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ORIGINAL RESEARCH
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ABSTRACT

Objective Antinuclear antibodies (ANA) are powerful
biomarkers in systemic sclerosis (SSc). Functional
antibodies (FA) might be implicated in vasculopathy, in
which endothelial cells (EC) are key players. We aimed to
explore the effect of purified IgG from patients with SSc on
omics signatures of EC and examine the influence of ANA
serotypes and FA.

Methods EC were cultured in the presence of purified

IgG from patients with SSc, patients with systemic

lupus erythematosus (SLE) or healthy controls (HC). EC
omics profiles were analysed by liquid chromatography
with tandem mass spectrometry (LC-MS/MS) and RNA
sequencing. EC proteome induced by IgG from patients
with SSc was confirmed with an external validation cohort.
Results In the derivation cohort, principal component
analysis (PCA) using proteomics data showed three
distinct groups of subjects: a first one including mostly
anti-topoisomerase-| positive patients (ATA+), a second
one including mostly anti-centromere positive patients and
a third group comprising anti-RNA polymerase-lll positive
patients, SLE and HC. In transcriptomics, PCA distinguished
one group composed of ATA+patients only from a second
group mixing ATA+patients with other individuals. The
validation cohort confirmed the existence of two groups

of distinct EC proteome profiles and clinical severity in
ATA+patients. In both SSc cohorts, no association between
FA presence and proteomic profiles was observed.
Quantitative proteomics measured the most discriminant
proteins in EC exposed to purified IgG.

Conclusion Purified IgG from patients with SSc can
modify EC proteome and transcriptome. The observed
changes closely associate with ANA serotype.

INTRODUCTION

Systemic sclerosis (SSc) is a heterogeneous
connective tissue disease characterised by
autoimmunity, vasculopathy and excessive
fibrosis." Skin fibrosis defines the disease in
two forms according to its extent: limited

1,2,8

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Antinuclear antibodies (ANA) are strong biomarkers
in systemic sclerosis (SSc) but their implication in
pathophysiology remains unclear.

= Functional antibodies (FA) might contribute to SSc
pathogenesis.

WHAT THIS STUDY ADDS

= Purified IgG from patients with SSc can modify en-
dothelial cells (EC) proteome and transcriptome ac-
cording to ANA serotypes with a minimal implication
of FA.

= Some anti-topoisomerase-I positive (ATA+) patients
induced singular and distinct molecular EC profiles
which were not explained by FA.

= The ATA+group comprised two subgroups which
differed in terms of proteomic profiles and organs
involvement.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= IgG could be pathogenic, reinforcing the need for
therapeutic targeting of humoral immunity, partic-
ularly in ATA+patients.

= The EC molecular signature induced by IgG from
patients with SSc could help uncover patient differ-
ences within the same ANA serotype.

cutaneous SSc (1cSSc), in which skin involve-
ment does not extend beyond the elbows and
knees and diffuse cutaneous SSc (dcSSc), in
which skin involvement is more extensive. In
some cases, fibrosis can extend to internal
organs, causing severe complications such
as interstitial lung disease (ILD). Vascu-
lopathy is present in most patients, varying
from Raynaud’s phenomenon and telangi-
ectasia to pulmonary arterial hypertension
(PAH) or renal crisis." The humoral immune
system plays an important role in SSc and
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autoantibodies (Aab) are found in almost patients with
SSc.? ‘Functional antibodies’ (FA) such as angiotensin
II type 1 receptor (ATIR) Aab and endothelin-1 type A
receptor (ETAR) Aab have been described and might be
implicated in the vasculopathy of SSc, in which endothe-
lial cells (EC) are key players.” Although FA are not used
in clinical daily practice, antinuclear antibodies (ANA)
are powerful diagnosis and prognosis biomarkers. Three
of them are part of the last American College of Rheu-
matology (ACR)/European Alliance of Associations for
Rheumatology (EULAR) SSc classification criteria: anti-
topoisomerase-I (ATA) usually associated with dcSSc and
ILD, anti-centromere (ACA) with 1¢SSc and PAH and
anti-RNA polymerase-III Aab (ARA) with dcSSc and renal
crisis.” The role of ANA in the pathogenicity of SSc is still
partially unknown. Omics studies have proven valuable for
investigating the effects of Aab on target cells. A previous
study from our group showed that IgG from patients with
SSc could alter the proteome and transcriptome of fibro-
blasts, highlighting a unique molecular profile induced
by IgG from ATA-positive (ATA+) patients.’

In this study, we investigated whether purified IgG from
patients with SSc affects the proteome and transcriptome
of EC. We assessed the possible contribution of ANA
serotypes and FA on molecular profiles. With a validation
cohort, we confirmed a specific profile induced by IgG
from ATA+patients.

MATERIAL AND METHODS

Individuals

Sera from patients (SSc and systemic lupus erythema-
tosus (SLE)) were obtained from our biobanks and used
as a derivation cohort (Lille, ethical approval: CPP N°:
2019-A01083-54) or validation cohort (Rennes, CPP N°:
2019-A02611-56). Healthy controls (HC) were obtained
from the Etablissement Francais du Sang.

IgG purification

Total IgG were purified from patients or HC sera by
affinity chromatography on an AKTA-start FPLC system
using HiTrap Protein G columns (Cytiva, Marlborough,
Massachusetts, USA). Total IgG-level measurement and
serotype assay by BioPlex ANA screen (BioPlex 2200
ANA Screen (Bio-Rad Laboratories, Hercules, California,
USA, according to the manufacturer’s instructions) were
performed to ensure the validity of the purification step
(for both derivation and validation cohort).

Anti-AT1R and anti-ETAR ELISA

ATIR and ETAR Aab were quantified and analysed with
ELISA kits according to the manufacturer’s instructions
(CellTend, Luckenwalde, Germany). Briefly, the concen-
tration of each purified IgG was adjusted to 10pg/pL
with phosphate-buffered saline (Gibco, Thermo Fisher
Scientific, Waltham, Massachusetts, USA), and samples
were diluted in diluent buffer at 1:100. To calculate the
antibody concentration, a four-parameter curve was
generated under standard conditions. Samples were

considered positive if the concentration was >17U/mL
and negative if <10 U/mL.

Cell culture

Human umbilical vein EC (CC-2519, Lonza, Basel,
Switzerland) were cultured in M199 culture medium
(Thermo Fisher Scientific, Waltham, Massachusetts,
USA) supplemented with 20% fetal calf serum (SVF, Lot
RH20220001, Cytiva, Marlborough, Massachusetts, USA)
and 10% EBM-2 medium supplemented with EGM-2
SingleQuots kit (endothelial growth media, Lonza, Basel,
Switzerland) and used at fifth passage. For derivation
cohort, EC were incubated with purified IgG from 10
ATA+patients, 10 ACA+patients, 10 ARA+patients, 10 HC
and 5 patients with SLE (all of them positive for anti-DNA
antibodies). Three positive controls were set in quadru-
plicate: EC stimulated by interleukin-1 beta (IL-1f, 2ng/
mL, 240-B, R&D systems, Minneapolis, Minnesota, USA),
tumour necrosis factor alpha (TNF-o, 2ng/mlL, 210-TA,
R&D systems, Minneapolis, Minnesota, USA) or lipopoly-
saccharide (LPS, Escherichia coli O127:B8, Sigma-Aldrich,
Saint-Louis, Missouri, USA); the negative control was
constituted by non-stimulated EC (pentaplicate). For vali-
dation cohort, EC were incubated with purified IgG from
24 ATA+patients, 18 ACA+patients, 5 ARA+patientsand
20 HC. After 24 hours of incubation, the cells were lysed
and stored at —80°C until analysis.

For validation cohort, EC were incubated with purified
IgG from 24 ATA+patients, 18 ACA+patients, 5 ARA+pa-
tientsand 20 HC.After 24 hours of incubation, the cells
were lysed and stored at —80°C until analysis.

Sample preparation and liquid chromatography with tandem
mass spectrometry

Protein digestion, liquid chromatography with tandem
mass spectrometry (LC-MS/MS) analysis and raw data
processing were performed as previously described.” For
each sample, 1pg of digested peptide was analysed on
a U3000 RSLC Microfluidic HPLC System and an Orbi-
trap Q-Exactive plus Mass Spectrometer (Thermo Fisher
Scientific, Waltham, Massachusetts, USA).

3’ messenger RNA sequencing

Total RNA was extracted using the NucleoSpin RNA/
Protein kit according to manufacturer’s instructions
(Macherey-Nagel, Duren, Germany). Total RNA yield
and quality were assessed on the Agilent 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, California,
USA). Libraries were generated using the QuantSeq 3’
mRNA-Seq Library Prep Kit FWD (Lexogen, Vienna,
Austria), pooled equimolarly and sequenced on a
NovaSeq 6000 (Illumina, San Diego, California, USA).
Reads were aligned with the STAR program (V.2.6.0a)
with the genome reference human (GRCh38) and the
reference gene annotations (Ensembl) and counted with
featureCounts (V.1.6.0).

Absolute quantification proteomics
Heavy peptide absolute quantification (AQUA) were
purchased from Thermo Fisher Scientific (Waltham,
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Massachusetts, USA). All peptides were mixed ata concen-
tration of 60 fmol/pL and added to each 1pg of digested
peptide sample before analysis by LC-MS/MS. 18 proteins
were selected based on derivation cohort and literature.
One or two peptides were selected for each protein (see
online supplemental table 10). The specificity of the
peptide selected for the protein was confirmed by Basic
Local Alignment Search Tool (BLAST) search against the
UniProtKB/Swiss-Prot database (https://blast.ncbi.nlm.
nih.gov), which required that the peptide length should
be more than four amino acids. For the whole proteome,
analysis of the raw LC-MS/MS data was performed using
MaxQuant (V.2.0.3.1) and the interrogation was carried
out against the UniProtKB human database (V.2024-04).
The validation of specific proteins was performed with
Skyline.’ Briefly, for each peptide, three fragments ions
were selected for heavy and light peptide identification
and the most intense ion was selected with z=+2or z=+3.
Quantification was calculated using the weight-to-light
ratio and normalised by the amount of heavy peptide
added.

Data visualisation, differential analysis, enrichment,
statistical analysis and omics integration

All these analyses were performed with R and pack-
ages limma for differential protein expression analysis
(V.3.52.4), DESeq?2 for differential gene expression anal-
ysis (V.1.38.3) and mixOmics (\/.6.2().0).7_9 Proteomics
data were visualised by principal component analysis
(PCA) and partial least squares-discriminant analysis
(PLS-DA). All statistics tests on differential expression
analyses were performed with a correction of p values with
the Benjamini-Hochberg method (adjusted p<0.05)."
The whole transcriptomic and proteomic data sets were
integrated using the DIABLO (Data Integration Anal-
ysis for Biomarker discovery using Latent cOmponent)
R mixOmics framework. Sankey plot was created with
SankeyMATIC on proteins identified in both cohorts
and differentially expressed (adjusted p<0.05). Venn
diagrams visualisations were created on Canva.

Functional enrichment and pathway analysis were
conducted using Metascape (https://metascape.org/
gp/index.html; V.3.5.20240901) with the Gene Ontology
terms and Hallmark gene sets. Metascape uses the hyper-
geometric distribution (Fisher’s exact test) to identify all
ontology terms that contain a statistically greater number
of candidates in common with an input list than expected
by chance. As recommended in Metascape guidelines,
terms with a p value<0.01, a minimum of three candi-
dates and an enrichment factor >1.5 were selected for
visualisation.!

Boxplots and heatmap for AQUA peptides analysis were
performed with GraphPad Prism (V.10.1.0, San Diego,
California, USA). Box plots statistics were performed
with the non-parametric Mann-Whitney test (p<0.05).
For the heat map, min/max normalisation was used to
represent the mean of the average peptide intensities for
each protein.

Proteomics data sets analysed during the current
study are available through Proteomic Xchange (data
set number: PXD049364 (derivation cohort) and
PXD057210 (validation cohort)) and transcriptomics data
sets through SRA depository from NCBI:PRJNA1188072.

RESULTS

Molecular signatures of EC exposed to IgG from patients with
SSc in the derivation cohort

Patients’ characteristics are described in online supple-
mental table 1. EC were exposed to purified IgG, posi-
tive stimuli (IL-1B, TNF-o. and LPS) or none (negative
control). Cell lysates were analysed in LC-MS/MS and 3’
messenger RNA (mRNA) sequencing.

Proteomics identified and quantified 2141 expressed
proteins in all samples. First, we visualised the EC
proteome under all conditions. Non-stimulated EC
appeared largely distinct from EC in the presence of
positive controls or IgG (online supplemental figure
1A), substantiating different molecular responses in
EC. We then processed the data without controls to
better explore the effect of IgG on EC. PCA showed
three distinct groups of subjects: a first one including
mostly ATA+patients, a second one including mostly
ACA+patientsand a third heterogeneous group
comprising ARA+patients, patients with SLE and HC
(figure 1A). The comparison of EC proteome in the
presence of purified IgG from ATA+patients versus HC
or from ACA+patients versus HC revealed 614 and 288
differentially expressed proteins (DEP), respectively
(figure 2A,B and online supplemental table 2). 11
proteins such as integrin alpha-3 (ITGA3) were over-
expressed while 9 proteins were underexpressed both
in ATA+ and ACA+groups (figure 2C,D). A complete
list of DEP is available in online supplemental table 3.
In the ATA+group, overexpressed DEP were enriched
in vascular endothelial growth factor A (VEGFA) and
vascular endothelial growth factor receptor type 2
(VEGFR2) signalling and in signalling by Rho GTPases
whereas underexpressed proteins were enriched in the
metabolism of RNA and translation (figure 2EF). In
the ACA+group, overexpressed DEP were enriched
in carboxylic acid metabolic process and in proteins
processing in reticulum endoplasmic whereas under-
expressed proteins were enriched in the metabolism
of RNA and mRNA processing (figure 2G,H). No DEP
were identified when comparing ARA+patients versus
HC and patients with SLE versus HC (online supple-
mental table 2).

Transcriptomics identified 16 805 mRNA. Visualising
all conditions, EC in the presence of positive controls
(IL-1B, TNF-o. and LPS) and EC in the presence of IgG
or non-stimulated EC appeared largely distinct (online
supplemental figure 1B). We then analysed the data
without controls to better explore the effect of IgG on
EC transcriptome. PCA distinguished a specific group
of five ATA+patients (ATA+ = group) clearly separated
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Figure 1 Effect of total purified IgG from derivation cohort on EC omics profiles. PCA scatter plots for the analysed

cell samples. (A) PCA highlights EC proteins assessed by LC-MS/MS and (B) mRNA expressions assessed by 3° mRNA
sequencing according to ANA serotypes. (C) The arrow plot represents variation between proteomics and transcriptomics

in each individual. ATA(a) group expressed less variation and appeared more homogeneous. ACA+, anti-centromere positive
patients; ANA, antinuclear antibodies; ARA+, anti-RNA polymerase-lll positive patients; ATA+, anti-topoisomerase-| positive
patients; EC, endothelial cells; HC, healthy controls; LC-MS/MS, liquid chromatography with tandem mass spectrometry;
mRNA, messenger RNA; PCA, principal component analysis; PLS, partial least squares; SLE, patients with systemic lupus

erythematosus.

from five other ATA+patients (ATA+ ®) group) mixed
with ACA+patients, ARA+patients, patients with SLE
and HC (figure 1B). We performed differential analysis
on transcriptomics data (online supplemental table 4)
with a specific focus on the ATA+ @ and ATA+ () groups.
The comparison of EC transcriptome in the presence of
purified IgG from ATA+ versus HC, ATA+ () Versus HC,
ATA+ () VETSUS HC, ATA+ (a VETSUS ATA+ ) roups revealed
4372, 7639, 145 and 6839 differentially expressed genes
(DEG), respectively (figure 3A,B, online supplemental
table 4). The ATA+ @ group contributed the most to the
effect of IgG from ATA+patients on the EC transcrip-
tome. In ATA+(a) versus HC and ATA+(3) versus ATA+(b),
3014DEG were commonly upregulated; among them
BCL2-related protein Al (BCL2A1) and stanniocalcin-1.
2775DEG were commonly downregulated; among them
toll-like receptor 4 (TLR4) and aquaporin 1. A detailed
list of DEG is available in online supplemental table 5.
In ATA+ , group, upregulated DEG were enriched in
cell and mltOth cell cycle and in DNA metabolic process

and downregulated DEG were enriched in blood vessel
development and extracellular matrix organisation
(figure 3C,D).

To allow a comprehensive representation and analysis
of these findings, we performed omics data integration
combining proteomic and transcriptomic profiles. 2041
variables were common to both data sets. The arrow
plot representing data integration distinguished three
groups of subjects: a first stable group composed by
ATA+ pat1ents with low variability between proteomic
and transcrlptomlc profiles, a second group composed
by ATA+(b) and ACA+patients with higher variability and
a third group composed by ARA+patients, patients with
SLE and HC (figure 1C). These findings reinforced
the existence of two ATA+groups: one stable, homo-
geneous (ATA+ group) distinct from the other one
more heterogeneous and mixed with the ACA+group
(ATA+(b) group). Intrigued by these results, we sought
to confirm the profiles of patients with ATA in another
SSc cohort.
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Proteomic profiles of EC in the presence of IgG from patients
with SSc in the validation cohort

Patients’ characteristics are described in online supple-
mental table 6. EC were exposed to purified IgG and cell
lysates were analysed in LC-MS/MS.

Proteomics identified and quantified 2153 proteins.
Among them, 1666 (77 %) had already been identified
and quantified in the derivation cohort. PCA showed
three distinct groups of subjects: one group composed
only of 11 ATA+patients (ATA+ & group) and a second

heterogeneous group composed of others ATA+patients
(ATA+(b) group), ACA+patientsand HC (figure 4A).

We performed a similar differential analysis than those
in the derivation cohort (online supplemental tables 7
and 8). The comparison of EC proteome in the presence
of purified IgG from ATA+ versus HC, ATA+ & versus
HC, ATA+ vy VErsus HC, ATA+ (a VeTsus ATA+ ) and ACA+
versus HC revealed 403, 732, 255, 903 and 149 DEP,
respectively (online supplemental figure 2A,B). Venn
diagram displaying up and down DEP confirmed that the

Chepy A, et al. RMD Open 2025;11:2004290. doi:10.1136/rmdopen-2024-004290

5


https://dx.doi.org/10.1136/rmdopen-2024-004290
https://dx.doi.org/10.1136/rmdopen-2024-004290
https://dx.doi.org/10.1136/rmdopen-2024-004290
https://dx.doi.org/10.1136/rmdopen-2024-004290
https://dx.doi.org/10.1136/rmdopen-2024-004290

HC 4372 differentially expressed genes ATA+
w _| RsaD2 « STC1 SNORA33
2 Fm BCL2AT
il 1Y STC1
S1PR4 TMEMISS
cas D cocPt
COL28AY e SNORATS
IFI440 . =
COAS-AST .t ADAMTS1
N . <5 SEMAIA
wP2s . s.' , esEman avitie
« ADAMTS1 o TMEM158
24 o BCL2A1
'« SNORATS
g » SNORA2S
2 « COCP1
Y
2
w - .
MMP2Seq ® &
oo
Pk .
RSAD2 ¢ ﬁg#&ﬁ(‘ : o MYHIE
© 1 — 005
T T T T T
4 2 0 2 4

log2FoldChange

-log10(pval)

oSTCH

+SNORATS
o TMEM158
«SNORA2S

o BCL2A1

oCOCP1

log2FoldChange

c ATA+(a) vs. HC UP D ATA+(a) vs. HC DOWN

R-HSA-1640170: Cell Cycle M5884: NABA CORE MATRISOME
G0:0000278: mitotic cell cycle G0:0001568: blood vessel development
G0:0000258: DNAetshallc prcess G0/0030198: extracluar matr orgaraation
80:0010364: regulation of cell cycle piocess G0:0030335: positive regulation of cell migration
WP2446: Retinoblastoma gene in cancer 00098743, cel.cell uanesion Vin DIaSmemembrar anEsR Tiolecules
hsa04110: Cell cycle G0:0007167: enzyme-linked receptor protein signaling pathway
G0:0090068: positive regulation of cell cycle process G0:0007507: heart development
G0:0051321: meiotic cell cycle M5885: NABA MATRISOME ASSOCIATED
G0:0051052: regulation of DNA metabolic process G0:0072001: renal system development
R-HSA-73894: DNA Repair G0:0008285: negative regulation of cell population proliferation
R-HSA-73886: Chromosome Maintenance hsa04360: Axon guidance
WP4016: DNA IR damage and cellular response via ATR hsa04933: AGE-RAGE signaling pathway in diabetic complications
M129: PID PLK1 PATHWAY gg:gg:ggig: Icell |un§l|on organization
M1: PID FANCONI PATHWAY : :focomotion

g 5 E GO:0001667: ameboidal-type cell migration
gg;ggé?g;g; TRNA "!e“"g;’[:';f;‘;;fess = G0:0043065: positive reg'mnon of a%up:onc process

z i . G0:0003013: circulatory system process
G0:1902749: regulation of cell cycle G2/M phase transitior —_— G0:0071363: cellular response to growth factor stimulus
G0:0034508: centromere complex assembly E— G0:0045765: regulation of angiogenesis
R-HSA-453274: Mitotic G2-G2/M phases
GO0:0007098: centrosome cycle 5 10 15 20 25

0g10(P)
0 20 40 60 80 100
-10g10(P)

Figure 3 Effect of total purified IgG ATA+ on endothelial cells transcriptome in the derivation cohort. Volcano-plots
represent differential analysis between (A) ATA+ versus HC (B) ATA+(a) versus HC. Enrichment analysis of (C) upregulated
DEG in ATA+(a) versus HC and (D) downregulated DEG in ATA+(a) versus HC. ATA+, anti-topoisomerase-| positive patients;
ATA+(a), anti-topoisomerase-| positive patients group a; DEG, differentially expressed genes; HC, healthy controls.

ATA+ (xy rOoup was the most distinct (online supplemental
figure 2C,D). In the ATA+ () Versus HC comparison, over-
expressed proteins were enriched in intracellular protein
transport, metabolism of RNA and VEGFA VEGFR2
signalling and underexpressed proteins were enriched in
mRNA processing (online supplemental figure 2 E,F). In
the ACA+ versus HC comparison, overexpressed proteins
were enriched in actin filament-based process and mRNA
processing and underexpressed proteins were enriched
in protein processing in endoplasmic reticulum (online
supplemental figure 2 G,H).

We explored the similarity between ATA+(_A) groups in
derivation and validation cohorts using a Sankey plot
(figure 4B). 73 proteins were commonly overexpressed
in ATA+ @ versus HC in both cohorts, among them
VE-cadherin (CDH5). These proteins were enriched in
VEGFA VEGFR2 signalling (figure 4C). 56 proteins were
commonly underexpressed in ATA+ ' versus HC in both
cohorts (figure 4B) and were enriched in metabolism of
RNA and protein processing in reticulum endoplasmic
(figure 4D). Of note, only 8 proteins were overexpressed
in ATA+ @ versus HC in the derivation cohort while
underexpressed in the validation cohort, and 18 were

underexpressed in the derivation cohort while overex-
pressed in the validation cohort (figure 4B).

FA contribution in the observed omics profiles

We examined the influence of FA in the obtained omics
profiles. In the derivation cohort, ATIR and ETAR Aab
were present in patients with SSc among the different
serotypes (online supplemental figure 3A,B). FA levels
were not significantly correlated with PLS-DA axes
(figure bA), suggesting that FA did not impact proteomic
signatures. The observed correlation with the PLS-DA
axes of the transcriptomics data indicated that FA influ-
enced the EC transcriptome, among many other contrib-
uting factors (figure 5B). In the validation cohort, ATIR
and ETAR Aab were not different between patients with
SSc and HC. FA levels were not significantly correlated
with PLS-DA axes (figure 5C and online supplemental
figure 3C).

ATA+(a) and ATA+(h) group characteristics

To better characterise the ATA+groups, we compared
clinical data in ATA+(a) and ATA+<b> from the validation
cohort. ILD was more frequent in ATA+ (@ group (100%
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Figure 4 Effect of total purified IgG from on EC proteome in the validation cohort. PCA scatter plots for the analysed cell
samples. (A) PCA highlights EC proteins expression assessed by LC-MS/MS according to ANA serotypes in the validation
cohort. (B) Sankey plot represents commonly overexpressed and underexpressed proteins among derivation and validation
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vs 54%, p value: 0.008). Moreover, ATA+  group was
characterised by the association of ILD and digital ulcer-
ation (DU) (p value: 0.014) (table 1).

Quantification of selected proteins in the validation cohort
Finally, we derived a set of 18 representative proteins
and quantified them in the validation cohort using
mass spectrometry-based AQUA technology (panel of
confirmed proteins are available in online supplemental
table 9) and detailed proteins quantification are avail-
able in online supplemental table 10. It confirmed that
ATA+(Z) was distinct from ATA+(I)), ACA+, ARA+ orHC
(figure 6A). PCA based on quantified proteins confirmed
ATA+  as the most distinct and homogeneous group of
subjects (online supplemental figure 4A). 13 proteins
were significatively overexpressed in ATA+ = versus
ATA+ - or HC and 9 overexpressed in both compari-
sons ATA+<a> versu ATA+(b) and HC including serine/
threonine-protein kinase 24 (STK24), ITGA3, CDHb5,
nuclear receptor-binding protein, adaptor subunit of
SYVNI ubiquitin ligase (SEL1L) and eukaryotic transla-
tion factor 2B subunit alpha subunit gamma (EIF2B3)
(figure 6B). Among them, STK24, ITGA3 and SELIL
appeared associated to dcSSc, ILD and DU (online
supplemental figure 4B).

DISCUSSION

This study revealed that purified IgG from patients with
SSc can modify the EC proteome and transcriptome
according to ANA serotypes. FA were present in patients
with SSc but seemed to have a minimal impact on omics
profiles. In the derivation cohort, IgG from ATA+pa-
tients induced a distinct EC proteomic profile. In tran-
scriptomics, the ATA+group was further divided into two
groups of subjects. The validation cohort confirmed a
singular proteomic profile induced by IgG from ATA+pa-
tients on EC, with the existence of two ATA+groups,
including one with a more pronounced effect on EC,
where organ involvement such as ILD and DU were more
often present. Quantitative proteomics supported these
findings providing most upregulated or downregulated
proteins in EC exposed to purified IgG from ATA+pa-
tients.

ANA are present in the majority of SSc cases and are
a key tool in disease management. Three of them (ATA,
ACA and ARA) are part of the last ACR/ELUAR classifica-
tion criteria.* In fact, these are generally exclusive to the
same patient and are associated with different SSc clinical
profiles (I1cSSc or dcSSc, internal organs involvement)
and severity.! * Moreover, ANA explained part of the
groups of patients in several cluster analysis studies, rein-
forcing their crucial role in catching SSc complexity.'* ?
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Nevertheless, the role of ANA in SSc pathophysiology
remains partially unknown. Several observational data
of ANA pathogenicity in SSc emerged. ANA precede for
years SSc onset'* ' and the presence of ATA and ACA in
patients with undifferentiated connective tissue disease

points to the evolution of definite SSc.'"® Moreover, ANA
title correlate with disease severity and progression'”™?
and molecular profiles are associated with ANA sero-
types.”” ! Finally, patients with SSc may respond response
to therapeutic targeting humoral immunity such as

Table 1 ATA+groups comparisons (validation cohort)

ATA+(a) group (N=11) ATA+(b) group (N=13) P value
Age at inclusion, mean (SD) years 59.4 (13.2) 62.7 (13.1) 0.564
Disease duration at inclusion, mean (SD) years 6.1 (4.9) 6.4 (5.7) 0.424
mRSS at inclusion, mean (SD) 6.1 (3.2) 7.4 (4.9) 0.585
DU, n (%) 7 (63.6) 4 (30.8) 0.117
ILD, n (%) 11 (100) 7 (563.8) 0.008
ILD or DU, n (%) 11 (100) 9 (62.2) 0.045
ILD+DU, n (%) 7 (63.6) 2 (15.4) 0.014

Quantitative variables are represented as mean and standard deviation (SD. Bold value represent significant P value
ATA+, anti-topoisomerase-| positive patients; ATA+(a), ATA+group a; ATA+(b), ATA+group b; mRSS, modified Rodnan skin score; ILD,

interstitial lung disease; DU, digital ulceration.
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protein kinase 24; TPP1, tripeptidyl-peptidase 1; TTN, titin.

rituximab,?? 2 and more recently anti-CD19 chimeric
antigen receptors T cells.**®

In the presentstudy, EComics profilesdiffered according
to ANA serotypes in both cohorts. IgG from ATA+patients
induced the most singular proteomic profile in EC char-
acterised by VEGFA and VEGFR2 signalling enrichment
in up and downregulated proteins, and VE-cadherin was
overexpressed in EC in the presence of IgG ATA+ inboth
cohorts. IgG from ACA+patients induced DEP enriched
in VEGFA and VEGFR2 signalling in derivation cohort
but was not retrieved in validation cohort. SSc vasculop-
athy is characterised by disturbed vessel morphology with
enlarged capillaries and an overall reduction in capillary
density with respect to the expression of both VEGF and
its receptors, VEGFR-1 and VEGFR-2.*® VE-cadherin, an
endothelium junction protein, plays an important role
in vascular development. During angiogenesis, VEGFR2
binds to VE-cadherin and VEGFR2 kinase activity leads
to VE-cadherin phosphorylation, which induces cell

survival and proliferation through the PI3K/AKT signal-
ling pathway.27 Interestingly, Raschi et al, showed that
immune complexes from patients with SSc containing
ATA upregulated TLR4 expression and increased acti-
vation of SAPK-JNK, p38MAPK and Akt signalling via
an Fc-gamma-receptor independent mechanism which
engaged endothelial damage.”® This data suggests angio-
genesis promotion by IgG from ATA+patients on EC and
needs to be further confirmed. In SSc, EC are known to
undergo a mesenchymal transition reducing angiogen-
esis in which VE-cadherin expression decreased.”

We highlighted two groups of ATA+patients according
to the modification induced on EC transcriptome
and proteome. The most homogeneous ATA+group
(ATA+ (a)) strongly modified EC omics profiles and was
characterised by a higher frequency of severe organ
involvement (especially ILD). In a large cluster analysis
of 6927 patients with SSc, we characterised six groups of
patients with SSc based on clinical features, ANA profile
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and mortality. ATA+patients were the majority in three
of these groups, with different phenotypic and evolu-
tionary profiles. The group with the highest proportion
of ATA+patients had the most severe disease course.'” In
the present study, heterogeneity among ATA+patients
was explained by distinct EC omics profiles. Interestingly,
a recent study based on transcriptomics, metabolomics
and flow cytometry in whole blood demonstrated that
patients with SSc exhibit distinct molecular signatures
according to their ANA serological status.”’ This may
suggest, considering the present study, a contribution of
IgG to the observed molecular signatures.

The EC transcriptome in the presence of IgG from
ATA+  group was characterised by B-cell lymphoma 2A2
overexpression and was enriched in mitotic cell cycle and
in DNA metabolic process. BCL2AI, a member of the
BCL2 family, is overexpressed in various cancer cells and
may contribute to tumour progression.”’ In EC, BCL2
family possesses an anti-apoptotic effect, dependent and
independent of VEGE.**

In the validation cohort, the targeted proteomics
approach using AQUA technology allowed precise quan-
tification of proteins expression.”* This confirmed the
result of exploratory analyses in derivation and valida-
tion cohorts by clearly separating ATA+ = and ATA+
groups. IgG from ATA+groups might promote the oppo-
site effect. For example, IgG from ATA+ = group induced
overexpression of VE-cadherin which is hallmarks of
angiogenesis, whereas IgG from ATA+ = group decreased
VE-cadherin expression.”” The precise meaning of these
omics profiles need to be further explored. Interestingly,
IgG from ATA+ & patients were able to induce overex-
pression of proteins known to be the target of newly iden-
tified SSc Aab. Indeed, IgG from ATA+ & group induces
overexpression of EIF2B3 and SNRPA. Anti-EIF2B Aab
are found in 1-2% of patients with SSc and are associated
with dcSSc, arthralgia and ILD.***” Anti-SNRPA are newly
described, might be present in 11% of patients with SSc,
are more often present in ATA-negative patients and are
associated with PAH.™ Finally, ITGA3, SEL1 and STK24
were overexpressed in ATA+  and correlated with dcSSc,
DU and ILD. Integrins family genes expression in SSc
skin correlates with modified Rodman skin score and
might promote skin fibrosis by affecting extracellular
matrix turnover.”” STK24 was recently known to promote
tumorigenesis in lung cancer through STAT3/VEGFA
signalling pathway.*’

FA are described in SSc and might have a pathogenic
role especially in vasculopathy.*’ ATIR and ETAR Aab
are found in SSc and are associated with disease-related
complications and mortality. Both might be pathogenic
by binding to their respective receptor-inducing signal-
regulated kinase 1/2 phosphorylation and increasing
transforming growth factor B gene expression in EC.*
Immunised mice by membrane-embedded human ATIR
developed perivascular skin and lung inflammation,
lymphocytic alveolitis, weak lung endothelial apoptosis
and skin fibrosis. Moreover, passive transfer into mice

with monoclonal AT1R antibody provoked skin and lung
inflammation, which was not observed in angiotensin
receptor a/b receptor knockout mice, via monocyte acti-
vation leading to the production of profibrotic markers
by dermal fibroblasts.*” FA were present in both SSc
cohorts but were also present in some HC and patients
with SLE. In the present study, ATIR and ETAR Aab did
not explain the EC proteomic profiles (both in the deri-
vation and validation cohorts) induced by SSc IgG and
could contribute to EC transcriptomic profiles. Bankamp
et al found by using luminometric assay that 52% of
patients with SSc had functional active ATIR Aab (stim-
ulatory or inhibitory capacity) but AT1R Aab were also
present in others autoimmune diseases and HC and did
not correlate with organ involvement. Functional AT1R
Aab detected by luminometric did not correlate with
ATIR and ETAR Aab levels in ELISA assay whereas there
was a strong correlation between AT1R Aab, ETAR Aab
and ATA levels.**

In our study, EC changes induced by IgG from
patients with SSc were mostly independent of the pres-
ence of FA suggesting a contribution of ANA particu-
larly ATA or immune complexes containing ATA. IgG
from ATA+patients inhibited TOPO-I in vitro, and we
previously showed that IgG ATA+induced profibrotic
profiles in normal dermal fibroblasts.” * Pathogenic
mechanisms of ANA in SSc such as interaction between
immune complexes or Aab are suspected.”® *’ Never-
theless, the capacity of ANA to directly interact with
their intracellular antigens remains largely unknown.”
In SLE, anti-DNA has been reported to penetrate cells
and interact with intracellular antigen.*”® Recently, it was
shown that anti-Mi2 and anti-PM/Scl Aab accumulated in
the nucleus of myofibers from patients with myositis and
that their internalisation into healthy myoblasts induced
transcriptomic profiles similar to those observed in the
muscles of patients with the same ANA serotype. The
modification of the myoblast profiles was consecutive to
the autoantibody-autoantigen interaction.* Finally, May
et al recently showed that a monoclonal ATA produced
by a single B cell from patient with SSc can penetrate
living colonic cancer cells, localised into nuclei and then
inhibits formation of the TOPO-I cleavage complex
necessary for DNA nicking.”’

The sample size of the derivation cohort precluded
the study of clinical associations between groups. The
use of total purified IgG rather than specific purified
Aab prevented any firm conclusion regarding ANA
pathogenicity but should be seen as an essential step
before future assessments requiring a high volume of
antibodies. The strengths of this study include multio-
mics analysis in the derivation cohort and the use of
omics integration data, which reinforced exploratory
capacity. Proteomic was confirmed in a validation
cohort, and a sensitive method was used to quantify
discriminant targets belonging to the derivation cohort
molecular signatures.
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CONCLUSION

IgG from patients with SSc modified the EC proteome
and transcriptome profiles in an ANA serotype-
dependent manner. FA was present in patients with
SSc but no association between the presence of FA and
change in proteome was observed whereas IgG from
ATA+patients induced singular and distinct EC profiles.
A subgroup of ATA+patients, whose IgG strongly modi-
fied EC proteome and transcriptome, was characterised
by more frequent severe organ involvement. The poten-
tial role of ANA in SSc needs to be confirmed in further
studies.
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