International Multiple Sclerosis Genetics
Consortium et al., 2011). We used a targeted validation of
the selected variants (or viable proxies) we identified from
the JH-OCT cohort discovery analyses that were also geno-
typed in UCSF samples.

Replication: statistical analysis

An overview of our overall analytic approach is provided by
Supplementary Fig. 2(II). Similar to the discovery JH-OCT, we
created a patient-specific rate of change in OCT outcomes that
were estimated from linear mixed-effects model to use as a
continuous phenotype in subsequent analyses. Estimated out-
comes included inner plexiform layer, ganglion cell layer and
the composite ganglion cell complex. Also similar to JH-OCT
analyses, we regressed multivariable-adjusted patient-specific
slopes of the measures of retinal layer thinning atrophy on
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these specified genetic variants. Slopes were adjusted for age at
first OCT, sex, disease duration and a history of optic neuritis.

Genetic predictors of changes in
visual function

Discovery: study population and visual function,

CombiRx trial

The CombiRx Trial including 1008 patients with relapsing-
remitting multiple sclerosis, was a 3-arm, phase III, rando-
mized, double-blinded, and placebo-controlled trial of combin-
ation therapy employing a partial 2 � 2 factorial design and a
2:1:1 randomization allocation to combination interferon b-1a
and glatiramer acetate or each single therapy (and matching
placebo) on annualized relapse rate. Full details of the trial and
results have been described in detail elsewhere (Lindsey et al.,
2012; Lublin et al., 2013). Briefly, eligible participants had
relapsing-remitting multiple sclerosis, were treatment naı̈ve,
and had to have at least two clinical relapses in the prior 3
years or at least one clinical relapse with subsequent MRI
activity in that time frame. Patients were followed for a
minimum of 3 years (or up to 7 years if he or she entered
the extension study). At baseline and annually thereafter,
binocular visual acuity was assessed using Sloan letter charts
with 2.5% and 1.25% contrast in a room illuminated to
80–100 cd/m2 at 2-m distance. The number of letters correctly
identified (out of 60) was recorded, and patients were in-
structed to wear usual distance glasses or contacts. In patients
with multiple sclerosis, changes in LCLA at 1.25% and at
2.5% contrast are each associated with disability progression.
As CombiRx trial participants were relatively early in their
disease course and had experienced little disability progression
(Table 1), we a priori defined a sustained change in LCLA as a
loss of five letters (confirmed at a subsequent visit 1-year later)
at 1.25% contrast for our primary analysis. We selected a
sustained loss of 5-letters as the primary outcome as (i) such
criteria have been applied in ophthalmology clinical trials and
in multiple sclerosis; and (ii) assessments of LCLA were rela-
tively infrequent in CombiRx; some previous studies of LCLA
changes included testing every 12 weeks (Beck et al., 2007;
Balcer et al., 2012, 2017).

Discovery: genotyping, quality control and HLA

imputation

At baseline, a subset of CombiRx participants provided blood
samples (n = 608; 60%) for DNA extraction and were geno-
typed on the genome-wide Human Illumina Bead Chip. We
again implemented a standard GWAS QC pipeline. We
excluded individuals with genotype success rates 50.99,
related individuals (e.g. those with proportion of identity-by-
descent values 50.125) and those with excess heterozygosity
(�4 SD Fmean). In total, 582 participants were eligible for the
analysis. As in the JH-based analyses, we tested for potential
population outliers PCA (–pca option in PLINK). We removed
individuals who were 42 SD of the mean for PC1 and PC2.
Similar to JH-based analyses, we also determined the likely
genetic ancestry of CombiRx trial participants by mapping
included individuals onto the 1000 Genomes Population
(Supplementary Fig. 4). As in JH-based analyses, results sug-
gest our population to be largely of European descent. The

identified principle components were not collinear with covari-
ates used in subsequent regression models (e.g. principle com-
ponents were not associated with age, sex, history of optic
neuritis, or disease duration). We also excluded ambiguous
variants, those with missing genotype rates 40.05, and those
with deviations from Hardy Weinberg equilibrium
(P5 0.001), as in the JH-OCT cohort.

To facilitate replication and meta-analyses between results
from discovery and replication studies of visual function out-
comes (both CombiRx and JH cohorts had available genome
wide genotyping data), we imputed CombiRx genotypes using
the Minimac algorithm as used on the Michigan Imputation
Server with the updated Haplotype Reference Consortium ver-
sion r1.1 reference panel (Howie et al., 2012; Reed et al.,
2015; Das et al., 2016; McCarthy et al., 2016). Following
imputation, we restricted all analyses to variants with
MAF40.05, those with imputation R2 values4 0.70, as out-
lined by Verma et al. (2014) and performed subsequent ana-
lyses using the estimated allele dosages. We also imputed
classical alleles for HLA class I and II genes using SNP2HLA
and similarly created MHC and non-MHC multiple sclerosis
susceptibility scores, as described in the JH-OCT cohort.

Discovery: statistical analysis

We assessed the association between additive allele dosages
(imputed and genotyped) of 5 258 576 variants and time to a
sustained 5-letter loss in LCLA using a Cox proportional haz-
ards model adjusted for age, sex, disease duration, history of
optic neuritis and genetic ancestry (using first six principle
components). We subsequently conducted a similar set of
HotNet2 pathway- and network-based analyses (including sen-
sitivity analyses using the results of the individual variant ana-
lyses in CombiRx).

Replication and meta-analysis: study population and

visual function Johns Hopkins Multiple Sclerosis

Center (replication)

A subset of participants (n = 253; 66%) from the JH-OCT
cohort also underwent visual function testing (denoted JH-
LCLA). Standardized visual function testing was performed
with retro-illuminated eye charts in a darkened room prior
to OCT examination. To assess visual acuity 2.5% and
1.25% contrast we used LCLA Sloan letter charts (at 2 m).
Similar to CombiRx, the number of letters identified correctly

Table 1 Characteristics of OCT cohorts

Cohort

JH-OCT

(n = 374;

50%)

UCSF-OCT

(n = 376;

50%)

Mean follow-up time, years (SD) 3.6 (2.1) 3.9 (2.0)

Number of OCT scans (SD) 4.6 (3.5) 3.1 (1.2)

Mean age at baseline, years (SD) 42.7 (11.0) 47.7 (10.6)

Female sex, n (%) 292 (78) 263 (68)

Relapsing-remitting multiple

sclerosis (%)

319 (85.3) 309 (80)

History of optic neuritis, n (%) 148 (39.5) 179 (46)

Mean disease duration (SD) 9.0 (8.2) 14.0 (9.1)
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were recorded. Approximate biannual testing was performed
binocularly, and participants also used their habitual glasses or
contact lenses. Relative to CombiRx trial participants, JH
cohort members were older and had greater disease duration
(Table 1). In the JH-LCVA cohort we similarly defined a priori
a sustained change in LCLA as a loss of five letters (confirmed
at a subsequent visit) at 2.5% contrast for our primary ana-
lysis to avoid any floor-type effects potentially relevant for
changes in 1.25% in this population with more advanced dis-
ease (changes in LCLA at 2.5% may be more sensitive among
patients with greater disease duration).

Replication and meta-analysis: genotyping, quality

control and HLA imputation

JH-LCLA participants were genotyped as part of the JH-OCT
Cohort (e.g. on the Illumina MEGA). We performed an iden-
tical genotype imputation procedure as in the CombiRx dis-
covery cohort using the Minimac algorithm as used on the
Michigan Imputation Server and the updated Haplotype
Reference Consortium version r1.1 reference panel
(McCarthy et al., 2016).

Replication and meta-analysis: statistical analysis

Initial analyses evaluated the effect of genetic variants identi-
fied from the CombiRx discovery cohort on time to a sus-
tained change in LCLA in the JH-LCLA replication cohort
using a Cox proportional hazards model adjusting for age,
sex, disease duration, history of optic neuritis and genetic an-
cestry (using first six principle components). We then pooled
results from analyses of high-quality variants measured in both
studies (variants with MAF40.05 and imputation R240.7)
using fixed effects meta-analysis (Willer et al., 2010). We per-
formed a fixed-effects meta-analysis as we assume an under-
lying common study population and underlying common
genetic effect, and our study prespecified discovery and repli-
cation cohorts. For variants demonstrating potential hetero-
geneity, we also conducted random-effects meta-analysis as
an additional sensitivity analysis. We assessed potential

inflation of test statistics (estimated by comparing the median
test statistic to that expected by chance) and corrected subse-
quent results using a genomic control correction. We then per-
formed network and pathway-based analyses (and
corresponding sensitivity analyses), as the JH-OCT study,
using the P-values from the meta-analysis. We also excluded
variants demonstrating potential statistical heterogeneity be-
tween the two cohorts (P5 0.10) from subsequent network
and pathway analyses, as these variants are likely variants
which did not replicate between the two studies.

Data availability

Data collected for this study are part of a long-term research
project; access to de-identified subject level data may be
granted to those who meet criteria for confidential access
and have the necessary data-sharing agreements in place.

Results

Genetic predictors of structural
retinal thinning using OCT

A total of 374 participants (78% female; mean age 42.7

years) were included in OCT discovery analysis. Mean

follow-up time for JH-OCT was 3.6 years (SD: 2.1 years)

and the average rate of decline in GCIP at the population

level was �0.32 mm/year [95% confidence interval (CI):

�0.39 to �0.24mm/year; P5 0.0001]. Using multivari-

able-adjusted patient-specific slopes of GCIP atrophy as a

continuous phenotype, we found one intergenic variant

near SLC39A12 (rs2497800; hg19: chr10:18351061) that

achieved genome-wide significance with faster rates of

GCIP atrophy (additive difference in rate of

GCIP = �0.08 mm/year increase in effect allele; 95% CI:

Table 2 Characteristics of discovery (CombiRx) and replication (JHU LCVA) cohorts

Cohort (total n = 835)

CombiRx (n = 582; 69%) JHU (n = 253; 31%)

Sustained 5-letter change in visual acuity at 1.25%, n (%) 180 (31) 58 (23)

Sustained 5-letter change in visual acuity at 2.5%, n (%) 136 (23) 88 (35)

Annualized rate of change in LCLA at 1.25% �0.35 (�0.49, �0.21) �0.07 (�0.19, 0.05)

Annualized rate of change in LCLA at 2.5% �0.16 (�0.28, �0.05) �0.30 (�0.42, �0.18)

Mean follow-up time (SD) 3.1 (1.7) 4.22 (3.22)

Female sex, n (%) 416 (72) 200 (79)

Mean age at baseline (SD) 38.1 (9.4) 41.9 (10.9)

Median EDSS (IQR) at baseline 2.0 (1.0–2.5) -

Relapsing-remitting multiple sclerosis 582 (100) 216 (85)

Disease duration

51 year, n (%) 372 (64) 41 (16)

1–2 years, n (%) 153 (26) 23 (9)

52–10 years, n (%) 54 (9) 111 (44)

510 years, n (%) 0 (0) 78 (31)

History of optic neuritis, n (%) 122 (21) 116 (46)

EDSS = Expanded Disability Status Scale.
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�0.11 to �0.06; P = 2.65 � 10�8). We also detected sug-

gestive associations (P55 � 10�6) between six other vari-

ants and GCIP thinning (Fig. 1A and Supplementary Table

1). However, these associations remain to be confirmed, as

replication cohorts to further interrogate them were not

available.

Consistent with previous GWAS in multiple sclerosis,

burden of MHC risk alleles was strongly associated with

earlier age of multiple sclerosis onset (per 1-unit increase in

genetic risk score: �1.73 years earlier; 95% CI: �2.60 to

�0.87 years; P5 0.001; Fig. 1C). However, individual

MHC alleles and MHC risk burden were not associated

with differential rates of GCIP atrophy (per 1-unit increase

in MHC risk score: �0.003 mm/year; 95% CI: �0.02 to

0.02 mm/year; P = 0.73; Fig. 1B). Several non-MHC mul-

tiple sclerosis susceptibility variants also displayed nominal

evidence of a potential association with GCIP thinning.

Our weighted non-MHC multiple sclerosis risk score (e.g.

an individual’s burden of multiple sclerosis susceptibility

alleles) was not associated with GCIP decline (per 1-unit:

�0.002mm/year; 95% CI: �0.02 to 0.01mm/year; P = 0.81;

Supplementary Table 2).

In analyses to derive novel clusters of connected genes

associated with GCIP thinning, we identified one network

of genes in primary and in sensitivity analyses (Fig. 1C and

D). We observed potentially highly biologically-relevant

enrichment in early complement system genes

(Penrichment = 1.38 � 10�8). Though the network size-based

P-value derived from the distribution of gene-based heat

scores was not significant (possibly related to the relatively

small sample size and resultant proportion of non-contribu-

tory gene-based P-values; Pnetwork = 0.19), the complement

pathway has substantial biological relevance to neurode-

generation that has been extensively described in prior

work. For example, evidence from mechanistic studies dem-

onstrate a role of early complement regulation of synaptic

pruning (notably first described in a retinal model) (Stevens

et al., 2007). Further, more recent evidence suggesting that

variation in C3 is associated with lower brain volumes and

high C3 expression in neurotoxic astrocytes (A1) (Liddelow

et al., 2017; Roostaei et al., 2019). As a result, we focused

subsequent analyses on validating the complement pathway

and C3 related findings. To perform the validation of this

network, we attempted to identify whether variants identi-

fied in C3 were associated with GCIP atrophy in an inde-

pendent cohort, since this gene has (i) strong biological

plausibility; and (ii) demonstrated the strongest association

with GCIP decline in preliminary analyses. Twenty-three

variants were mapped to C3 and were included in this

analysis; rs11569523 was the leading variant at this locus

(Supplementary Table 3; chr19:6689042; difference in rate

of change per increase in 1 risk allele: �0.08; 95% CI:

�0.12 to �0.04; FDR-adjusted P = 2.0 � 10�3).

Subsequently, we assessed the association between a

priori-selected variants annotated to C3 (a total of six vari-

ants either overlapped or were proxies) in an independent

replication study conducted in 386 multiple sclerosis

patients followed on average for 3.9 years (SD: 2.0 years)

at the UCSF Multiple Sclerosis Center. Similar to the JH-

OCT cohort, patient-specific rates of change in OCT out-

comes adjusted for age, sex, disease duration, and history

of optic neuritis were used as continuous phenotypes in the

analysis. UCSF cohort participants were relatively compar-

able to JH-OCT cohort participants; they were 32% male,

on average aged 47.6 years (SD: 10.6 years) and had an

average disease duration of 14.1 years (SD: 9.1 years). Of

the six a priori-selected candidate C3 variants tested,

rs11569523 was also associated with the inner plexiform

layer thinning, which is a component of the composite

GCIP layers (difference in rate of change: �0.70; 95%

CI: �1.30 to �0.09; Supplementary Table 4). Several of

the other a priori-selected candidate variants mapping to

the C3 gene were also associated with the ganglion cell

layer thinning (another component of the composite

GCIP) including rs17030 (chr19:6677989; difference in

rate of change: �0.08; 95% CI: �0.15 to �0.001) and

rs1047286 (chr19:6713262; difference in rate of change:

�0.18; 95% CI: �0.34 to �0.02); rs1047286 was also

marginally associated with loss of the composite ganglion

cell complex. Other candidate C3 variants: rs428543

(chr19:6702157), rs2230205 (chr19:6709704), rs2230201

(chr19:6713291) were not associated with OCT

phenotypes.

Our top individual variant (rs2497800; chr10:18351061)

was not available in the UCSF replication genotyping

cohort and did not have suitable proxy variants, so we

could not evaluate its potential association with loss of

ganglion cell layer components in an independent cohort.

Genetic predictors of changes in
visual function

We detected potential associations between six variants and

a sustained LCLA loss in CombiRx discovery cohort

(P5 5 � 10�6; Supplementary Table 5). Of these, the

MSI2 variant (rs72830848; chr17:55398579) replicated in

JH-LCLA participants (P = 0.0028) and together yield a

joint statistic of P = 3.98 � 10�8. The pooled hazard ratio

(HR) for sustained LCLA loss associated with a 1-allele

increase was 2.25 (95% CI: 1.78 to 2.85).

In a secondary analysis, six other variants demonstrated

suggestive evidence (P5 5 � 10�6) of association with risk

of sustained LCLA loss in a meta-analysis pooling data

from the CombiRx and JH-LCLA (ntotal = 835; Table 3

and Fig. 2). Similar to analyses of GCIP thinning, we did

not detect an association between individual MHC suscep-

tibility or non-MHC multiple sclerosis susceptibility vari-

ants or the composite susceptibility scores and sustained

LCLA loss (Supplementary Tables 6–8).

In network analyses of gene-based P-values (derived from

the P-values for individual variant meta-analyses) asso-

ciated with LCLA loss, we identified a significant subnet-

work of interest (Pnetwork = 0.03), which remained
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significant after controlling for false discovery (Fig. 3A).

Consistent with the structural retinal thinning results, we

observed enrichment in early complement genes

(Penrichment = 9.15 � 10�6). We noted variants at the

C1QA locus and at the CR1 locus as associated with

sustained LCLA loss (Fig. 3). Specifically, rs158772

(chr1:22945619) linked to C1QA and rs61822967

(chr1:207694165) linked to CR1 and were associated

with a 71% and 40% increase in risk of sustained LCLA

loss, respectively (rs158772: HR: 1.71; 95% CI: 1.30 to

Figure 1 Summary of results for GWAS of GCIP decline in multiple sclerosis. (A) Manhattan plot of P-values from analyses assessing

the association between genetic variants and rate of GCIP decline in the discovery JHU OCT cohort. One variant (rs2497800) achieved genome-

wide significance. (B) Results for known multiple sclerosis HLA susceptibility variants. The left panel demonstrates the association between a given

HLA allele and age of onset of multiple sclerosis. Values are displayed in years. The right panel demonstrates the association between a given HLA

allele and difference in rate of change in GCIP. Values are displayed as difference in rate of change in mm/year. The HLA risk score is calculated as

the linear combination of previously identified HLA risk alleles where each allele is weighted by its effect on multiple sclerosis susceptibility. (C)

Composition of identified networks from HotNet2 analyses that were identified in both primary and secondary analyses. (D) Enrichment results

of the HotNet2 network analyses of networks identified in both primary and secondary analyses. The plotted network reflects the identified

network from the sensitivity analyses (where low-confidence genes are assigned a heat score of 0). The identified network was highly enriched in

early complement pathway genes (P = 1.38 � 10�8). The left (red) portion of the plot denotes the proportion of a given pathway that is composed

of the genes in the network. The middle (blue) portion of the plot denotes the �log(P-value) of the tests for enrichment in the pathway using the

identified network of genes. The right (orange) portion of the plot denotes the genes in the network which are included in the given pathway.
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2.25; P = 1.31 � 10�4, rs61822967: HR: 1.40; 95% CI:

1.16 to 1.68; P = 3.83 � 10�4).

Discussion
New technologies that allow a more intricate, quantitative

and objective study of large populations of patients with

multiple sclerosis may help to provide insight into disease.

Using relatively recent imaging technology that allows a

quantitative and real time surrogate measurement of dis-

ease progression (OCT), exhaustive genome wide screens,

and functional outcomes, we identified one of the strongest

associations with disease progression reported to date. The

results of this study provide guidance to novel studies elu-

cidating mechanisms of disease course in multiple sclerosis.

Network analyses used herein offer a structured approach

to identify coordinated signals in a functionally related set

of genes rather than depending on a single variant. These

findings are consistent with the notion that consideration of

variant sets (or genes), often with modest associations,

rather than individual genes, may aid in identifying pivotal

signalling cascades relevant to disease biology, a key com-

ponent to interpreting GWAS results in a biological context

(Baranzini et al., 2009; Housley et al., 2015).

Our analyses suggest that there are genetic variants, par-

ticularly in early complement pathway genes that predis-

pose some patients with multiple sclerosis to develop

more rapid retinal neurodegeneration (measured by OCT)

or increased susceptibility to visual function loss, which are

validated outcomes previously linked with EDSS and MRI

progression. While many complement system genes are crit-

ical for immune function, non-immune functions of com-

plement have been more recently discovered in the CNS

(Scolding et al., 1998; Wing et al., 1999; Stevens et al.,

2007; Liddelow et al., 2017; Morgan et al., 2017). The

discovery of expression of early classical complement path-

way molecules (C1q and C3) on neuronal synapses or in

neurotoxic glia has led to new hypotheses that aberrant

complement expression may play a role in mediating neu-

rodegeneration in several neurodegenerative diseases (Hong

et al., 2016; Liddelow et al., 2017). In a process first

described in a murine retinal-development model, astro-

cyte-induced production of neuronal C1q and C3 was

found to tag extraneous synapses for removal by C3r ex-

pressing macrophages and microglia. In the mature brain,

synapses remain stable (in the absence of complement),

while in neurodegenerative disease, this mechanism is aber-

rantly reactivated (Stevens et al., 2007; Hong et al., 2016).

Liddelow et al. (2017) recently demonstrated that C1q is

also secreted by activated microglia and can induce a sub-

type of reactive astrocytes (A1 astrocytes, demarcated by

C3), which become unable to promote neuronal survival or

synaptogenesis as they do in a healthy environment, but

rather mediate neurotoxicity. Variants within CR1 (in mod-

erate linkage disequilibrium with variants identified here)

are consistently identified in Alzheimer’s diseaseT
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susceptibility studies (Lambert et al., 2013). Finally, recent

studies have also demonstrated that variants in complement

component 4 (C4) may be risk factors for neuromyelitis

optica (Estrada et al., 2018).

In the experimental autoimmune encephalitis (EAE)

model of multiple sclerosis, astrocyte-specific gene expres-

sion analyses have indicated complement pathway enrich-

ment with particularly high C3 expression (Itoh et al.,

2018; Tassoni et al., 2018). Similarly, post-mortem tissues

from multiple sclerosis brains demonstrate enrichment of

C3-expressing A1 astrocytes in white matter and in acute

demyelinating lesions lending to speculation that within

demyelinating lesions A1 astrocytes may contribute to

remyelination failure (Liddelow et al., 2017). Roostaei

et al. (2019) also found that in a smaller sample of multiple

sclerosis patients, a common coding variant in C3

(rs2230199) is associated with cognitive impairment and

lower grey matter volume in cross-sectional analyses. Our

study adds considerably to these findings as ours is longi-

tudinal, larger, and included replication. While specific

Figure 2 Summary of results for GWAS of loss of visual function in multiple sclerosis. (A) Manhattan plot depicting P-values from

analyses assessing the pooled association between genetic variants and risk of sustained LCLA from the discovery (CombiRx) and replication

(JHU-LCLA). One variant (rs72830848) was potentially associated with sustained LCLA at the 5 � 10�8 significance level in the pooled analysis.

(B) Kaplan Meier plot comparing rate of sustained LCLA for individuals with the CC genotype relative to individuals with TC or TT genotype.

Individuals with the CTor TT genotype were at an over 2-fold increase risk of sustained LCLA change relative to individuals with the CC genotype

(HR: 2.25; 95% CI: 1.70 to 2.98; P-value = 3.98 � 10�8).
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variants identified differ, several identified variants are in

moderate linkage disequilibrium with rs2230199 and pro-

vide corroborative support for a role of early complement

genes in multiple sclerosis course. Other pathological stu-

dies showed increased expression of C1q and C3 in brains

of multiple sclerosis patients with progressive multiple

sclerosis as well (Michailidou et al., 2017).

Our exploratory single variant analyses of genetic pre-

dictors of retinal atrophy identified several variants of inter-

est. Namely, we identified a variant near SLC39A12

potentially associated with accelerated GCIP atrophy.

SLC39A12 is highly expressed in human brains and

enhanced cortical expression has been observed in path-

ology studies of schizophrenia patients (Scarr et al.,

2016). However, while intriguing, independent validation

of these variants in other cohorts is necessary. In analyses

of LCLA, we also identified a variant near MSI2 that is

associated with sustained LCLA loss. The MSI2 protein

may regulate alternative splicing in mouse retinal photo-

receptors and neural stem cells; however, exact mechanisms

are not well-described (Katz et al., 2014; Murphy et al.,

2016). Notably, whether variants linked SLC39A1 or

Figure 3 Summary of results of the network analyses related to loss of visual function in multiple sclerosis. (A) Composition of

identified networks from HotNet2 analyses that were identified in both primary and secondary analyses. (B) Enrichment results of the HotNet2

network analyses of networks identified in both primary and secondary analyses. The identified network was highly enriched in early complement

pathway genes (P = 9.15 � 10�16). The plotted network reflects the identified network from the sensitivity analyses (where low-confidence genes

are assigned a heat score of 0). (C) Kaplan Meier plot comparing rate of sustained LCLA for individuals with the CC genotype relative to

individuals with TC or TT genotype for the variant rs158772, which is the top variant annotated to C1QA. Individuals with the CTor TT genotype

were at a 71% increased risk of sustained LCLA change relative to individuals with the CC genotype (HR: 1.71; 95% CI: 1.30 to 2.25; P-

value = 10�4). For CombiRx, the imputation R2 for rs158772 is 0.98; for JHU, the imputation R2 for rs158772 is 0.99. (D) Kaplan Meier plot

comparing rate of sustained LCLA for individuals with the AA genotype relative to individuals with AG or GG genotype for the variant

rs61822967, which is the top variant annotated to CR1. Individuals with the AG or GG genotype were at a 40% increased risk of sustained LCLA

change relative to individuals with the AA genotype (HR: 1.40; 95% CI: 1.16 to 1.68; P-value = 4 � 10�4). For CombiRx, the imputation R2 for

rs61822967is 0.96; for JHU, the imputation R2 for rs61822967 is 0.99.
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MSI2 have functional consequences remains unknown, as

neither appear to be cis expression quantitative trait loci

(eQTLs). Another important observation is that we did not

find that known multiple sclerosis risk alleles or the global

burden of susceptibility variants are predictors of severity

as measured by visual pathway outcomes in either OCT or

LCLA analyses. These findings are consistent with previous

studies demonstrating MHC and non-MHC susceptibility

variants influence the age of onset of multiple sclerosis but

have had no definitive effect on multiple sclerosis course or

severity to date (Isobe et al., 2016).

Primary strengths of our study include its longitudinal

design; for both structural and functional visual pheno-

types, individuals were followed for on average of over 3

years, with follow-up extending for some to over 7 years.

Other innovative features include use of novel phenotypic

outcome measures to evaluate the effects of genetic variants

on multiple sclerosis disease course over time. Both GCIP

thickness measured using OCT and visual function testing

using LCLA have excellent reproducibility and are each

sensitive, inexpensive measures that correlate with more-

conventional imaging and clinical measures of disability

in patients with multiple sclerosis (Saidha et al., 2015;

Balcer et al., 2017). Measures of ganglion cell layer thick-

nesses using OCT, in particular, may serve as an ideal

phenotypic outcome in larger, more comprehensive multi-

site follow-up studies, as this technique is highly sensitive

and reproducible, while structural MRIs are often difficult

to compare across sites and traditional clinical outcomes

(e.g. EDSS) may lack sensitivity in determining small

changes in disability. Another strength is that both analyses

of structural retinal thinning as well as visual dysfunction

included replication cohorts.

While these strengths add a high level of rigour, JH and

UCSF-OCT cohorts were relatively inhomogeneous clinical

populations of patients with respect to stage of their dis-

ease, whereas CombiRx was a trial of patients relatively

early in disease course. However, as we had access to pri-

mary data for each cohort, we were able to standardize

analytic methodology across cohorts and minimize hetero-

geneity in analyses, allowing us to optimally combine in-

formation from cohorts. For example, for analyses of

LCLA, we selected phenotypic changes a priori (1.25% in

CombiRx versus 2.5% in JH-LCLA), maximizing sensitiv-

ity to detect progression due to the differences in disease

stage between the two cohorts (1.25% charts are more

sensitive in early patients while 2.5% charts are more sen-

sitive to changes later in disease). However, despite our

relatively modest sample size (and heterogeneous OCT

cohort populations), remarkably convergent findings

demonstrating complement pathway enrichment from

each cohort support our results. A key limitation of our

study is the lack of genome-wide genotyping in the

UCSF-OCT cohort. As participants were genotyped on a

more targeted genotyping array, we were unable to validate

findings for some candidate variants beyond validation of

candidate genes from our network analyses. A critical next

step is to independently validate the variants of high inter-

est identified in this study. Furthermore, our gene-based P-

values are derived from a statistical algorithm and are not

cell-type or expression specific, so functional effects of the

observed genetic variation may be heterogeneous within

different cells and upon immune activation. However, pre-

vious studies have generated highly biologically relevant

observations and new hypotheses from the implementation

of such statistical methodology (Baranzini et al., 2009;

Nakka et al., 2016). It is also possible that our network

analyses were underpowered; results are based from single-

variant analyses that are derived from our modest sample

size. Still, for both visual system outcomes, we performed

extensive sensitivity analyses where we tried to identify and

exclude low confidence genes as an attempt to mitigate this

concern. Variants in a number of complement pathway

genes are associated with age-related macular degeneration

and partial overlapping pathophysiology may be relevant

to visual system changes observed. To counteract this pos-

sibility, we excluded patients from our cohort with other

ophthalmological or neurological conditions that may in-

fluence visual pathway-based outcomes.

Conclusion
Results of our longitudinal GWAS analysis suggest vari-

ations in early complement pathway genes are associated

with changes to previously validated structural and func-

tional visual outcomes in patients with multiple sclerosis.

Early complement proteins C1q and C3 are highly ex-

pressed in progressive multiple sclerosis brain tissues and

may be mediators of neurodegeneration. This novel genetic

discovery has implications both for the potential of de-

veloping methods to predict progression of disease as well

as for providing new insight into the mechanisms of path-

ology in multiple sclerosis.
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