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Abstract

Background: Multiple sclerosis (MS) treatment response varies significantly, hindering effective man-
agement and necessitating better predictive biomarkers. Pharmacogenomics offers a promising avenue to
identify genetic markers that, combined with clinico-demographic predictors, could enhance personalized
therapeutic decisions.

Objectives: This multi-center study investigated genetic determinants of response to interferon-beta
(IFN-B) and glatiramer acetate (GA) in European ancestry patients with relapsing—remitting MS (RRMS).
Methods: After harmonization and quality control, we tested over 6 million genetic variants. We used
negative binomial regression, meta-analysis, and gene-set enrichment to link variants, genes, and biologi-
cal pathways to treatment response.

Results: In 679 GA and 1614 IFN- patients, the top GA variant was rs2053696A in MAP3K1
(p=3.97*107), involved in key signaling pathways. Another significant GA signal was in WWOX. For
IFN-B, no genome-wide significant variants were found, but suggestive signals emerged near ZMIZ1,
ZCCHC7, and other genes linked to immune function and interferon signaling. Gene-set analysis revealed
IL-17 regulation for GA and ion channel pathways for IFN-3.

Conclusion: This study identified novel genetic variants for GA response, implicating genes in crucial
pathways. For IFN-f, suggestive signals point to immune and interferon-related genes. These findings
enhance our understanding of genetic influences on RRMS treatment response, while highlighting phar-
macogenomic research challenges.
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Introduction

Multiple sclerosis (MS; MIM 126200) is a disease of
the central nervous system (CNS) characterized by
chronic inflammation, demyelination, and axonal

The disease is highly heterogeneous in its clinical
expression and marked inter-individual differences
have been observed in response to treatments.

loss.! It is a complex multifactorial disorder, with
both genetic and environmental factors playing a role
in disease susceptibility, and a polygenic architecture
underlying its risk.?

Since the advent of disease-modifying therapies
(DMTs), the treatment landscape for MS has signifi-
cantly evolved, offering to patients a range of options
to manage their condition. However, the clinical
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response to these therapies varies considerably among
individuals and the response of each patient remains
largely unpredictable.> The paucity of pre-treatment
biomarkers that can help in the early identification of
non-responders is a critical issue in the management of
MS patients. The timely identification of patients with
partial response to therapies is of utmost importance,
especially considering the current portfolio of approved
DMT in MS, with the final aim of counteracting the
trial-and-error approach in assigning patients to treat-
ment and supporting therapeutic decisions.

Pharmacogenomics can be a valuable tool in fulfilling
this unmet need, and genetic markers, together with
the biological processes they pinpoint and coupled
with clinico-demographic and magnetic resonance
imaging (MRI) predictors, could provide insight into
patients’ responsiveness to treatments.*

However, an issue that has plagued pharmacogenomic
studies is the small sample size,’ since the difficulty in
collecting large cohorts of well-phenotyped patients
have hampered constitution of sufficiently powered
cohorts.

In this study, we report the results of a genome-wide
meta-analytic screen of genetic markers of response
to two well-established first-line drugs (interferon-
beta (IFN-B) and glatiramer acetate (GA)), taking
advantage of cohorts available within the multi-cen-
tric effort of the MultipleMS consortium.

IFN-B, available as IFN-B1b and IFN-B1la formula-
tions, has been the first licensed drug for the treatment
of relapsing—remitting MS (RRMS). Clinical trials
demonstrated its efficacy in reducing annualized
relapse rate by approximately 30.6 IFN-f, an endoge-
nous cytokine, exerts its therapeutic effect through
anti-inflammatory mechanisms, modulating various
biological responses. It mimics the action of natural
interferons, known for their antiviral and anti-inflam-
matory properties.

GA has been the second DMT approved for the pre-
vention of MS relapses and has been found to reduce
relapse rate by 30% and time to first relapse.”

For both IFN- and GA, non-responder rates hover
near 50%, highlighting the significant individual vari-
ability in patient response to these therapies.® Analyses
were conducted variant-wise, gene-wise, and gene-set-
wise, with the aim of eliciting shared and specific
genetic determinants of response across the two drugs.

Finally, we sought to exploit findings from previous
pharmacogenomic studies of response to IFN-f and
GA, to validate putatively associated markers.

Patients and methods

Study population

This is a multi-centric study, combining patients of
European ancestry exposed to the two DMTs of inter-
est. More precisely:

e Patients treated with IFN-B were recruited
from Belgium, Denmark, Germany, Italy,
Norway, and Sweden;

e Patients treated with GA were recruited from
Germany, Italy, Norway, and Sweden.

Given the heterogeneity in clinical data collection, a
harmonization effort was put in place using data dic-
tionaries: details regarding this procedure have
already been described in another study of our group.®

Inclusion criteria required the availability of baseline
variables like age and disease duration at DMT start,
sex, and the number of relapses 2 years before DMT
start. We excluded patients with a progressive clinical
course (primary or secondary) at treatment initiation.

If a patient had previously received multiple different
drugs, we excluded those who had had three or more
agents, or those who had had a second-line treatment
(e.g. fingolimod, natalizumab, ofatumumab, cladrib-
ine, anti-CD19, oral/intravenous immunosuppres-
sant) within the preceding 12 months. The study was
approved by the local ethical committees and all par-
ticipants provided their written informed consent to
participate in this study.

Response to treatment

There is inherent uncertainty in defining response to
treatment in MS and a standardized definition is lack-
ing. To model response to treatment, we used the
number of relapses experienced by patients during
first-line DMT exposure. This definition allowed to
include a larger number of patients as part of the inter-
national effort of the MultipleMS consortium, given
the limited or lacking availability of MRI and
Expanded Disability Status Scale (EDSS) data among
the majority of centers. The observation period lasted
from treatment initiation either to treatment stop or to
the 2-year follow-up visit.
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A relapse was defined on a clinical basis by the treat-
ing neurologists as the occurrence of new or wors-
ened neurological symptoms or signs persisting for at
least 24 hours in the absence of fever or infections and
preceded by a 4-week stable period, using appropriate
EDSS and MRI assessment if deemed.

Quality control

The study cohort was derived from a subset of a larger
dataset from the MultipleMS project. Initial pre-
imputation steps are described elsewhere.!? Details on
post-imputation quality control (QC) steps on a per-
sample and per-marker base are described in the
Supplementary Methods.

Association analysis

Negative binomial regression models were fitted to
test for association between genotypes and the number
of relapses during treatment, assuming allelic additive
effects. Models included the logarithm of treatment
duration as an offset variable and were adjusted for
gender, age and disease duration at treatment start,
pre-treatment relapse rate, and the first five eigenvec-
tors from principal component analysis (PCA).

Summary statistics were aggregated across centers
using fixed-effect meta-analysis with inverse-vari-
ance weighting. Details can be found on Supplementary
Methods.

Given the relatively low replicability rate in the field
of MS pharmacogenomics, we conducted a replica-
tion effort, leveraging findings from the field that
were gathered from a review paper® both for GA and
IFN-B. We thus investigated results from one pharma-
cogenomic genome-wide association study (GWAS)
for GA (n=11 tested single-nucleotide polymor-
phisms (SNPs)) and five studies for IFN-B (n=42
tested SNPs).

Gene-set analysis

Gene-wise statistics were computed using MAGMA
and meta-analyzed with weighted Stouffer’s proce-
dure. A critical choice in gene-based analysis is the
assignment of SNPs to genes, since inclusion of
noisy variants can be detrimental to association anal-
yses. We thus assigned SNPs to the target gene apply-
ing a proximity rule and a functional rule that
integrated regulatory information from blood and
CNS tissues and cells from four sources. These
results were used for gene-set analysis against Gene

Ontology Biological Processes (GO-BP). Further
details on gene-based and gene-set analysis are pro-
vided in the Supplementary Methods.

Results

Association analysis

Clinico-demographic variables of the study cohorts
are reported in Table 1: it can be observed that there is
high variability in the sample size of the cohorts for
each study. Specifically, for GA, Italy (ITA) was the
most numerous cohort (N=375), followed by GER
(N=1179), and Sweden/Norway (SWE/NOR) (N=50).
For IFN-B, ITA had the highest sample size (N=805),
followed by GER (N=540), Denmark (DEN)
(N=202), SWE/NOR (N=164) and Belgium (BEL)
(N=67). Furthermore, we observed heterogeneity for
the three drugs across centers in baseline variables:
male/female ratio, age, disease duration, EDSS at
drug start, and relapses 2 years before drug start.

For each study, fixed-effect inverse-variance weighted
meta-analysis of effect sizes (rate ratios, RR) was per-
formed on variants present in at least one participant
cohort: we tested 6,717,276 for IFN-f and 6,008,208
for GA. Overall association patterns are reported in
Manhattan plots (Figure 1). For each DMT, top inde-
pendent variants (p <5*107¢ after clumping) are
showed in Tables 2 and 3.

For GA, the most significant association was
rs2053696A located in the intronic region of the
MAP3K1 gene, coding for mitogen-activated protein
kinase 1 (»p=3.96510"°, RR=3.87). Figure 2 shows
this variant’s genomic context. A significant eQTL
effect was observed for this variant in whole blood
from eQTLGen. Other top associated variants beyond
genome-wide significance were rs13287324C located
in the intergenic region between genes OSTF1 and
PCSK5 on chromosome 9 (p=1.01*1078, RR 2.12,
Supplementary Figure S1) and rs2667609G, located
in the intronic region of WWOX gene on chromo-
some 16 (p=1.05%10"%, RR=2.83, Supplementary
Figure S2).

No variants in IFN- meta-analysis exceeded the
genome-wide significance threshold and we focused
on the five most highly ranked signals. More pre-
cisely, the top associated variant was rs34766672T
(»p=1.90%10"7, RR=3.02, Supplementary Figure
S3), an intronic SNP in gene ZMIZ1, which shows
a distal promoter interaction with gene POLR3A
as of Open Target Genetics database. The second
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Figure 1. The Manhattan plot of -log10(p) of associations from fixed-effect meta-analysis for the two DMTs is shown

((a): GA, (b): IFN-p).

The genome-wide and suggestive level of significance are set at a=>5%107% and a.=5*%1073, respectively, and are illustrated by dashed
lines. For GA analysis, rsIDs of the three associated SNPs exceeding genome-wide significance are reported, whereas for IFN-f, variants
significant at suggestive level and discussed in the manuscript are marked.

variant was rs144006567G (p=2.0¥10"7, RR=4.71,
Supplementary Figure S4), an intronic SNP located
in gene ZCCHC7 which shows strong eQTL effect
on whole blood for POLRIE gene and a distal pro-
moter interaction with gene PAXS. The third top
associated variant was rs150262324 C (p=2.391*10-
7, RR=3.51, Supplementary Figure S5), in intronic
region of gene TRAPPCS, which shows strong eQTL
effect on whole blood for this gene and for RNF138.
The fourth variant was rs10835054 T (p=2.50*%10"7,
RR=0.7, Supplementary Figure S6) for which an
eQTL effect was detected for its proxy (rsll
029623A) for genes ANO3 and SLC5A12. Finally,
the SNP rs4731034A (p=3.79%1077, RR=1.58,
Supplementary Figure S7) was located in the inter-
genic region between FAM3C and PTPRZ1 genes.

Of note, in both meta-analyses we observed a specificity
in the association signals, since top signals detected in
association with response to IFN-f3 were not associ-
ated with GA, and vice versa (Tables 2 and 3).

Finally, we tested for replication loci that had been
previously investigated in MS pharmacogenomics
(Table 4). For IFN-f, out of 42 selected SNPs, 3 were
successfully replicated: the intergenic variant
rs16898029T (p=0.00593, RR=0.71), rs2237562C
(p=0.047, RR=0.89) an intronic variant in gene

GRM3, and rs1475919A (p=0.029, RR=1.14) an
intronic variant of gene GRIK2.!! For GA, none of the
11 SNPs was replicated at nominal significant thresh-
old; however, for rs16886004G mapping in intronic
region of MAGI2, we could observe a trend of asso-
ciation with a consistent direction of effect (»=0.071,
RR=1.23): nevertheless, we could not observe asso-
ciation for MAGI2 at gene-wise level (Supplementary
Table 2). Supplementary Table 3 overall summarizes
the replication pattern observed for the 53 tested vari-
ants for the two DMTs.

Gene-set analysis

Gene-set analysis under the competitive hypothesis
did not yield significant results after multiple test-
ing correction. However, data analysis showed top
associated gene sets primarily related to ion channel
regulation. Specifically, top three GO terms for
IFN-PB response (Supplementary Table 4) included:
“Sodium ion export across plasma membrane”
(p=1.11*10%), “IMP  metabolic  process”
(p="Establishment or maintenance of transmem-
brane electrochemical gradient”(p=3.36*107*), For
GA, the top enriched GO term was ”Negative regu-
lation of interleukin 17 production” (p=4.76*107%)
(Supplementary Table 5).
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Figure 2. Regional plot of top associated locus from fixed-effects meta-analysis in GA cohorts.

The plot shows the genomic context of top associated signal (lead variant: r1s2053696A, p=3.97*1077, rate ratio=3.87), located in the
intronic region of MAP3K1 gene. The plot was generated with LocusZoom tool (http://locuszoom.sph.umich.edu), using hg19 genome
assembly. The -log10(p) of associations from fixed-effect meta-analysis is reported on left y-axis and the recombination rate on right
y-axis, over the genomic position. Each symbol represents one SNP, with the most associated SNP marked in purple and shading of the
other points based on the linkage disequilibrium metrics with the top SNP are reported in the legend. Genes’ positions are shown below

the plot.

Table 4. Nominally associated variants from previous MS pharmacogenomic studies of interferon and glatiramer acetate.

SNP Effect Study DMT Gene

p-value OR Replication  Replication

allele PMID p-value RR
rs16898029 T 26644206  Interferon intergenic  6.00E-06 ~ 0.21  5.931E-03 0.78
1s2237562 C 26644207  Interferon GRM3 221E-04 047  4.787E-02 0.89
rs1475919 A 26644207  Interferon GRIK?2 1.89E-04  2.37  2.892E-02 1.14
rs16886004 G 28569182  Glatiramer MAGI2 3.3E-05 556 0.07171 1.23

Acetate

OR: odds ratio from previous study on dichotomous endpoint; RR: rate ratio of number of relapses in this study.

Discussion

This multi-centric study aimed to uncover the genetic
factors influencing response to IFN-f and GA, two
foundational first-line DMTs for RRMS. Despite their
proven efficacy in reducing relapse frequency, a con-
siderable portion of patients show suboptimal
responses, leading to treatment changes. This varia-
bility highlights the need to better understand DMT
mechanisms and the molecular basis of suboptimal
response.

GA’s mechanism, though not fully clear, is believed to
involve immunomodulation, leading to anti-inflam-
matory and neuroprotective effects.’”> GA may shift
T-cell balance toward an anti-inflammatory pheno-
type, increasing anti-inflammatory like IL-10 and
TGF-B, while decreasing pro-inflammatory 1L-17.13
Studies have linked specific Th2/Thl cytokine pat-
terns to GA response.!* Our gene-set analysis sup-
ports this, although none of the top-ranked pathways
achieved statistical significance after multiple testing
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correction. The observed genetic enrichment in pro-
cesses such as “Negative Regulation of Interleukin 17
production,” “Response to metal ion,” and “Response
to zinc ion” suggests that pre-existing genetic varia-
tions in these pathways may be key determinants of
therapeutic response to GA, correlating with its
known mechanism of action and with significant
pathological features of the disease.!>!6

At the genome-wide level for GA, the most signifi-
cant signal, rs2053696A, is an intronic variant of
MAP3K1, a gene with known eQTL effects. MAP3K1
encodes a serine/threonine kinase and ubiquitin ligase
crucial for MS-relevant pathways like mitogen-acti-
vated protein kinase (MAPK) and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-
kB). Both MAPK and NF-«B pathways are vital for
cellular signaling and inflammatory responses, and
their phosphoproteomic signatures in MS patients are
modulated by DMTs.!” While the second top signal
was not significant, the third genome-wide signifi-
cant signal, 1s2667609G, was found in WWOX.
Notably, other variants in WWOX have been asso-
ciated with MS and its expression in prior studies,!®
and WWOX was also linked to treatment response in
our gene-based analysis. Still at the gene level, it
should be noted that the third top associated gene,
ATXN3, was also recently identified as associated
with MS in a proteome-wide association study.!?

For IFN-B, its therapeutic action is thought to involve
reducing inflammation by modifying autoimmune
cell balance and related cytokines, similar to GA.
IFN-B binds type I interferon receptors (IFNAR1 and
IFNAR2c), triggering phosphorylation via Jakl and
Tyk2, activating immunomodulatory and antiviral
proteins. Although no genome-wide significant vari-
ants were identified, our data points to SNPs with
eQTL effects on genes involved in inflammation and
interferon-mediated signaling pathways.

Specifically, the top-ranked signal for IFN-B was
1s34766672T, an intronic variant of ZMIZI, a gene
encoding a vitamin D-responsive transcription factor
crucial for the TGF-beta inflammatory pathway.
ZMIZ1 is an MS risk factor and is downregulated in
MS patients.20-2! This variant also showed a distal pro-
moter interaction with POLR3A4, a gene known for
neurological functions and its role in inflammasome
regulatory networks and IFN-f3 response. The second
top-ranked variant, rs144006567G, showed a strong
eQTL effect with POLRIE (another POLI-related
gene) and a distal promoter interaction with P4X5,%2 a
critical regulator of B cells involved in adaptive

immunity and autoimmune diseases, as well as JAK/
STAT signaling.?*> B cells, a major target for MS
immunotherapy, are reduced by IFN-B-induced FAS-
mediated apoptosis.2* The third top-ranked variant,
rs150262324C, showed eQTL effects for TRAPPCS
(linked to neurodevelopmental disorders) and
B4GALTG6 (regulates astrocyte activation, a potential
therapeutic target in neuroinflammatory disorders
including MS?%). The fourth top-ranked signal,
rs10835054T, a 3’ UTR variant of SLC5412 (a
sodium-coupled monocarboxylate transporter), acts
as a mediator of selective control of T-cell motility.2
Another Na+ transporter (SLC9A9) influencing
T-cell differentiation to a pro-inflammatory fate was
linked to interferon response in another pharmacog-
enomics study.?’

Among the top associated GO terms in the gene-set
analysis, two main themes emerged for IFN-: sodium
ion homeostasis and transmembrane electrochemical
gradients maintenance. Several genes detected are
related to ion transport across membranes, a theme
also seen in previous IFN- pharmacogenomics stud-
ies.?8 Sodium channels have long had a recognized
role in the symptomatology of the disease, with sus-
pected roles in causing permanent axonal destruction,
and in modulating the intensity of immune activity.?

Regarding the replication of signals from previous
studies, 4 out of 42 tested variants replicated. It is
noteworthy that rs1475919A and the other three repli-
cated variants stemmed from a study linking interferon
response to extracellular ligand-gated ion channel
regulation and immuno-regulatory processes (e.g.
T-cell activation and specific cytokines).!! Overall, our
multi-centric study also observed a low level of repli-
cation. It is well known that MS pharmacogenomics
has faced replication challenges due to a multiplicity
of factors, ranging from limited power to lack of con-
sensus on response definitions, and other sources of
heterogeneity. First, many of the initial reports were
from small candidate gene studies or small genome-
wide screen (often with N<<300) that were thus
severely underpowered. Small sample sizes increase
the likelihood of type I errors (i.e. false positives),
meaning that the initial findings may have been spuri-
ous and cannot be reliably reproduced in our larger
cohort. Second, reproducibility might be impacted by
lack of uniformity in response definition, with differ-
ent studies using highly variable criteria to define
“responder” and “non-responder.” Furthermore, crite-
ria often differ on the minimum required follow-up
(e.g. 1 year, 2 years, or 4 years), which impacts the phe-
notype being captured. Subtle population stratification
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effects in European populations may as well introduce
variations in linkage disequilibrium that can impact
the ability to successfully tag and replicate the true
causal SNP. Finally, differences in genotyping plat-
forms and protocols can be a major technical factor
that can significantly impact the replication rate of
pharmacogenomic findings. Older or less dense geno-
typing arrays used in the original studies covered dif-
ferent sets of SNPs. Differences in the accuracy of
imputation that can depend on the specific array used
and the reference panel and application of various QC
thresholds can also impact the reproducibility of
results. Overall, the synergic contribution of these fac-
tors might have hampered the replicability of results in
our study.

Still, our study itself, despite the multi-centric design,
carries the limitation of modest power for a genome-
wide scan. This was partially mitigated by comple-
menting single-variant analysis with gene- and
gene-set-level screening. Furthermore, motivated by
the relevance of regulatory information (demonstrated
by GWAS signal enrichment in eQTL loci*?), robust
eQTL data in blood and CNS from large-scale
resources were incorporated to enhance signal detec-
tion and refine SNP-gene assignments. Finally, we
privileged the number of relapses to model treatment
response using count regression, to maximize sample
size across centers, offering higher power than classi-
cal dichotomization into responders and non-respond-
ers. On the other hand, we acknowledge that this
choice came at a price of a decreased sensitivity of
our endpoint in capturing all treatment effects of [FN-
B and GA on disease activity. While relapses are in
fact an indicator of acute inflammation, our outcome
may indeed have been insensitive to critical subclini-
cal disease activity (e.g. brain T2 lesions) or to disa-
bility worsening.

Furthermore, it should also be emphasized that differ-
ences in baseline clinico-demographic characteristics
and disease activity prior to treatment initiation may
have potential for confounding our pharmacogenomic
associations, since these differences may modify the
effects. However, at least for the two top associated
variants for GA 152053696 (GA) and rs34766672
(IFN-B), we did not observe a heterogeneity in effects,
as measured by the 12 index.

In conclusion, even with limited success in replicat-
ing previously reported pharmacogenomic markers,
our multi-centric study highlighted biologically
meaningful genes and processes involved in treatment
response for both GA and IFN-f. This offers potential
avenues for future research aimed at personalized MS
treatment. The study also underscores the inherent

challenges of pharmacogenomic research in MS,
including sample size limitations and phenotypic
heterogeneity.
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