








Systemic lupus erythematosus

Figure 1

Results of SLE case—control gene-based association analyses. P values for association plotted against chromosomal location, where

each point represents a gene region. The line indicates a false discovery rate of 5%. The y-axis has been cut at p=1x10"°. Genes belonging to
the T-cell differentiation (Th1 and Th2), antigen processing and presentation, complement and coagulation or JAK-STAT signalling pathways are
highlighted, and their most significant genes or gene regions are indicated by name. IFNK, interferon kappa; IL21, interleukin 21; SLE, systemic lupus

erythematosus.

monogenic SLE and lupus-like disease gene-set was significantly
associated with SLE when separately analysing the rarer variant
(MAF <0.01) contribution (table 2). There was a clear common
variant (MAF >0.05) contribution to associations for the inter-
feronopathy, SLE GWAS, complement system and monogenic
SLE and lupus-like disease gene-sets (table 2).

Potentially novel SLE risk loci

Next, we asked whether we could detect novel SLE risk loci,
regardless of pathway or gene-set membership. Two potentially
novel gene regions passed a Bonferroni corrected threshold in
the gene-based SLE case—control association analyses: PABPC4
(p=4.3x10") and IFNK (p=1.2x107, online supplemental
figure SA, tables S6 and S7). In single variant association analyses,

we observed SNV associations at three potentially novel SLE risk
loci, CAPN13, MOB3B/IFNK and HAL, at a suggestive signifi-
cance threshold (p<1x10™, online supplemental figure SB-E,
table S8). As the association signals at CAPN13, MOB3B/IFNK
and HAL had not been reported in SLE GWAS in other ances-
tries, we attempted to replicate these findings in additional
Scandinavian SLE cases and controls (online supplemental table
S1A). However, we did not find additional support for a role of
SNVs at these novel loci in SLE (online supplemental table S9).

Patients with SLE carry unique coding variants

We next investigated whether there was an increased rare coding
mutational burden for patients with SLE at the 1832 genes.
We observed that all individuals carried rare non-synonymous

Figure 2 Pathway SLE polygenic risk scores. (A) lllustrates pathway Polygenic Risk Scores (PRS) for the Cytokine—cytokine receptor interaction
pathway. P values represent differences in PRS between patients with SLE (SLE) and healthy control individuals (HC). The dashed line indicates the
PRS 97.5 percentile in control individuals. (B) The number of pathways each individual patient with SLE tested positive for using the pathway PRS. On
average patients were positive for 7.2 pathways. SLE, systemic lupus erythematosus.
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Figure 3 Pathway SLE polygenic risk scores grouping and clustering. (A, B) The Systemic Lupus Erythematosus International Collaborating Clinics
(SLICC) damage index for patients with SLE positive and negative for the T cell receptor and B cell receptor signalling pathways. P values represent
differences in Damage Index between pathway positive and negative patients, uncorrected p values are presented (Bonferroni corrected threshold
p=0.00143). (C) Prevalence of Sjégren’s syndrome (SSA and/or SSB) autoantibodies in SLE patients in the four clusters. P value represent difference in
SSA/SSB autoantibody status between clusters of SLE patients, uncorrected p value is presented (Bonferroni corrected threshold p=0.002).

variants, with an average number of around 32 variants per indi-
vidual for both patients with SLE and control individuals (online
supplemental figure S6). None of the patients with SLE were
homozygous carriers of rare non-synonymous alleles in genes
for monogenic SLE and lupus-like diseases (online supplemental
table S10). Next, we hypothesised that protein coding variants
observed exclusively in patients with SLE could be causal candi-
dates. A total of 1475 case-only nonsynonymous variants were
identified in the 958 patients with SLE (online supplemental
table S11). These were variants that were observed in at least
one patient with SLE, but not in control individuals of similar
ancestry.”” 2 The most frequent of these SNVs was found in the
MUCSB gene which encodes mucin 5B, the major gel-forming

mucin in mucus (table 3). Five patients with SLE carried the
same deleterious MUCSB missense mutation (rs773068050,
p.Thr2724Pro). MUCSB gene variants have previously been asso-
ciated with interstitial lung disease (ILD), a condition affecting
around 3% of Swedish patients with SLE.***! However, there
was no evidence of ILD in these five patients, but two of them
had suffered from pleuritis (online supplemental table $12). In
conclusion, we did not find evidence for SLE patients carrying a
generally increased burden of rare coding variants at these genes.
However, our analysis identified a number of coding variants
observed exclusively in patients with SLE. This catalogue of vari-
ants could serve as a resource for future studies investigating the
role of case-only SN'Vs in SLE.

Pathways

Samples

NONO—-—STOYTOWOoOOo N O
WONNNOT«TO©O©ND© — <
© O VOO0 O 0VVOMmO © ©
DS S - U - A W - S W A o < <
[cNololoNoNoloNololoNol =) o o
T © © © © © © © ©© C© O O o ©
N N N N o annnnnnano
CcccccCccCccCccCccCccCccCccoccoccCc

hsa04672
hsa04658
hsa04659
hsa04061
hsa04060

Clusters

Cluster 1
.. [l Cluster2
[ Cluster 3
B Cluster 4
Pathway
PRS (z

s (2)

H

hsa04370 |

FII

hsa04630 |
hsa04623
hsa04210
hsa04215
hsa04068
hsa04917
hsa04722
hsa04520
hsa04062
hsa04670
hsa04666
hsa04012

Figure 4 Clustering of patients with SLE based on pathway Polygenic Risk Scores (PRS). Heat map with pathways on the x-axis (KEGG IDs) and
individuals on the y-axis based on normalised PRS. Hierarchical cluster analysis was performed based on the PRS per pathway for each individual. The
colour bar on the left indicates the four main clusters of individuals identified. KEGG, Kyoto Encyclopaedia of Genes and Genomes; SLE, systemic lupus

erythematosus.
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Table 2 Gene-set analyses of SLE-associated genes and involved pathways

Set name Genes tested No of SNVs all/common/rare FDR, FDR ymon FDR, .
Interferon (ref 21) 33 4204/849/2866 0.0018 0.66 0.65
Interferonopathy (ref 22,23) " 2034/463/1271 0.0028 4.1E-07 0.24
SLE GWAS (ref 3,4) 88 18790/5326/11465 1.5€-12 2.0E-15 0.18
Complement* 32 4712/1094/3086 0.00071 2.8E-07 0.20
Monogenic SLE (ref 24) 24 3745/930/2371 2.9e-07 2.9E-11 0.020

All: including all MAFs; Common: MAF >0.05; Rare: MAF <0.01.
*The complement part of KEGG pathway hsa04610.

FDR, false discovery rate; GWAS, genome-wide association study; KEGG, kyoto encyclopedia of genes and genomes; MAF, minor allele frequency; SLE, systemic lupus

erythematosus; SNV, single-nucleotide variant.

DISCUSSION

We here suggest a novel pathway-based approach to stratify
patients with SLE beyond clinical manifestations. Further, we
characterise genetic pathway associations and investigate rare
variant contributions to the pathogenesis of SLE, all using
targeted sequencing of immunity genes.

Using case—control association testing for immunological
pathways, we identified two main axes of SLE association: T
cell differentiation and innate immunity pathways. T cells have a
fundamental role in loss of tolerance, autoimmunity and inflam-
matory reactions. In SLE, a number of different T cell disturbances
have been described, which can contribute to the generation of
autoreactive T cells, aberrant cytokine production and impaired
T regulatory cell function.’® Besides the direct involvement of
pathways connected to Th1 and Th2 cells, we noticed associa-
tion signals from two pathways related to interleukin 17 (IL-17).
A proportion of patients with SLE display raised serum levels
of IL-17, elevated numbers of circulating IL-17-producing T
cells and increased IL-17 production by lymphocytes, suggesting
dysregulation of T regulatory cells.”® Our findings strengthen the
recent suggestions that IL-17 inhibition could be a therapeutic

option in a subset of patients with SLE.** Conversely, low-dose
IL-2 treatment in SLE to stimulate T regulatory cells has recently
shown promising results.>

We observed that the T cell differentiation pathway associ-
ations were influenced by genetic associations to HLA, which
is not surprising given the essential role of HLA in the immune
response. This was further demonstrated by the antigen
processing and presentation pathway association dominated by
HLA genes. Complement pathway associations are also possibly
confounded by the HLA SLE association, since early comple-
ment component genes are located in the HLA class III locus on
chromosome 6.3 The JAK-STAT pathway was associated with
SLE, it is the main route to initiate gene expression and protein
synthesis for over 50 cytokines, many of which are involved in
the SLE disease process.’” ** Variants of a number of genes in the
JAK-STAT pathway have been associated with an increased risk
for SLE, for instance STAT4-STAT1 and TYK2.3*

Our study highlights the importance of the interferon system
in SLE. Previous studies have shown genetic associations at a
number of genes in the IEN signalling pathway in SLE.” ® Here,
we show that, in aggregate, genetic variation at interferonopathy

Table 3  SLE case-only recurrent non-synonymous SNVs

Amino acid
CHR BP SNV Ref allele Alt allele Count SLE Gene Consequence change SIFT
1 1266280 rs773068050 A C 5 MUC5B Missense variant p.Thr2727Pro Deleterious(0.05)
1 186363103 rs1292231132 C A 4 Clorf27 Missense variant p.GIn246Lys Tolerated(0.21)
1 151342270 rs772030489 G T 2 SELENBP1 Missense variant p.Pro36Thr Deleterious low
confidence(0.01)
2 27455971 1s776014297 T A 2 CAD Missense variant p.Met922Lys Deleterious(0.04)
2 179698928 rs892049188 G A 2 CCDC141 Missense variant p.Ser1522Phe Tolerated(0.08)
9 16431447 chr9:16431447 G A 2 BNC2 Missense variant p.His307Tyr -
9 21166175 15779242420 T C 2 IFNA21 Missense variant p.Tyr146Cys Deleterious(0.01)
10 75583821 chr10:75583 821 G T 2 CAMK2G Missense variant p.His370Asn Deleterious low
confidence(0.03)
12 6458353 rs775543049 A 2 SCNNTA Stop gained p.Arg551* -
12 48482728 15750735162 T C 2 SENPT Missense variant p.Thr155Ala Deleterious low
confidence(0)
12 56350882 1425141530 G T 2 PMEL Missense variant p.Pro402His Deleterious(0.02)
12 129190793 11386045604 C G 2 TMEM132C Missense variant p.Pro1094Ala Tolerated(0.21)
14 23057866 chr14:23057 866 A T 2 DAD1 Missense variant p.Ser66Arg Deleterious(0.04)
15 91030272 181919733 G A 2 1QGAP1 Missense variant p.Val1371Met Tolerated(0.07)
17 41143320 151456586259 G A 2 RUNDC1 Missense variant p.Vald77lle Tolerated(0.12)
19 4891395 139019426 T C 2 ARRDC5 Missense variant p.GIn231Arg Tolerated(0.86)
19 18273781 1777121279 G A 2 PIK3R2 Missense variant p.Gly372Ser Deleterious(0)
19 55240959 15764066889 G A 2 KIR3DL3 Missense variant, p.Gly219Asp Deleterious(0.02)

splice region variant

SIFT (Sorting Intolerant From Tolerant) prediction whether the amino acid substitution affects protein function.
BP, base pair; CHR, chromosome; SLE, systemic lupus erythematosus; SNV, single-nucleotide variant.
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genes also contribute to risk for SLE. In addition to interferonop-
athy genes, we also observed an aggregate genetic association for
monogenic SLE and lupus-like disease genes with both a rare and
a common variant contribution. This supports the hypothesis of a
shared genetic basis and consequently disease mechanisms between
monogenic and complex forms of disease, where also common
non-coding variants can affect the regulation of Mendelian disease
genes resulting in clinically similar traits.*

We have previously demonstrated that an SLE genetic risk score
was associated with disease severity in SLE.> We here generated a
pathway-centred SLE PRS and found that there was a large variation
in the number of affected pathways among the patients, which under-
scores the heterogeneity of SLE. We observed higher SLE damage
indexes in patients with SLE positive for the B or T cell receptor
signalling pathways, thus, pathways in the adaptive immune system
seem important for the long-term severity of the disease. This is in
accordance with previous findings that SLE disease activity correlates
with abnormal B lymphocyte activity and T cell abnormalities, as
well as the connection between disease activity and accumulation of
organ damage.***!

We attempted to cluster patients into subsets with shared
genetic pathway profiles, which suggested four subgroups of
patients with SLE. Beside the SSA/SSB antibody profile, these
clusters were not connected to clinical disease manifestations
such as nephritis or survival. This observation may indicate that
the PRS reflects part of the central autoimmune process, which
is not translated into specific organ manifestations. Whether the
PRS in individual patients with SLE, or the different clusters,
contribute to treatment response is an interesting possibility, but
could not be assessed in this study. This is one limitation of our
study, together with the fact that our conclusions apply specifi-
cally to this set of candidate genes.

WGS or WES studies will be required to fully elucidate the role of
rare variants and pathways in SLE. As previously shown by us and
others, WGS and WES in selected patients can provide information
on ultrarare and de novo SNVs in SLE.®”** However, larger sample
sizes than those reported to date will be required to paint a complete
picture of the genetic aetiology of SLE. We did not find support
in additional Scandinavian cohorts for a role in SLE for the novel
loci identified in the Swedish cohorts. Possible explanations include
overestimated effect sizes in the discovery cohort, differences in
genetic background within Scandinavia, or differences in clinical
manifestations or characterisation of patients. Lastly, our study iden-
tified a large number of case-only coding variants. Variants uniquely
identified in patients could be causal candidates in SLE, but their
statistical significance is difficult to evaluate.

In summary, we have suggested a novel strategy to genetically
stratify patients with SLE according to involved molecular pathways.
T cell pathways displayed the strongest association, which highlights
the importance of the adaptive immune system in the disease. The
strong connection to the JAK-STAT pathway, including the IFN
system, is perhaps not surprising given the promising clinical trials
of JAK and type I interferon receptor inhibition as treatments for
SLE.*>® # * However, not all patients in these studies respond to
treatment, and dissecting affected molecular pathways in responders
and non-responders could increase the understanding of treatment
outcome. This approach has not been tested clinically, but the future
of precision medicine for SLE lies in identifying robust methods to
perform molecular stratification of patients.
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