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Background: Primary Sjogren's syndrome (pSS) is a systemic autoimmuneigkase,
where patients often suffer from fatigue. Biological patheys underlying fatigue are
unknown. In this study aptamer-based SOMAscan technologysiused to identify potential
biomarkers and treatment targets for fatigue in pSS.

Methods: SOMAscarf® Assay 1.3k was performed on serum samples of healthy
controls (HCs) and pSS patients characterized for interfen upregulation and fatigue.

Differentially expressed proteins (DEPs) between pSS patits and HC or fatigued and

non-fatigued pSS patients were validated and discriminaty capacity of markers was

tested using independent technology.

Results: Serum concentrations of over 1,300 proteins were compared btween 63
pSS patients and 20 HCs resulting in 58 upregulated and 46 dowregulated proteins.
Additionally, serum concentrations of 30 interferon posite (IFNpos) and 30 interferon
negative (IFNneg) pSS patients were compared resulting in52upregulated and 13
downregulated proteins. ELISAs were performed for sever@EPs between pSS patients
and HCs or IFNpos and IFNneg all showing a good correlation iereen protein levels
measured by ELISA and relative uorescence units (RFU) meared by the SOMAscan.
Comparing 22 fatigued and 23 non-fatigued pSS patients, 16 srum proteins were
differentially expressed, of which 14 were upregulated an@ were downregulated. Top
upregulated DEPs included neuroactive synaptosomal-assnated protein 25 (SNAP-25),
alpha-enolase (ENO1) and ubiquitin carboxyl-terminal hyolase isozyme L1 (UCHL1).
Furthermore, the proin ammatory mediator IL36a and severacomplement factors were
upregulated in fatigued compared to non-fatigued pSS patiets. ROC analysis indicated
that DEPs showed good capacity to discriminate fatigued anghon-fatigued pSS patients.

Conclusion: In this study we validated the use of aptamer-based proteonss and
identi ed a novel set of proteins which were able to distingish fatigued from non-fatigued
pSS patients and identi ed a so-called “fatigue signaturé.
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INTRODUCTION Real-Time Quantitative PCR and

Calculation of IFN Score
. i h od by | h icini fotal RNA was isolated from PAXgene tubes and reverse-
gutowpmune |§e?seh, c arlact;anzde Tyh_ym_p ocytic in U_a!; btranscribed to cDNA. For calculation of relative expression
In sajvary an a;: Lyma gian j Ish IS zc?ompanlle I)éamples were normalized to expression of the household gene
sicca symptoms 0 .t € eyes an moqt an requently alsgy, [31]. Relative expression values were determined from
extraglandular - manifestations1<3). Fatlgu_e IS one of the _normalized CT values using 211 CT method (User Bulletin,
most common extraglandular manlfestatlon n PSS and I!\Applied Biosystems). The IFN score was de ned by the relative
associated with a poor quality of lifei49). Fatigue aects o neqsion of 5 genes, IFI44, IFI44L, IFITL, IFIT3, MXA. Mgan
up to 70% of pSS patients, while20% of healthy adults are and Syc of each gene in the HC-group were used to standardize
aected (}0—13_’). . . . expression levels. IFN scores per subject represent the sum of
The biological basis of fatigue is largely unknown, hOWevef'hese standardized scores, calculated as previously loed @1,

proin ammatory mechani;ms are thought .to play a role. 32). Patients were divided in groups being positive or negative fo
Interferons (IFNs) are proin ammatory cytokines, which play e IFN score using a threshold of MeanC 2 x SDic
a pivotal role in the pathogenesis of pSS and are systemicam/ '

upregulated in 57% of the pSS patients))( Elevated levels proteomic Analysis of Serum Protein
of IFNs induce increased expression of IFN-stimulated geneéoncentrations

in the salivary glands, peripheral blood mononuclear cells ; . .
Serum protein concentrations were measured using the

PBMCs), isolated monocytes and B cells of pSS patidrits o .
(19) This) so-called “IEN t))//pe | signature” is F;ssoziated WE,[ SOMAscan platform. SOMAscan utilizes single stranded DNA-
. rbased protein a nity reagents called SOMAmers (Slow O -rate

higher disease activity and higher levels of autoantibadie Modied A 22, The SOMA 13Kk ki
addition, mutations a ecting IFN signaling are observed in odied Aptamers) @3 34). The scan L. It was

TREX. IRF5. STAT4. and PTPN22W and are associated witLﬁSEd following manufacturer's protocol, measuring over @,30
' ' ’ ngProteins in 65m of serum. Intra-run normalization and inter-

pSS 20-26). There is evidence for a link between IFNs and librati ¢ q di SOMA
fatigue. Patients receiving IFNtreatment for viral hepatitis or run cal rz_mon were performed according to_ scan assay
data quality-control procedures as de ned in the Somalogic

melanoma can develop severe fatigi¥¢, (28). However, we . .
and others have previously shown that there was no correlfiatiogOOOI laboratory practice quality system. Data from all samiple

between systemic upregulation of IFNs and fatigue in psgassed quality-control criteria.
patients (L3 29).

Because fatigue is a common problem in pSS, it is importar!yIeasurement _Of Complement’
to identify pathways underlying this fatigue. Here we use ammunoglobulin Levels, and
proteomics approach to identify pathways related to fatigueAutoantibodies
We used the aptamer-based SOMAscan technology, a high§3, C4, and IgG were measured as described previoasd)y (
multiplexed proteomic assay that queries 1,300 proteins iAnti-SSA and anti-SSB were determined by ElA (Thermo
serum for protein biomarker discovery and identi cation of Fisher Scientic), conrmed with ANA prole immunoblot
serum proteomic signatures and possible treatment targets f¢Eurolmmun) and re-con rmed where needed by QUANTA Lite

Primary Sjogren's syndrome (pSS) is a common system

fatigue in pSS. ELISA-kit (INOVA).

Assessment of Fatigue and Depressive
METHODS Symptoms
Patients and Methods Fatigue was assessed using the Dutch version of the

qultidimensional fatigue inventory (MFI) 35. As a cut-

the 25 percentile highest (fatigued group) and lowest ssore
on-fatigued group) were used resulting in the inclusion of
45 patients. The Dutch-validated Center for Epidemiologic
of viral infection at inclusion. HC did not suer from Studies Depression (CES-D) was used to study depression and

autoimmune disease and did not use corticosteroids. Witte &€ €6,37).
informed consents were obtained from all participants in theS
study, in compliance with the Helsinki Declaration. Medical
Ethical Review Committee of the Erasmus MC approve
this study.

PSS patients and healthy controls (HC) were recruited
the Erasmus Medical Centre, Rotterdam, the Netherlands. A
pSS patients ful lled the 2002 American-European Consens
Group classi cation criteria §0) and were free of symptoms

tatistics

OMAscan was performed to identify di erences in quantitative
inding of proteins to aptamers. Data were analyzed using
empirical Bayes moderatetest by the limma Bioconductor
package in the R environmen8&-40). P-values were corrected
Blood Collection for multiple hypothesis testing using Benjamini-Hochberg
Blood was collected in clotting tubes for serum preparatiormethod (FDR 0.05). Dierential expression was calculated
and in PAXgene RNA tubes (PreAnalytix, Hombrechtikon,on normalized logg intensities. Visualization of di erentially
Switzerland) for whole blood RNA analysis. expressed proteins (DEPs) between pSS and HC and fatigued
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and non-fatigued pSS patients was basedflong transformed RESULTS

binding intensities and geometric means were calculate¢ifd . . . L
and pSS patients. Differential Protein Expression in Serum of

IndependentT-test was used to compare means and thd?SS and Interferon Positive Patients
Mann-Whitney U test was used to compare medians. Categoric&lharacteristics of pSS patients and HC are summarized
data were compared using Fishers exact test and correfatioft Supplementary Table 1 Using the SOMAscan multiplex
were assessed using Spearman's rgo Ifn order to determine proteomic assay, in total 104 serum proteins were di erentially
the discriminatory capacity of markers receiver operatingeXpressed between pSS patients and HCs after correction for
characteristics (ROC) curves and areas under the curves (AUO¥Ultiple testing. Of these proteins 58 were upregulated and
were calculated. Statistical analysis and visualizatid&® was 46 were downregulated. A heatmap representing the most
performed using Instem/Omniviz, R version 3.4.3 bioconduct Signi cant DEPs ¢LogFC-0.5) is shown inFigure 1A and
package limma version 3.34., IBM SPSS 24.0 (SPSS, Chicagohdlicates a clear distinction between pSS and Hagure 1A).

USA) and Graphpad Prism 5.0 (Graphpad Software, La Joll&igure 1B shows in a volcano plot for the same DEPs.
CA, USA), 9. Top upregulated DEPs include gaeceptor 3B, a receptor

6-
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FIGURE 1 | Differential protein expression in serum of pSS and healthyontrols. Heatmap of differentially expressed proteins mesured by SOMAscan technology in
serum samples of pSS patients (pSS)N(D 63) and healthy controls (CON)(D 20) clustered unsupervised within the groupgA) and volcano plot (B) visualizing the
same DEPs. The correlation between RFU determined by SOMAaa and protein levels determined by ELISA is shown ifC).
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binding immune complexes which are often observed in pSSABLE 1 | Characteristics fatigued and non-fatigued pSS patients*.
the interferon-inducible protein 1ISG15 and several female

hormones including follicle-stimulating hormone (FSH) &n F(st'guzezd) Noz;fag'g;';d Signi cance
human chorionic gonadotropin (HCG). A complete list of
all signi cantly up- and downregulated proteins is shown in DEMOGRAPHICS
Supplementary Table 2 Female (%) 22/22 (100) 21/23 (91) ns.
Additionally, IFN positive (IFNpos) and IFN negative wmean age (years) 58.7 11.3 573 124 ns.
(IFNneg) pSS patients were compared. Characteristics of IFNp@gease duration (vears) 11.0 (15.5) 115 (16.8) n.s.
and IFNneg pSS are summarized 8upplementary Table 3  gsspay 7.5 (8.0) 4.0 (9.5) ns.
IFNpos patients showed signi cantly higher 1gG levels, highe gy score 3.6 (9.4) 11.2 (8.7) p D 0.020
frequency of anti-SSA and anti-SSB autoantibodies andrlowggs p 27.0 (18.0) 6.0 (4.0) p < 0.0001
C3 complement levels compared to IFNneg patients. Comparingg,
protein expression between IFNpos and IFNneg patients 38 qrq fatigue 200 (1.5) 10.0 (6.0) b < 0.0001
proteins were DEPs of which 25 were upregulated and 18ysical fatigue 19.0 3.0) 8.0 (5.5) b < 0.0001
were downregulated. As expected many interferon-inducible, fatigue 17.0 (5.5) 7.0 (5.0) b < 0.0001
proteins were found upregulated including 1ISG15, CXCL11/l4 4 ced motivation 17.0 (5.0) 6.0 (4.0) b < 0.0001
TAC, CXCL10/IP-10, OAS1, and TNFSF13B/BAFF. Volcang_, . activity 180 (4.0) 70 (5.0) b < 0.0001
plots and a full list of all signi cantly up- and downregulated MEDICATION STATUS (%)
proteins between IFNpos and IFNneg pSS patients is shown Bhocarpine 11/22 (50) 8123 (35) ns.
Supplementary Figure land Supplementary Table 4 Jdroxychloroquine 14122 (64) 15/23 (65) ns.
To validate the SOMAscan data, ELISAs were performe@Orticosteroids 122 (5) 1123 (@) ne.

for several DEPs between pSS patients and HCs or IFNpos

and IFNneg pSS patients. Proteins for validation were select®ata are presented as mean SD, median (IQR) or as number (%) of patients according

based upon availability of reliable ELISAs. The selecteckjmgt t© data distribution. o ,
*Patients are selected from the cohort by a cut-off the 25 percentile highestdfigued

included CXCL10/IP-10, CCL5/RANTES, CRP, SCD163, LAG; . 10 ot e (non-fatiqued group in the MEL
3, CXCL11/|-TAC, TNFSF]-?)B/BAFF, and CXCL13/BLC. A"ESSDAI,the European League Against Rheumatism Sjogren's Syndrome Déase Activity
protein levels measured by ELISA signicantly correlatedndex; IFN, interferon; MFI, multiple fatigue inventory.
with relative uorescence units (RFUs) determined by the
SOMAscan Figure 10). compared between HCQ users and non-users and no di erences
were observedupplementary Figure 2.
. . . The SOMAscan data of DEPs were validated by ELISAs
Fat'gu?d pSS_ Patients Are C_haraCtenzed when these were available. ELISAs for ENO1 and epidermal
by a Differential Serum Protein growth factor (EGF) showed signi cant correlations with REU
Expression Pattern determined by SOMAscanF{gure 20). In addition, C3 and
Characteristics of fatigued and non-fatigued pSS patienés a4 RFUs were compared to C3 and C4 complement levels
summarized in Tablel In total 16 serum proteins were determined through routine diagnostics at the Erasmus MC,
di erentially expressed between fatigued and non-fatigue& pSclinical chemistry lab by Immage nephelometer. Proteinscet
patients, of which 14 were upregulated and 2 were downregiilatdor validation showed good correlation with protein levels
in fatigued patients. Top upregulated DEPs included neurgact determined by ELISA and Immage nephelometer. Fatigued pSS
synaptosomal-associated protein 25 (SNAP-25), alpha-emolagatients showed higher complement levels and lower IFN scores
(ENO1) and ubiquitin carboxyl-terminal hydrolase isozymg than non-fatigued patientsjgure 2D). There was no di erence
(UCHL1). Furthermore, the proin ammatory mediator 1L36a in European League Against Rheumatism Sjogren's Syndrome
and several complement factors were upregulated in fatigugdisease Activity Index (ESSDAI) score, although there was a
compared to non-fatigued pSS patients. A heatmap representirigend toward higher ESSDAI scores in the fatigued patients,
the DEPs is shown ifrigure 2A. When unsupervised clustering which had higher scores in the articular and pulmonary domain
of patients was performed 15 of the 22 fatigued patient8§%) (data not shown).
clustered together and only one non-fatigued patients eltest L. .
with this group. This grouping of fatigued pSS patients indidate Predictive Value of Markers for Fatigue
a signature for fatigue in pSS. A volcano plot of the DEP$N pSS
is shown inFigure 2B and a full list of all DEPs, Log Fold The predictive potential of the proteins found to be di erential
changes and (adjusted)-values is depicted inTable 2 and expressed between fatigued and non-fatigued pSS patients was
Supplementary Table 5 studied. In order to do this ROC curves were calculated for
As hydroxychloroquine (HCQ) is sometimes used tothe most DEPs 4ogFC> 1) including SNAP25, complement
treat fatigue, dierential protein expression was additidgal factors C4a/C4b and C3a, IL36a, UCHL1, ENO1, EGF and
determined after exclusion of patients who used HCQ. Ndormimidoyltransferase-cyclodeaminase (FTCDfigure 3A).
di erences were found compared to the analyses including HC@\dditionally, the corresponding boxplots are showigure 3B).
users (data not shown). Additionally, dimensions of fagguere ROC analysis yielded AUC values between 0.752 and
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FIGURE 2 | Differential protein expression in serum of fatigued pSS pi@nts. Heatmap showing the unsupervised clustering of diérentially expressed proteins
between fatigued 6 D 22) and non-fatigued ( D 23) pSS patients(A) and volcano plot(B) visualizing the same DEPs(C) Correlation between RFU determined by
SOMAscan and protein levels determined by ELISA (for ENO1 arelGF) and Immage nephelometer (for C3 and C4J§D) Comparison of complement levels, IFN and
ESSDAI score between fatigued and non-fatigued pSS patiest

0.845 conrming a robust discriminatory capacity betweenresponse-related proteinstl). Furthermore, gene expression
fatigued from non-fatigued patients pSS patients using thesaro ling of pSS blood also revealed systemic upregulation of
proteins (Table 3. immune related pathways, like the IFN pathway and B cell
receptor signaling pathwayl® 42, 43). Using SOMAscan
technology we were able to identify upregulation of similar
DISCUSSION pathways as described using other proteomic techniques. To
our knowledge one other study used SOMAscan technology to
PSS is a heterogeneous disease with complex pathogenesiisdy pSS44), although a more limited number of proteins
Traditional proteomic approaches of lachrymal or salivarydsi were measured. Nishikawa et al. identi ed several DEPs in
have shown increased expression of in ammatory and immuneerum of pSS patients compared to serum of HCs and DEPs
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TABLE 2 | Differentially expressed proteins between fatigued and mefatigued pSS patients.

2LogFC FDR Function

UPREGULATED PROTEIN

SNAP25 2.01 5.90E-04 Presynaptic plasma membrane proteimiolved in the regulation of neurotransmitter release. Régcted expression in brain.

C4b 1.67 1.04E-02 Basic form of complement factor 4, part of he classical activation pathway.

IL36A 1.53 1.44E-03 Cytokine that can activate NF-kappa-B ad MAPK signaling pathways to generate an in ammatory respons.

C3a 1.43 6.68E-03 C3ais an anaphylatoxin released during divation of the complement system.

UCHL1 1.14 2.69E-02 Belongs to the peptidase C12 family. Tsienzyme is a thiol protease that hydrolyzes a peptide bond ahe C-terminal
glycine of ubiquitin. This gene is speci cally expressed irtie neurons and in cells of the diffuse neuroendocrine system

ENO1 1.00 1.10E-02 Alpha-enolase, glycolytic enzyme. Alprenolase has also been identi ed as an autoantigen in Hashioto encephalopathy.

iC3b 0.98 4.56E-04 Proteolytically inactive product of theomplement cleavage fragment C3b that still opsonizes miabes, but cannot
associate with factor B.

GPD1 0.91 2.69E-02 Member of the NAD-dependent glycerol-3shosphate dehydrogenase family. The encoded protein playa critical role in
carbohydrate and lipid metabolism.

C3ad 0.69 5.60E-02 302-amino-acid fragment in the alpha chai of C3b.

BMP6 0.66 2.94E-02 Secreted ligand of the TGF-beta (transfoning growth factor-beta) superfamily of proteins. Ligansl of this family bind various
TGF-beta receptors leading to recruitment and activation ©SMAD family transcription factors that regulate gene expssion.

C3 0.55 3.98E-02 Complement component C3 plays a central ra in the activation of the complement system.

GOT1 0.34 2.69E-02 Glutamic-oxaloacetic transaminase is ayridoxal phosphate-dependent enzyme which exists in cytplasmic and

mitochondrial forms, GOT1 and GOT2, respectively. GOT playa role in amino acid metabolism and the urea and
tricarboxylic acid cycles.

MAP2K1 0.30 3.98E-02 The protein encoded by this gene is a meier of the dual speci city protein kinase family, which acts a a
mitogen-activated protein (MAP) kinase kinase. MAP kinasgalso known as extracellular signal-regulated kinases fKs),
act as an integration point for multiple biochemical signal

CLEC4M 0.23 4.60E-02 Involved in the innate immune system antecognizes numerous evolutionarily divergent pathogensinging from parasites
to viruses

DOWNREGULATED PROTEIN

FTCD 1.24 2.94E-02 The protein encoded by this gene is a bifunctinal enzyme that channels 1-carbon units from formiminoglaimate, a
metabolite of the histidine degradation pathway, to the falte pool.
EGF 1.07 2.94E-02 Member of the epidermal growth factor superfanily.

were linked to disease activity measured by ESSDAI scoreytokine was previously shown to be overexpressed in the saliva
When we compared pSS patients with HC we identi ed setglands and serum of pSS patients/); Upregulation of this
of upregulated proteins such as CD163, CXCL10, TNFSF18&ytokine is also seen in other diseases like psoriasis, rheiohat
FSH, CXCL11, andb2-microglobulin, that were in agreement arthritis, systemic lupus erythematosus, in ammatory bowel
with previously published datadf). In summary, we identied disease and bromyalgia4@, 48 49. In addition to IL36a,
similar upregulated pathways as identi ed with other micrmar ~ several complement factors were upregulated in fatigued pSS
platforms (L5-19) and found similar upregulated proteins with patients compared to non-fatigued patients. Quanti cation
the same technique in a di erent cohort of pSS patients) ( of the complement levels, however, showed that all values
indicating the SOMAscan technology as a reliable methodfert were in the normal range, but the non-fatigued patients lean
discovery of biomarkers for fatigue in pSS. toward reduced complement levels. Reduced complement levels
Fatigue is the most prevalent extraglandular symptom irare often associated with more severe disease manifestation
pSS of which we do not know the biological basis. Sinceasculitis, and lymphoma in pSS(j.
fatigue is often seen in conditions where the immune system i Interestingly, among the “fatigue-signature” proteins were
dysregulated, proin ammatory mechanisms have been thoughgeveral proteins which have functions in the brain like SNAP-
to play a role. Previous attempts, however, to nd a link betwee 25, UCHL1, and ENO1. SNAP-25 protein is a SNARE protein,
proin ammatory signatures in serum or tissue and fatigue éav critical in neurotransmitter release5(). Aberrancies in this
failed (L3 29, 45). Previous studies even showed decreasing levgisotein are described in several neurological, cognitivel an
of several proin ammatory cytokines like IP-10/CXCL10, T&F psychological disorders like Alzheimer's disease and bralgia
LTa, and IFNg in fatigued pSS patients®). Furthermore, we (52-55). Also UCHL1 is particularly abundantin the brain, where
previously described a negative trend between IFNs anduiatig it is critical for proper function of the ubiquitin-proteasome
(29. In our current multiplexed proteomic analysis we showsystem in neurons 56). Reduced levels of this gene have
the coordinated upregulation of a set of proteins of which somealso been linked to among others Parkinson and Alzheimer's
are involved in in ammation including IL36a and complement disease §6-59). ENOL1 is a glycolytic enzyme which can be
factors. IL36a is a pro-in ammatory cytokine belonging to expressed in the brain, but other tissues can also express this
the IL-1 family and induces maturation of dendritic cellscan protein and it has a wide variety of functions [reviewed in
drives Thl and Thl7 responses in QD4T cells ¢6). This (60)]. This protein has also been implicated in Alzheimer's
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FIGURE 3 | Discriminatory capacity of markers for fatigue in pSSA) ROC curves of positively and negatively predictive protesn2LogFC> 1) for fatigue in pSS.(B)
Boxplots of differentially expressed proteins between fegued (0 D 22) and non-fatigued D 23) pSS patients.

TABLE 3 | Area under the ROC Curve for markers for fatigue in pSS.

Test result variable(s) Area Std. Error & Asymptotic Sig b Asymptotic 95% con dence interval
Lower bound Upper bound

SNAP25 0.781 0.075 0.001 0.634 0.927
C4a_C4b 0.824 0.064 0.000 0.699 0.949
IL36a 0.819 0.065 0.000 0.692 0.945
C3a 0.845 0.061 0.000 0.724 0.965
UCHL1 0.752 0.078 0.003 0.599 0.906
ENO1 0.790 0.071 0.001 0.650 0.930
EGF 0.837 0.061 0.000 0.718 0.957
FTCD 0.811 0.064 0.000 0.686 0.936

aUnder the non-parametric assumption.
bNull hypothesis: true areaD 0.5.

disease. Interestingly, data indicate that ENO1 acts as aeptides have also been observed in gEpgnd this raises the
autoantigen in several autoimmune diseases. Antibodiagiag question if such autoantibodies associate with fatigughcddgh
ENO1 have been described in Hashimoto's encephalopathgberrancies in all these proteins have been linked to a variet
Behcet's disease, Crohn's disease, rheumatoid arthfifis5f)  of conditions they have never been described in the context
Recently, antibodies against citrullinated ENO1 (Anti-GEP of fatigue.
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. . . _Supplementary Table 2| Differentiall d teins between pSS
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and identied a so-called “fatigue-signature.” Overallei® supplementary Table 4| Differentially expressed serum proteins between
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