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A CD4 T cell gene signature for early rheumatoid
arthritis implicates interleukin 6-mediated STAT3
signalling, particularly in anti-citrullinated peptide

antibody-negative disease

Arthur G Pratt,'2 Daniel C Swan,® Sarah Richardson,’ Gillian Wilson,2
Catharien M U Hilkens," David A Young," John D Isaacs'?2

ABSTRACT

Objective \We sought clinically relevant predictive
biomarkers present in CD4 T-cells, or in serum, that
identified those patients with undifferentiated arthritis
(UA) who subsequently develop rheumatoid arthritis (RA).
Methods Total RNA was isolated from highly purified
peripheral blood CD4 T cells of 173 early arthritis clinic
patients. Paired serum samples were also stored.
Microarray analysis of RNA samples was performed and
differential transcript expression among 111 ‘training
cohort’ patients confirmed using real-time quantitative
PCR. Machine learning approaches tested the utility of

a classification model among an independent validation
cohort presenting with UA (62 patients). Cytokine
measurements were performed using a highly sensitive
electrochemiluminescence detection system.

Results A 12-gene transcriptional ‘signature’ identified
RA patients in the training cohort and predicted the
subsequent development of RA among UA patients

in the validation cohort (sensitivity 68%, specificity

70%). STAT3-inducible genes were over-represented

in the signature, particularly in anti-citrullinated

peptide antibody-negative disease, providing a risk
metric of similar predictive value to the Leiden score

in seronegative UA (sensitivity 85%, specificity 75%).
Baseline levels of serum interleukin 6 (IL-6) (which signals
via STAT3) were highest in anti-citrullinated peptide
antibodies-negative RA and distinguished this subgroup
from non-RA inflammatory synovitis (corrected p<0.05).
Paired serum IL-6 measurements correlated strongly with
STAT3-inducible gene expression.

Conclusion The authors have identified IL-6-mediated
STAT-3 signalling in CD4 T cells during the earliest clinical
phase of RA, which is most prominent in seronegative
disease. While highlighting potential biomarker(s) for early
RA, the role of this pathway in disease pathogenesis
awaits clarification.

The importance of prompt disease-modifying ther-
apy in early rheumatoid arthritis (RA) is now estab-
lished.!? Yet about 40% of patients with new-onset
inflammatory arthritis present with disease that is
unclassifiable at inception, having a so-called undif-
ferentiated arthritis (UA).3 Timely intervention for
the subset of these UA patients who subsequently
develop RA therefore remains problematic. The
issue is highlighted by the publication of updated

RA classification criteria* and a validated ‘predic-
tion rule’ that foretells risk of UA progression to
RA. Such approaches rely heavily on autoanti-
body status, emphasising the specificity of circu-
lating anti-citrullinated peptide antibodies (ACPA)
for RA.S Consequently, the diagnosis of ACPA-
negative RA remains challenging in the early arthri-
tis clinic (EAC), being frequently delayed despite
application of the prediction rule.”

The potential for the whole-genome transcription
profiling to yield clinically relevant prognostic ‘gene
signatures’ in autoimmune disease has been demon-
strated.®? Applying a similar, prospective approach to
the discovery of predictive biomarkers in UA should
complement existing diagnostic algorithms, while
providing new insights into disease pathogenesis.!’
However, the use of peripheral blood (PB) mononu-
clear cells for transcriptional analysis may result in
data that are biased by relative subset abundance.!!
To address this, protocols for rapid ex vivo positive
selection of cell subsets for the purpose of tran-
scription profiling have been validated.!? Although
no single cell-type is exclusively implicated in RA,
many of its established and emerging genetic asso-
ciations implicate the CD4 T cell.!® We therefore
hypothesised that the PB CD4 T-cell transcriptome
would provide a useful substrate for both biomarker
discovery and a pathophysiological understanding
of RA induction.

MATERIALS AND METHODS

A complete description of experimental and bioin-
formatics approaches are given in the online sup-
plementary text.

Patients

Patients with recent onset arthritis, naive to dis-
ease-modifying anti-rheumatic drugs and corticos-
teroids, were recruited between September 2006
and December 2008. An initial working clinical
diagnosis was updated by the consulting rheuma-
tologist at consecutive clinic visits for the duration
of the study—median 28 months and >12 months
in all cases. RA was diagnosed only where 1987
American College of Rheumatology classification
criterial® were fulfilled; UA was defined as a ‘sus-
pected inflammatory arthritis where RA remained
a possibility, but where established classification
criteria for any rheumatological condition remained
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Table 1

Clinical characteristics of the rheumatoid arthritis (RA) and non-RA comparator groups used to generate list

of differentially expressed genes, which together comprise a training cohort for machine-learning (total n=111) and the
independent undifferentiated arthritis (UA) validation cohort (n=62)

Training cohort Test cohort
RA (n=47) Non-RA (n=64) p* UAT (n=62)

Age (years; mean, SD range) 60 (46-74) 48 (34-62) 0.01 52 (37-67)
% Female 65 61 NS 71
% White Caucasian 96 92 NS 90
Symptom duration (weeks; median, IQR) 12 (8-24) 21(10.5-52) 0.026 14 (12-26)
Tender joint count (median, 1QR) 10 (4-15) 7(2-14) NS 8 (3-16.5)
Swollen joint count (median, 1QR) 6 (2-10) 0(0-2) <0.001 1(0-3)
Morning stiffness (hours; median, IQR) 1(0.75-2) 0.75 (0.1-2) 0.007 1(0.5-2)
ESR (s; median, IQR) 56 (30-78) 24 (14-52) <0.001 30 (18-60)
CRP (g/l; median, 1QR) 17 (9-62) 5(2.5-19) <0.001 8.5(0-17)
ACPA+ (number; per cent) 29 (62) 0(0) <0.001 13 (21)
RF+ (number; per cent) 36 (77) 3(6) <0.001 20 (32)
DAS28 (median) 5.37 NA -
Leiden prediction score (median, IQR) NA NA - 6.4 (5-7.6)
Outcome diagnoses (number, per cent)

RA 47 (100) 0(0) - 25 (40)

Seronegative sponyloarthropathy - 22 (34) - 8(13)

Self-limiting inflammatory - 12 (19) - 9(15)

Other inflammatory - 3(5) - 2(3)

0A/non-inflammatory - 27 (42) - 18 (29)

Values are mean (1 SD range), median (IQR) or % for normally distributed, skewed or dichotomous data, respectively.
* Statistical tests for significant difference between RA and non-RA groups; t-test, Mann—Whitney U or Fisher’s exact test for normally

distributed, skewed or dichotomous data, respectively.

t Demographic, clinical and serological parameters are given for UA-RA and UA—non-RA subgroups in online supplementary table S2.
ACPA, anti-citrullinated peptide antibodies; CRP, C reactive protein; DAS28, disease activity score (incorporating 28-swollen/tender joint counts);
ESR, erythrocyte sedimentation rate; NS, not significant; OA, osteoarthritis; RA, rheumatoid arthritis; RF, rheumatoid factor; UA, undifferentiated arthritis.

unmet’ (see online supplementary text and supplementary table
S1). Individuals whose arthritis remained undifferentiated at the
end of the study were excluded. Patients gave written informed
consent before inclusion into the study, which was approved by
the local regional ethics committee.

CD4 T-cell RNA processing and array analysis

Whole blood drawn between 13:00 and 16:30 was stored at
room temperature for <4 h before processing. After monocyte
depletion by immuno-rosetting, an automated magnetic bead-
based positive selection protocol was used to isolate CD4
cells (Stemcell Technologies, Vancouver, Canada). Using this
approach, a median CD4 T-cell purity of 98.9% was achieved
(range 95-99.7%), which was determined using flow cytom-
etry (see online supplementary figure S1). Total CD4 T-cell
RNA was immediately extracted, then quality controlled using
an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, California,
USA). The median RNA integrity number!® of samples used was
9.4. cRNA generated from 250 ng total RNA (Illumina TotalPrep
RNA Amplification Kit) was hybridised to the Illumina Whole
Genome 6v3 BeadChip (lllumina, San Diego, California, USA),
representing 48 804 known genes and expressed sequence tags.
Array data were processed using Illumina BeadStudio soft-
ware, then it was normalised, batch corrected,'¢ filtered and
quality controlled as described (online supplementary text and
figure S2).

To define differential expression a fold-change cut-off of
1.2 between comparator groups was combined with a signifi-
cance level cut-off of p<0.05 (Welch’s r-test), corrected for mul-
tiple testing using the false-discovery-rate method of Benjamini
et al.V Genes thereby identified were used to train a support
vector machine (SVM) classification model based on known out-
comes among a ‘training’ sample set.!® The model’s accuracy
as a prediction tool was then assessed among an independent

‘validation’ sample set. To obtain larger lists of differentially
expressed genes for biological pathway analysis, significance
thresholds were relaxed through the omission of multiple-test-
correction and Ingenuity Pathways Analysis software (Ingenuity
Systems, Redwood City, California, USA) was then employed.

Serum cytokine measurement

Between 13:00 and 16:30, baseline serum was drawn and frozen
at —80°C until use. Serum interleukin 6 (IL-6), soluble IL-6 recep-
tor (sIL6R), tumour necrosis factor oo (TNFa), leptin and granu-
locyte colony stimulating factor concentrations were measured
using a highly sensitive electrochemiluminescence immunosor-
bance detection system (Meso Scale Discovery, Gaithersberg,
Maryland, USA), assays having been validated as outlined
(online supplementary text and figure S3).

Quantitative real-time PCR

CD4 T cell total RNA samples were reverse transcribed
using superscript II reverse transcriptase and random hexam-
ers, according to the manufacturer’s instructions (Invitrogen,
Carsbad, California, USA). Real-time PCR reactions were per-
formed as part of a custom-made TagMan Low Density Array
(7900HT real-time PCR system, Applied Biosystems, Foster City,
California, USA). Raw data were normalised and expressed rela-
tive to the housekeeping gene B-actin as 2—ACt values.?

General statistics

Parametric and non-parametric analyses of variance, Mann—
Whitney U tests, Pearson’s correlation coefficients, intra-class
correlations, multivariate analyses and the construction of
receiver operator characteristic (ROC) curves were performed,
as described, using SPSS version.15.0 (SPSS, Chicago, Illinois,
USA). The derivation of Leiden prediction rules® and transcrip-
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Table 2 Fold-change and significance level for genes differentially expressed
at inception among peripheral blood CD4 T cells between early arthritis clinic
patients with inception diagnoses of RA and non-RA (confirmed at >1 year;
median 28 months follow-up). The official gene symbol and RefSeq accession
number are given as identifiers. Listed STAT3-regulated genes are italicised.
12 genes included in statistically most robust ‘RA signature’ appear in boldface,
and additional STAT3-regulated genes referred to in text are also provided

qRT-PCR data

Microarray data (32 RA vs 41

(47 RA vs 64 non-RA) non-RA*)
Gene (Accn. No.) Uncorr. Corr.
12-Gene RA Signature: FC pt pt FC pt
BCL3 (NM_005178) 159 2.6x1075 0.03 2.15 0.005
$0CS3 (NM_003955) 1.55 3.4x107¢ 0.03 1.83  0.002
PIM1 (NM_002648) 152 6.8x10°%  0.03 1.67 0.001
SBNO2 (NM_014963) 1.47 1.2x1075  0.03 1.13 0.158
LDHA (NM_005566) 1.23 3.8x10°% 0.04 1.25 0.003
CMAH (NR_002174) 1.2 1.7x107%  0.03 1.40 0.003
NOG (NM_005450) -1.32 3.1x107% 0.03 —1.59 0.004
PDCD1 (NM_005018) 1.42 1.0x1075 0.03 ND ND
IGFL2 (NM_001002915) 1.31 1.1x1077  0.002 ND ND
LOC731186 (XM_001128760) 1.28 23x1075 0.03 ND ND
Muc1 (NM_001044391) 1.26 2.0x1075 0.03 ND ND
GPRIN3 (CR743148)8 1.32 2.1x10~% 0.049 ND ND
Additional STAT3-regulated:
ID3 (NM_002167) -1.3 52x107* 0.16 ND ND
MYC (NM_002467) 1.2 0.04 0.75 1.29 0.01

*Baseline characteristics of Quantitative real-time PCR validation sub-cohort are similar to
those of the training cohort overall (table 1) and are given in the online supplementary table
S4.

tCalculations based on normalised expression values of array data; Welch’s t-test, raw and
multiple-test-corrected p values given (see methods).

tCalculations based on expression data normalised to the house-keeping gene B-actin
(2-4%); Mann—Whitney U test (see methods).

8Transcript CR743148 (lllumina Probe ID 6370082) has been retired from NCBI, but

the expressed sequence tag corresponds to splice variant(s) within the GPRIN3 gene
(chromosome 4.90).

FC, linearised fold-change expression in RA relative to non-RA (ie, negative values
represent genes downregulated in RA relative to non-RA by v-fold); ND, not done;

RA, rheumatoid arthritis.

tional ‘risk metrics’ for ACPA-negative RA is outlined in the
online supplementary text.

RESULTS

Patient groups

A total of 173 patient samples were retrospectively selected for
microarray analysis. One hundred and eleven of these originated
from patients assigned definitive diagnoses at inception, con-
firmed at a median 28 months follow-up (minimum 1 year); an
RA versus non-RA discriminatory ‘signature’ was derived from
this ‘training cohort’ alone. The remaining 62 samples, all repre-
senting UA patients, formed an independent ‘validation cohort’
for testing the utility of the ‘signature’ according to diagnostic
outcomes as they evolved during the same follow-up period. As
expected, the characteristics of the UA cohort (age, acute phase
response, joint counts, etc.) fell between the equivalent mea-
surements in the RA and control sample sets within the train-
ing cohort (table 1). For subsequent pathway analysis, all 173
samples were pooled before being divided into four categories
based on diagnostic outcome at the end of the study (see online

supplementary table S2).

RA transcription ‘signature’ most accurate in ACPA-negative UA
Using a significance threshold robust to multiple test correction
(false-discovery-rate p<0.05),1” 12 genes were shown to be dif-
ferentially expressed (>1.2-fold) in PB CD4 T cells between 47
‘training cohort” EAC patients with a confirmed diagnosis of
RA, and 64 who could be assigned non-RA diagnoses (table 2).

An extended list, obtainable by omitting multiple-test correc-
tion, appears as online supplementary gene-list 1. Supervised
hierarchical cluster analysis of the resultant dataset (111 sam-
ples, 12 genes), demonstrated a clear tendency for EAC patients
diagnosed with RA to cluster together based on this transcrip-
tion profile (figure 1A). Quantitative real-time PCR (qRT-PCR)
was used to analyse expression of seven of the differentially
expressed genes in a subset of 73 samples (for baseline char-
acteristics of this subset, see online supplementary table S4).
Despite the reduced power to detect change in this smaller data-
set, robust differential expression was confirmed for six of the
seven genes (table 2).

To derive a metric denoting risk of progression to RA, the
sum of normalised expression values for the 12-gene RA ‘sig-
nature’ was calculated for each individual in the training cohort
(see online supplementary text). A ROC curve was constructed
for this risk metric, the area under which (0.85; SEM=0.04)
suggested promising discriminatory utility (figure 1B). A SVM
based on the training cohort dataset was then applied to clas-
sify members of the validation cohort, correctly identifying UA
patients who developed RA with a sensitivity, specificity, posi-
tive and negative likelihood ratio (0.68, 95% CI 0.48 to 0.83);
0.70, 95% CI0.60 to 0.87); 2.2, 95% CI 1.2 to 3.8) and 0.4 95%
CI 0.2 to 0.8), respectively. However, we observed that of the
13 ACPA-positive UA patients, 12 progressed to RA, indicating
that autoantibody status alone was a more sensitive predictor
of RA in this subset. By contrast, when applied exclusively to
the ACPA-negative subset of the UA validation cohort (n=49),
the SVM classification model provided a sensitivity of 0.85
(95% CI 0.58 to 0.96) and a specificity of 0.75 (0.59-0.86) for
progression to RA, thereby performing best in this diagnosti-
cally most challenging patient group. Hierarchical cluster-
ing of the ACPA-negative UA samples based on their 12-gene
RA ‘signature’ expression profiles further illustrates molecu-
lar similarities within the ACPA-negative RA outcome group
(figure 1C).

Gene signature adds value to existing tools in diagnosing
ACPA-negative UA

Next, we tested the value of our 12-gene signature in compari-
son with the existing ‘Leiden prediction rule” as a predictor of RA
among UA patients.” While the discriminatory utility achieved
by the prediction rule in our UA cohort was comparable with
that previously reported (n=62; AU ROC curve=0.86; SEM=0.05,
data not shown), its performance diminished among the ACPA-
negative sub-cohort (n=49; AU ROC curve=0.74; SEM=0.08;
figure 1D). Employing a 12-gene risk metric, as described above,
equivalent discriminatory utility was found in this sub-cohort
(AU ROC curve=0.78; SEM=0.08, data not shown). However,
by deriving a modified risk metric, which combined all features
of the Leiden prediction rule with our 12-gene risk metric (see
online supplementary text and table S5), and applying it to the
independent ACPA-negative UA cohort, we could improve the
utility of the prediction rule for seronegative UA patients (AU
ROC=0.84; SEM=0.06; figure 1D).

STAT3 transcription profile is most prominent in

ACPA-negative RA

All 173 patients studied were now grouped into four cat-
egories based on outcome diagnosis alone: ACPA-positive
RA, ACPA-negative RA, inflammatory non-RA controls and
osteoarthritis(OA); their demographic and clinical characteris-
tics are presented for comparison (online supplementary table

Pratt AG, Swan DC, Richardson S, et al. Ann Rheum Dis (2012). doi:10.1136/annrheumdis-2011-200968 30f8
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(A) Hierarchical clustering of training set: 111 samples represented by columns, and indicated individual genes by rows (italicised

genes are STAT3 targets). Colour at each co-ordinate indicates gene-wise fold-expression relative to median (colour scale upper right). Underlying
colour bar labels samples by inception diagnosis. (B) Receiver operator characteristic (ROC) plot for a rheumatoid arthritis (RA) risk metric derived
from normalised gene expression values in the training cohort. Area under curve=0.85; SEM=0.04; p<0.001. (C) Hierarchical clustering of anti-
citrullinated peptide antibodies -negative undifferentiated arthritis ‘validation’ sub-cohort samples based on expression patterns of the same genes
(interpretation as for figure 1A). (D) ROC curves comparing discriminatory value, in anti-citrullinated peptide antibodies-negative undifferentiated
arthritis, of Leiden prediction rule (grey line) with a modified metric incorporating the 12-gene signature. Modified metric confers added value:
area under ROC curve (original Leiden prediction rule)=0.74; SEM=0.08 versus area under ROC curve (modified metric incorporating gene

signature)=0.84; SEM=0.06; p<0.001 in both cases.

S2). Three lists of differentially expressed genes were then gen-
erated by comparing each of the ‘inflammatory’ groups (which
themselves exhibited comparable acute phase responses) with
the OA group (>1.2-fold change; uncorrected p<0.05; online
supplementary gene-lists 2-4). The three lists were overlapped
on a Venn diagram (figure 2).

A highly significant over-representation of genes involved in
the cell cycle was identified in association with ACPA-positive
RA (24/43; p<1.0x1079); figure 2; online supplementary gene-
list 5). In addition, genes involved in the regulation of apoptosis
were over-represented in ACPA-negative RA patients, and RA
was, in general, characterised by genes with functional roles in
T cell differentiation (figure 2 online supplementary gene-lists
5-8). Importantly, within the highly significant 12-gene RA
‘signature,” several genes (PIM1, SOCS3, SBNO2, BCL3 and
MUCT1) were noted to be STAT3-inducible based on literature
sources.??® The majority of these were more markedly dif-
ferentially expressed in ACPA-negative than ACPA-positive RA
(figures 3AB and online supplementary figures S4A-C).
Additional STAT3-inducible genes (MYC, IL2RA)? 26 27 exhib-
ited similar expression patterns, and there was a trend for
STATS to be upregulated in ACPA-negative compared with
ACPA-positive RA (online supplementary figures S4D-F).
Moreover, a reciprocal pattern of expression across outcome
groups was observed for the dominant negative helix-loop-helix
protein-encoding gene inhibitor of DNA-binding 3 (ID3) (online
supplementary figure S4G), consistent with its putative regula-
tory role in STAT3 signalling.?® MYC and ID3, although absent
from the discriminatory RA signature under the stringent sig-
nificance thresholds used, were however robustly differentially
expressed between RA and non-RA patients within the training
cohort (table 2). Finally, in relation to both the 12-gene signa-
ture and the extended list of genes exclusively deregulated in
ACPA-negative RA (online supplementary gene list 6), overlap

with independently predicted STAT3-inducible gene sets (see
online supplementary text and supplementary gene list 9) con-
firmed a preponderance of STAT3-inducible genes (hypergeo-
metric p-values <0.005 in both cases; see online supplementary
text) — which was not seen for genes deregulated only in ACPA-
positive RA (p=0.19).

Serum IL-6 is highest in ACPA-negative RA and independently
predicts CD4 STAT3-inducible gene expression

Since one classical mechanism of STAT3 phosphorylation is via
gp130 co-receptor ligation,? we hypothesised that increased
systemic levels of a key gp130 ligand and pro-inflammatory
cytokine, IL-6, may be responsible for the STAT3-mediated
transcriptional programme in early RA patients. Baseline serum
IL-6 was measured in 131 of the 173 EAC patients which were
subsequently grouped according to their ultimate diagnosis
(ACPA-negative RA, ACPA-positive RA, non-RA inflamma-
tory arthropathy or OA). IL-6 levels were low overall (generally
<100 pg/ml), but were highest in the ACPA-negative RA group
(figure 3C). Indeed, unlike the generic marker of systemic inflam-
mation C reactive protein (CRP), baseline IL-6 discriminated
ACPA-negative RA from non-RA inflammatory arthritides
(figures 3C,D). Furthermore, among individuals for whom
paired and contemporaneous serum IL-6 and PB CD4 T-cell RNA
samples were available, clear correlations between IL-6 and
the normalised expression of STAT3-inducible genes were seen
(figures 4A-D; also online supplementary figures SSA-D); for
example, serum IL-6 measurements correlated with norma-
lised SOCS3 expression: Pearson’s R=0.57, p<0.001 (figure 4A).
Multivariate analysis confirmed that IL-6, but not CRP or TNFa.
(which does not signal via STAT3), independently predicted
PB CD4 T cell SOCS3 expression (=0.53; p<0.001; see online

40f 8 Pratt AG, Swan DC, Richardson S, et al. Ann Rheum Dis (2012). doi:10.1136/annrheumdis-2011-200968
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Canonical pathways™:

«Cell death/apoptosis (44/114; p<1.0x10-%)
«Cell survival (16/114; p<1.0x10-%)

*T-helper cell differentiation
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Figure 2 Functional analysis of array data. Genes differentially expressed (> 1.2-fold change; p<0.05) between osteoarthritis (OA) and three
separate inflammatory comparator groups were overlapped in a Venn diagram (see text, and online supplementary gene lists 2—4, for detailed list
compositions). Genes uniquely deregulated in rheumatoid arthritis (RA) (anti-citrullinated peptide antibodies (ACPA)-negative, ACPA-positive or both)
could thereby be identified and subjected to pathway analysis (see text). The top two over-represented biological functions identified for the three
indicated sets are shown, along with the proportion of the set associated with the function in question, and a p value relating to the likelihood of given
proportions occurring by chance (Fisher’s exact test). Online supplementary gene lists 5—7 summarise functionally related genes thereby identified.
The three indicated sets were combined to identify canonical pathways over-represented among genes differentially expressed between RA and

0A in general. Pathways of particular interest in the biological context are listed (genes in question are listed in online supplementary gene list 8),

*hypergeometric p-values (Fisher’s exact) in each case <0.01.

supplementary table S6) excluding a more general influence of
inflammation.

Given that only 30-50% of PB CD4 T cells are thought to
express membrane-bound IL6R,3 we also measured sIL6R (as
a surrogate of IL-6R trans-signalling)®! and two other gp130
ligands, granulocyte colony stimulating factor and leptin,
both of which have been implicated in RA pathogenesis.?? 33
However, levels in sera from a subset of 80 study patients cor-
related with neither the diagnostic outcome nor the STAT3
gene expression. Finally, IL-10 and IL-17, which are both
STATS3 activators,3 were undetectable in the vast majority of
sera (data not shown).

STAT3-inducible, RA-associated expression signature is
activated by IL-6 in primary CD4 T cells of healthy donors in vitro
To confirm that the observed deregulated expression of STAT3
target genes among early RA patients was downstream of IL-6
signalling, primary human CD4 T cells were incubated in vitro
with recombinant human IL-6 and the expression of relevant
target genes measured at 1 and 6 h (see online supplementary
text and figures S6-S7). Robust upregulation of SOCS3, PIM1,
BCL3 and MYC was observed consistently 1 h after the addi-
tion of IL-6. A similar trend was seen for SBNO2, which became
significant in the presence of recombinant soluble human IL-6
receptor. Conversely and consistent with prior observations, a
distinct trend towards repression of ID3 was seen in response
to IL-6 plus sIL6R.

DISCUSSION

We present a unique analysis of the CD4 T-cell transcriptome in
a well-characterised inception cohort of early arthritis patients
attending a routine EAC in UK. As a potential diagnostic tool,
it is significant that our 12-gene ‘RA expression signature’
(table 2) performed best among the diagnostically challenging
ACPA-negative UA patient group. Intriguingly, these findings

support the involvement of CD4 T cells in both ACPA positive
and negative disease.

The signature’s sensitivity and specificity (0.85 and 0.75) for
predicting subsequent RA in seronegative UA patients equate to
a positive likelihood ratio of 3.4, indicating that a prior probabil-
ity of 25% for RA progression among this cohort (13 of the 49
patients progressed to RA) doubles to 53 % for an individual who
has been assigned a positive SVM classification.® Moreover,
of the 13 ACPA-negative UA patients who progressed to RA
in our cohort, 8 fell into an ‘intermediate’ risk category for RA
progression according to the validated Leiden prediction score.’
Encouragingly, all but one of these patients were correctly clas-
sified based on their 12-gene expression profile. Our proposal
that this approach might add value to existing algorithms for
the diagnosis of ACPA-negative UA is further supported by the
construction of ROC curves comparing the Leiden prediction
rule with a modified risk metric that incorporates features of our
gene signature (figure 1D).

Our data indicate that PB CD4 T cells in early RA are char-
acterised by a predominant upregulation of biological path-
ways involved in cell cycle progression (ACPA-positive) and
survival, death and apoptosis (ACPA-negative) (figure 2; also
online supplementary gene lists 5-6). Pathway analysis also sug-
gested that T-cell development and differentiation were deregu-
lated in both RA serotypes (online supplementary gene list 7).
These findings concur with previous observations of impaired
T-cell homeostasis in RA, characterised by increased turnover,
telomere shortening and immunosenescence.?® ¥ Given the
well-characterised importance of the STAT3 signalling path-
way in both oncogenesis and T-cell survival, it was notable that
five genes from our statistically robust 12-gene RA signature
are downstream of STAT3 signalling.?%-?® The degree to which
these genes sub-cluster according to the expression pattern
among individuals in both the training and validation cohorts
(figure 1A,C) presumably reflects their co-regulation by STATS.
Their upregulation was generally most pronounced in ACPA-
negative RA (figure 3A,B; also online supplementary figure
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(A-B) Baseline profiles of indicated STAT3-regulated genes across four outcome groups; see online supplementary figure S4 and table S2

for additional examples and patient characteristics, respectively. (C-D) Baseline serum interleukin-6 (C; n=131) and C reactive protein (D; n=173)
measurements across outcome groups. P-values: non-parametric analyses of variance (Kruskall-Wallis); for post-hoc analyses, 1, 2 and 3 asterisks
denote p<0.05, 0.01 and 0.001, respectively (Dunn’s multiple comparison analysis). ACPA, anti-citrullinated peptide antibodies; IL-6, interleukin 6;

NS, not significant; RA, rheumatoid arthritis; A, inflammatory arthritis.

S4A-C), explaining why the predictive utility of the 12-gene
signature was optimal in this disease subset.

Our observation that increased serum IL-6 levels among
EAC attendees may predict a diagnosis of RA versus alterna-
tive arthritides is consistent with findings of previous biomarker
studies,® 3 but ours is the first demonstration of a particular
association with ACPA-negative disease (figure 3C). Striking
correlations were seen between PB CD4 T-cell expression of
several STATS-inducible genes and paired, contemporaneous
serum IL-6 concentrations, which were independent of alter-
native acute phase markers (figures 4A-D; also online supple-
mentary figures SSA-D and table S6). STAT3 phosphorylation
and downstream transcription is initiated by ligation of the cell-
surface gp130 co-receptor by a range of ligands, including IL-6.40
We measured IL-6 in particular because of its recognised role as
a pro-inflammatory cytokine in RA,*! and we excluded similar
relationships with sIL6R (a surrogate of IL-6R trans-signalling)
and other relevant substrates of STATS signalling. Therefore, the
STAT3-inducible gene expression signature that we have identi-
fied does appear to be downstream of IL-6 signalling. The capac-
ity of IL-6 alone to induce the STAT-3-regulated elements of our
early RA gene expression signature in primary CD4 T cells was
confirmed in vitro (online supplementary figures S6 and S7).

In conclusion, our data provide strong evidence for the induc-
tion of an IL-6-mediated STAT3 transcription programme in
PB CD4 T cells of early RA patients, which is most promi-
nent in ACPA-negative individuals and which contributes to
a gene expression ‘signature’ that may have diagnostic utility.
Furthermore, our findings could pave the way for a novel treat-
ment paradigm, whereby emerging drugs targeting the [L-6-
gp130-STAT3 ‘axis™?* find a rational niche as first choice agents
in the management of ACPA-negative RA. Studies, such as ours,

should ultimately contribute to the realisation of true ‘person-
alised medicine’ in early inflammatory arthritis, in which com-
plex heterogeneity is stratified into pathophysiologically and
therapeutically relevant subsets, with clear benefits in terms of
clinical outcome and cost.
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Supplementary Methods.
Additional detail is provided under the same headings used in the main article. Where
numbered references are not included in the main article, the full citation is given in

parentheses in the text.

Patients.

An initial working diagnosis was assigned to each patient according to a “working
diagnosis proforma” (Table S1). RA was diagnosed only where 1987 ACR
classification criteria(14) were fulfilled; UA was defined as a “suspected
inflammatory arthritis where RA remained a possibility, but where established
classification criteria for any rheumatological condition remained unmet”. This
working diagnosis was updated by the consulting rheumatologist at each subsequent
clinic visit for the duration of the study — a median of 28 months and greater than 12

months in all cases.

CD4+ T-cell RNA processing and array analysis.

CDA4+ T-cell RNA processing. Moncytes were first depleted by immunorosetting

(Rosettesep® Human Monocyte depletion cocktail, Stemcell Technologies Inc.,
Vancouver, Canada), and remaining cells underwent positive selection using Easisep®
whole blood CD4+ positive selection kit reagents in conjunction with the Robosep®
automated cell separator (Stemcell). To confirm high CD4+ T-cell purity of isolates,
flow cytometric analysis was completed for 148/173 (86%) of samples, and a median
CD4+ CD14- purity of 98.9% was achieved (range 95 — 99.7%), with minimal CD4+

CD14+ monocyte contamination (median 0.32%; range 0.01 — 2.98%). Pilot work had

demonstrated that incorporation of the monocyte depletion step described was



required to achieve this (Figure S1A and B). RNA was immediately extracted from
CD4+ T-cell isolates using RNeasy MINI kits® (Qiagen GmbH, Germany),

incorporating the manufacturer’s recommended “on-column” DNA digestion step.

Microarrays. Microarray experiments were performed in 2 phases (phase 1, 95
samples; phase I, 78 samples). In each case, total RNA quality was assessed using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA) according to
standard protocols. 250ng RNA was reverse transcribed into cRNA, and biotin-UTP
labeled, using the lllumina TotalPrep RNA Amplification Kit (Ambion, Texas).
cRNA was hybridised to the Illumina Whole Genome 6 (version 3) BeadChip®
(Illumina, San Diego, CA), following the manufacturer’s protocol. Each BeadChip
measured the expression of 48,804 genes (annotation file at
http://www.illumina.com/support/annotation_files.ilmn) and was imaged using a

BeadArray Reader (Illumina).

Bioinformatics: normalisation, batch-correction, filtering and quality control. Raw

microarray data were imported into GeneSpring GX 7.3.1 software (Agilent
Technologies), with which all statistical analyses were performed except where
indicated. Phases | and Il of the study were independently normalised in 2 steps: each
probe measurement was first divided by the 50™ percentile of all measurements in its
array, before being centred around its own median expression measurement across all
samples in the phase. The anticipated batch-effect noted between phases on their
combination, in addition to minor within-phase batch effects relating to one of the
[llumina TotalPrep RNA Amplification steps, was corrected in the R statistical

computing environment (http://www.r-project.org/) using the empirical Bayes method



of Johnson et al(16). Raw and transformed data are available for review purposes at
the Gene Expression Omnibus (GEO) address:

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=bviftkociimgsnk&acc=GSE20

098. Genes detectably expressed (detection p-value <0.01) in >1 sample of each study
phase passed filtering of the normalised and batch-corrected data, and were included
in subsequent analyses (16,205 genes) [Du P, Kibbe WA, Lin SM. lumi: a pipeline for
processing lllumina microarray. Bioinformatics 2008;24(13):1547-8]. After
normalisation of the raw data and filtering of expressed genes, technical bias relating
to processing batches was shown to have been successfully eliminated using the

method of Johnson et al (Figure S2)(16).

In addition to pathway analysis using Ingenuity Pathways Analysis software
(Ingenuity Systems, Redwood City, CA), an objectively derived list of STAT3-
inducible genes was created for additional hypergeometric statistical testing by
combining lists from two publically available databases (full list and web links given
in Supplementary Gene List 9). Hypergeometric testing in this case was performed

using Stat Trek on-line resource (http://stattrek.com).

Serum cytokine measurement. During baseline clinical assessment, between
1300hrs and 1630hrs, serum was separated and frozen at -80°C, undergoing a single
freeze-thaw cycle before use. The highly sensitive electro-chemoluminescence
detection system (Meso Scale Discovery [MSD], Gaithersberg, Maryland) was used
for cytokine measurement, according to the manufacturer’s instructions. The potential
for heterophilic rheumatoid factors (RFs) in sera to cross-link capture and detection

antibodies and contribute to spurious read-outs [de Jager W, Prakken BJ, Bijlsma JWJ


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=bviftkociimgsnk&acc=GSE20098
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=bviftkociimgsnk&acc=GSE20098

et al. Improved multiplex immunoassay performance in human plasma and synovial
fluid following removal of interfering heterophilic antibodies. Journal of
Immunological Methods 2005;300(1-2):124-35, Hueber W, Tomooka BH, Zhao X et
al. Proteomic analysis of secreted proteins in early rheumatoid arthritis: anti-
citrulline autoreactivity is associated with up regulation of proinflammatory cytokines.
Annals of the Rheumatic Diseases 2007;66(6):712-9] was investigated in pilot work
to this study. We first confirmed that a commercially available, proprietary cocktail of
non-human sera (Heteroblock, Omega Biologicals Inc., Boseman, Montanna) could
successfully neutralise the demonstrable heterophilic activity of native RF in human
serum. A known final concentration of recombinant interferon-gamma (IFN-y) was
“spiked” into the sample and, by comparing the calculated difference in standard
sandwich ELISA readout (BD Pharmingen, New Jersey, USA) between spiked and
un-spiked samples with the actual spiked IFN-y concentration, the extent of
heterophilic activity could be ascertained, and the neutralising effect of varying
concetrations of Heteroblock determined (Figure S3A) [de Jager W, Prakken BJ,
Bijlsma JWJ et al. Improved multiplex immunoassay performance in human plasma
and synovial fluid following removal of interfering heterophilic antibodies. Journal of
Immunological Methods 2005;300(1-2):124-35]. We next measured 1L-6
concentration in 24 RF+ serum samples (median RF by nephelometry = 165 IU) and
56 RF-negative samples, using the MSD platform, in each case running parallel
assays with and without an optimised final concentration of Heteroblock. For the RF+
samples, excellent correlation was seen between assays performed with and without
heteroblock (intraclass correlation coefficient = 0.98 [95% C1=0.95-0.99]). A Bland-
Altman plot confirmed that any such discrepancy that did exist was no less evident in

RF-negative samples, suggesting that interference by heterophilic RFs in sera



analysed using this platform is inconsequential (Figure S3B). All serum
measurements reported in the current study were therefore carried out using the MSD

platform in the absence of Heteroblock.

Derivation of risk metrics for ACPA-negative UA. Leiden prediction scores were
calculated for each member of the training cohort according to baseline clinical and
laboratory data as described in Reference 5, main article. Risk metrics based on the
12-gene RA "signature" were the sum of normalised expression values for all the
genes therein, with the important exception of NOG (down-regulated in RA) whose
normalised expression was instead subtracted. This latter modification ensured that
the tendency for component genes to be up- or down-regulated in RA versus non-RA
in the training cohort was accounted for in the derivation. Hence, in an individual
example where 11/12 genes (all except NOG) were up-regulated relative to their
median expression across all samples, each having a normalised expression of “+1”
(sum = +11), but where NOG was down-regulated (normalised expression “-1”), the
resultant risk metric would be “(+11 —[-1]) = +12, denoting a high risk of progression

to RA.

Within the training dataset, both the Leiden prediction score and the 12-gene risk
metric were entered as independent continuous variables into a logistic regression
analysis with RA versus non-RA outcomes as the dependent variable (Table S4). In
the resultant model the probability of an outcome of RA is related to both variables
via the modified metric: B;x;+B2x,, where By and B, are the regression coefficients
for the Leiden prediction score and 12-gene risk metric respectively (B values in

Table S4), and x; and x are the values for each amongst individual patients. Hence,



for a given patient the modified metric is equal to: (0.98x[Leiden prediction score]) +

(0.36x[12-gene risk metric]).

In vitro STAT3-inducible gene induction. To confirm that the observed deregulated
expression of STAT3 target genes amongst early RA patients was a particular down-
stream feature of IL-6 signalling, primary human CD4+ T-cells were incubated in
vitro with recombinant human IL-6, and expression of relevant target genes measured
at 1 and 6 hours. Peripheral whole blood from 5 healthy volunteers underwent
monocyte depletion and positive selection of CD4+ T-cells as described for patient
volunteers, triplicate well experiments then being carried out for each donor. Cells
were resuspended in serum-free RPMI + L-glutamine at a density of 1 million
cells/ml and incubated (37°C, 5% CO,) in the presence of media alone, recombinant
human IL-6 (50ng/ml), or IL-6 (50 ng/ml) and an equimolar concentration of
recombinant human sIL-6R (both Peprotech Inc., New Jersey, USA). At baseline, 1
and 6 hours, cells underwent immediate lysis and RNA extraction using RNeasy
MICRO-plus kits® (Qiagen GmbH, Germany) according to the manufacturer’s
instructions. For TagMan PCR assays in these experiments, 20ul reactions each
incorporated 2.5ng cDNA, 10ul TagMan Gene Expression Mastermix (Applied
Biosystems), 0.4pmol each of forward and reverse primers designed using the on-line

Univeral ProbeLibrary facility (Roche Diagnostics, UK; http://www.roche-applied-

science.com) and 0.2pmol of appropriate FAM-labelled ProbeL.ibrary probe, as
summarised for each gene of interest in Table S7. 18S reactions differed,
incorporating 0.4pmol each and 0.2pmol of primers and probe respectively (see Table

S7), and 0.5ng cDNA. Cycling conditions for all reactions were as described


http://www.roche-applied-science.com/
http://www.roche-applied-science.com/

(Litherland GJ et al. Journal of Biological Chemistry 2008;283(21):14221-9). Raw

data were normalized and expressed relative to 18S.

The results of these experiments are shown in online supplementary Figure S6.
Robust up-regulation of SOCS3, PIM1, BCL3 and MY C was observed consistently 1
hour after the addition of IL-6. A similar trend was seen for SBNO2, which became
significant in the presence of recombinant soluble human IL-6 receptor. Conversely,
and consistent with prior observations, a distinct trend towards repression of ID3 was
seen in response to 1L-6 plus sIL-6R, although this only reached significance at 6
hours. Notably, there was inter-individual variability in the dynamics of 1D3
repression, accounting for loss of significance when data were pooled (see online

supplementary Figure S7).
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Figure S1: Flow cytometric analysis of CD4+ positive-selection isolate before (A)
and after (B) the monocyte-depletion step described in Methods. The extent of CD4+
CD14+ monocyte contamination varies, but may be as high as 15%, as in this

example.
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Figure S2. Outputs for normalised expression data of 16,205 genes that passed
filtering is shown amongst 173 samples before and after batch-correction using the
method of Johnston et al (left and right panels respectively) (reference 16). A.
Unsupervised hierarchical clustering of samples based on correlations in gene
expression patterns (standard correlation, average linkage, represented by
dendrogram). 173 samples are represented by columns and individual genes by rows;
the colour at each co-ordinate indicates gene-wise fold-expression relative to median,
according to the colour scale to the right of the figure. Underlying blue, red and
yellow colour-bars label samples according to membership of phase batch (n=2),
RNA amplification batch (n=6) and the clinical outcome category of interest (n=4;
ACPA-negative RA, ACPA-positive RA, inflammatory or non-inflammatory
controls). Artefactual clustering according to technical parameters (phase of study or
within-phase RNA amplification batch) is eliminated through batch-correction, which
does not of itself unmask clustering based on the clinical outcome of interest. B. Lists
of genes that varied significantly (p<0.05 ANOVA) according to a sample’s
membership of phase batch (blue), RNA amplification batch (red) or clinical outcome
of interest (yellow). Categories were generated amongst 16,205 passed genes, and
overlapped in a Venn diagram. Without batch-correction virtually all genes seen to
associate with clinical outcome are co-influenced by technical parameters. This
potential source of technical bias is eliminated in 91% of outcome-related genes by
the process of batch-correction. All genes named and discussed in this manuscript fell
within this 91%.
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Figure S3. A. Titration of proprietary cocktail of non-human sera (Heteroblock; see
text) against IFN-y spike recovery in exemplar RF+ human serum sample. In the
absence of Heteroblock the difference in read-out between spiked and un-spiked
samples (“spike recovery”) is significantly greater than the known spiked IFN-y
amount (>100%), indicating spuriously high assay readout due to the presence of
heterophilic RF. Addition of >3mg/ml final concentration of Heterblock neutralises
this heterophilic effect. B. Bland-Altman plot of IL-6 readouts for 24 RF+ and 56 RF-
serum samples obtained using MSD electrochemoluminescence platform, comparing
assays performed in the presence / absence of a 3ug/ml final [Heteroblock]. No
significant discrepancy is seen between RF+ and RF- samples in respect of the mean
readout difference of the 2 assays. This indicates that the presence of potentially
heterophilic antibodies is unlikely to affect assay readout in this system.
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Figure S4. PB CD4+ T-cell expression profiles of indicated genes across 4 comparator groups, continued from Figure 3; see Table S4 for
characteristics of comparator groups. P-values shown are derived from non-parametric analysis of variance (Kruskall-Wallis); for post-hoc
analyses, 1, 2 and 3 asterisks denote p< 0.05, 0.01 and 0.001 repectively (Dunn’s multiple comparison analysis).
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Figure S5. Serum IL-6 concentrations correlate with STAT3-inducible gene
expression in PB CD4+ T-cells, continued from Figure 4. Data are shown for 131
individuals in whom paired, contemporaneous samples were available; Pearson’s R
and associated p-values are shown.
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Figure S6. A-F. IL-6 regulates gene expression in CD4+ T-cells in viro. Purified CD4+ T-cells were incubated in the presence of IL-6 (black
lines), IL-6 + sIL-6R (grey lines) or media alone (serum-free RPMI; dotted lines). Experiments carried out in triplicate; pooled data from 5
healthy donors is shown, scaled relative to media alone. 1, 2 and 3 asterisks denote p<0.05, 0.01 and 0.001 respectively. (MWU test).
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Figure S7. Repression of ID3 gene expression in CD4+ T-cells of 5 individual healthy donors, demonstrating heterogeneity of response.
Purified CD4+ T-cells were incubated at 37°C for 1 or 6 hours in the presence of I1L-6 (black lines), IL-6 + sIL-6R (grey lines) or media alone
(RPMI; dotted lines). Experiments carried out in triplicate; pooled data from 5 healthy donors is shown, scaled relative to media alone. 1, 2 and 3

asterisks denote p< 0.05, 0.01 and 0.001 respectively (MWU test).



e RA
e UA
e Non-RA: “Inﬂammatory” Psoriatic arthritis

Reactive /self-limiting inflammatory arthritis

Ankylosing spondylitis*

Enteropathic arthritis

Undifferentiated spondyloarthritis (not RA)

CTD

Crystal

Other

“Non-inflammatory”  Osteoarthritis

O o O 0O o0 O o o o O o O

Noninflammatory arthralgia / other.

Table S1. Categorisation of working diagnoses used amongst early arthritis patients at
inception and follow-up during the course of this study. Consultant rheumatologists
were asked to tick one box at each clinic visit, indicating the best description of their
expert opinion of the diagnosis at a given time. See text. *Where modified New York
criteria for the diagnosis of ankylosing spondylitis were not met, but the diagnosis
was suspected in the context of seronegative inflammatory disease, consultants were
asked to record a diagnosis of “undifferentiated spondyloarthritis”.



ACPA- ACPA- Non-RA Non-RA (OA/ pt p°

neg RA posRA Inflam¥.  non-inflam’.)  (3xInflam”.) (4xgroups)

(n=31) (n=41) (n=56) (n=45)
Age 61 56 44 52
(years; mean, SD) (46-77) (44-70) (30-60) (40-64) <0001 <0.0001
% Female 66 61 62 80 NS NS
Symptom durn. 12 12 12 32
(wk; median, IQR) (10-20) (9-22) (8-25) (20-89) NS <0.0001
Tender joint count 10.5 10 5 9
(median, IQR) (5-15.5)  (3.5-16.5)  (2-13) (2.5-19) NS NS
Swollen joint count 4 3 1 0
(median, IQR) (1-4) (0.5-7.5)  (0-4) (0-0.5) <0.001 <0.0001
Morning stiffness 1 1 1 0.5
(hrs; median, IQR) (1-3.6) (0.6-2.5)  (0.25-2) (0.2-1.6) NS 0.005
ESR 48 54 34 20
(s; median, IQR) (27-68) (27-73) (20-72) (9.5-30) NS <0.0001
CRP 18 10 13 25
(g/l; median, IQR) (10-57) (5-35) (5-23) (2.5-6) NS <0.0001
%ACPA+ 0 100 0 2 <0.0001 <0.0001-
%RF+ 25 93 11 12 <0.0001 <0.0001
DAS28 4.9 5.2
(median, IQR) (45-59) (4.1-6.0) - - - -

Table S2. Clinical characteristics of subjects as used in pathway analysis of pooled sample-set
(n=173), divided into 4 comparator groups by outcome at >1 year follow-up: ACPA-negative RA,
ACPA-positive RA, inflammatory and non-inflammatory control groups. Values are mean (1 SD
range), median (IQR) or % for normally-distributed, skewed or dichotomous data respectively.
Astatistical tests for significant variance between 3 inflammatory comparator groups (ACPA-
negative RA, ACPA-positive RA and non-RA inflammatory arthritis); ANOVA, Krukskall-Wallis
or Chi-square tests for normally-distributed, skewed or dichotomous data respectively. Pstatistical
tests for significant variance between all 4 inflammatory comparator groups; ANOVA, Kruskall-
Wallis or Chi square tests for normally-distributed, skewed or dichotomous data respectively; NS:
not significant.



Validation cohort

UA-RA UA-Non-RA

(n=25) (n=37) p”

Age (years; mean, SD range) 58 (44-72) 48 (33-63) 0.01

% Female 72 81 NS

% White Caucasian 88 92 NS
Symptom duration (weeks; median, IQR) 12 (10-20) 20 (12-34) NS
Tender joint count (median, IQR) 10 (5-16) 6 (2-17) NS
Swollen joint count (median, IQR) 1(0-4) 1 (0-1.5) 0.05
Morning stiffness (hours; median, IQR) 1.2 (0.75-4) 0.75 (0.4-2) NS
ESR (s; median, IQR) 38 (22-59) 26 (18-60) NS

CRP (g/l; median, IQR) 10 (2.5-20) 8 (2.5-15) NS
ACPA+ (number; percentage) 12 (48%) 1 (3%) <0.01
RF+ (number; percentage) 12 (48%) 8 (22%) 0.03
Leiden prediction score (median, IQR) 7.6 (6.8-8.5) 5.4 (4.4-6.7) <0.01

Table S3. Demographic, clinical and serological characteristics of the UA-RA and
UA-non-RA groups making up the validation patient cohort. VValues are mean (1 SD
range), median (IQR) or % for normally-distributed, skewed or dichotomous data
respectively. “Statistical tests for significant difference between RA and Non-RA
groups; t-test, Mann-Whitney U or Fisher's exact test for normally-distributed, skewed
or dichotomous data respectively. CRP: C-reactive protein; RF: rheumatoid factor;

NS: not significant.



Training cohort

RA Non-RA
(n=32) (n=41) ph
Age (years; mean, SD range) 58 (44-72) 45 (31-60) <0.001
% Female 60 66 NS
% White Caucasian 94 89 NS
Symptom duration (weeks; median, IQR) 12 (9-23) 22 (12-52) 0.032
Tender joint count (median, IQR) 11 (5-19) 7 (4-17) NS
Swollen joint count (median, IQR) 7 (1-11) 0(0-3) <0.001
Morning stiffness (hours; median, IQR) 1(1-2) 1(0.1-2) 0.024
ESR (s; median, IQR) 53 (30-79) 26 (15-57) 0.004
CRP (g/I; median, IQR) 17 (9-65) 5(2.5-28) 0.007
ACPA+ (number, percentage) 22 (69%) 0 (0%) <0.001
RF+ (number, percentage) 24 (75%) 2 (5%) <0.001
DAS28 (median, IQR) 5.3 (4.2-6) n/a
Outcome Diagnosis (number, percentage)
RA 100 (100%) 0 (0%)
Seroneg Spond 14 (34%)
Self-limiting inflam. 7 (17%)
Other inflam. 2 (5%)
OA/non-inflam. 18 (44%)

Table S4. Clinical characteristics of the RA and non-RA comparator groups used in
the training cohort subset amongst which TLDA validation was carried out
(n=73/111). Values are mean (1 SD range), median (IQR) or % for normally-
distributed, skewed or dichotomous data respectively. “Statistical tests for significant
difference between RA and Non-RA groups; t-test, Mann-Whitney U or Fisher's exact
test for normally-distributed, skewed or dichotomous data respectively. Seroneg.
spond: seronegative sponyloarthropathy; CRP: C-reactive protein; RF: rheumatoid
factor; DAS28: disease activity score (incorporating 28- swollen / tender joint counts);
NS: not significant



Variable
B SE(B) Wald p-value OR (95% CI)

12 gene risk metric
0.36 0.1 11.0 0.001 1.4 (1.2-1.8)

Leiden prediction rule
0.98 0.2 214  <0.001 2.5 (1.7-3.7)

Constant -10.2 1.8 30.8 <0.001 -

Table S5. Results of logistic regression analysis for RA versus non-RA diagnoses
amongst 111 EA patients in the training cohort. B: regression coefficients; SE(B):
standard error for B; OR: odds ratio; Cl: confidence interval. The 12-gene risk metric
for a given patient is the sum of normalised expression values for 12 genes in the
putative RA signature (value for NOG subtracted; see text). The Leiden prediction
rule is calculated according to reference (5). Both scores have independent predictive
value in discriminating clinical outcomes of interest. Regression coefficients for each
are used for the calculation of modified risk metrics amongst the independent cohort
of ACPA-negative UA patients (see text).



Unstandardised Standardised p-value 95% ClI (B)

Serum Variable coefficients: coefficients : (lower, upper)
B  SE(B) B
Logo[IL-6] 021  0.05 0.53 <0.001 0.12,0.30
Log10[CRP] 0.06 0.04 0.13 0.18 -0.03, 0.15
Logio[ TNFa] -0.09 0.09 -0.08 0.32 -0.27, 0.09
Constant -0.12  0.05 - 0.026 -0.23, -0.02

Table S6. Results of standard linear regression analysis to identify related serum
variables independently associated with STAT-3 inducible gene expression amongst
131 EA clinic patients. The dependent variable was Logig(normalised SOCS3 gene
expression). SE (B): standard error for B; Cl: confidence interval. All variables
underwent prior transformation in order to satisfy normality conditions of standard

linear regression. Only serum [IL-6] is independently associated with CD4+ T-cell
SOCS3 expression (p<0.001; see text).



Gene Forward Primer Reverse Primer Probe

(Accession N°.)

18S
cgaatggctcattaaatcagttatyg  tattagctctagaattaccacagttatcc  tectttggtcgctegctecte
(NR_003286)

SOCS3
agacttcgattcgggacca aacttgctgtgggtgacca UPL 36
(NM_003955)
PIM1
gatttccgactggggagag agtccaggagcctaatgacg UPL 18
(NM_002648)
BCL3
cgacatctacaacaacctacgg ccacagacggtaatgtggtg UPL 39
(NM_005178)
MYC
caccagcagcgactctga gatccagactctgaccttttge UPL 34
(NM_002467)
SBNO2
aaagacctgcgactttgcetc ggacgaggagaagatggaga UPL 63
(NM_014963)
ID3
catctccaacgacaaaaggag cttccggcaggagaggtt UPL 59

(NM_002167)

Table S7. Primers and probes used for real time PCR . UPL: Universal ProbeLibrary;
numbers as designated on web-site referenced in Methods.



