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Abstract

Background: Methotrexate is endorsed to be used as first-line treatment in rheumatoid arthritis (RA). However,
a large proportion of patients need additional treatment with a biological disease-modifying anti-rheumatic
drug (DMARD) to adequately suppress their disease activity. A better understanding of genotypes could help
to distinguish between patients with different pathogenic mechanisms. The aim of this study was therefore to
identify networks of genes within DMARD-naive early RA patients associated with achieving sustained drug-free
remission (sDFR) after initiating tocilizumab plus methotrexate, tocilizumab, or methotrexate therapy.

Methods: Samples were used from 60 patients from the U-Act-Early study who received tocilizumab plus methotrexate,
tocilizumab, or methotrexate therapy, and who achieved sDFR (≥3 months in drug-free remission until the end of the
study, n = 37) after therapy was tapered and subsequently stopped, or who were not able to discontinue the therapy as
controls (n= 23). Whole blood samples were collected and ribonucleic acid (RNA) was isolated from positive cluster of
differentiation 4 (CD4+) and CD14+ cells and analysed using high-throughput sequencing. Weighted gene co-
expression network analyses were performed to identify clusters (i.e. modules) of differently expressed genes
associated with achieving sDFR and which were subsequently used for pathway analyses.

Results: Network analyses within CD4+ cells identified two significant modules in the tocilizumab plus methotrexate
arm and four modules in the tocilizumab and methotrexate arms, respectively (p≤ 0.039). Important pathways in the
module best correlating with achieving sDFR were in the tocilizumab plus methotrexate arm related to processes
involved with transcription and translation; in the tocilizumab arm, pathways were related to migration of white
blood cells and G-protein coupled receptors, and in the methotrexate arm pathways were involved with the
response to a bacterial or biotic (i.e. biological material)-related stimulus. No relevant networks could be identified
in the sequenced CD14+ cells.

Conclusions: Within networks of co-expressed genes, several pathways were found related to achieving sDFR
after initiating therapy with tocilizumab, methotrexate, or the combination. Between the three strategy arms,
we identified different networks of predisposing genes which indicates that specific gene expression profiles,
depending on the treatment strategy chosen, are associated with a higher chance of achieving sDFR.
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Background
Rheumatoid arthritis (RA) is an autoimmune disease
characterized by synovial tissue inflammation of the
peripheral joints, often followed by destruction of those
affected joints [1, 2]. Although the cause of RA is not
fully understood, it is recognized to be a multifactorial
disease involving both environmental and genetic fac-
tors that influence the susceptibility and severity of the
disease [3–5]. Approximately 50% of the risk for devel-
oping RA is attributable to genetic predisposing factors.
Previous studies have shown that, for example, the pro-
tein tyrosine phosphatase, non-receptor type 22
(PTPN22) and peptidyl arginine deiminase, type 14
(PADI4) genes and various human leucocyte antigen
(HLA) class II alleles are associated with an increased
risk [4, 6–8]. Furthermore, the heterogeneity of RA is
demonstrated by the variability in the presence of auto-
antibodies, the diverse clinical disease manifestations
and different grades of responses to disease-modifying
anti-rheumatic drugs (DMARDs). Adequately targeting
the disease from the start is essential to preserve phys-
ical function and ensure long-term beneficial outcome,
especially in early RA [9]. A better understanding of
gene expression profiles could help to distinguish be-
tween patients with different pathogenic mechanisms
and could lead to improved clinical outcomes when
more individualised therapy is initiated from the start.
An anchor drug in the treatment of RA is methotrex-
ate, one effect of which is inhibition of dihydrofolate re-
ductase that is not only important for cell proliferation
and cell growth but also for inducing protein synthesis
[10]. The various mechanisms of methotrexate involved
in the treatment of RA still have not yet been fully elu-
cidated, but it is believed that an anti-inflammatory ef-
fect also plays a large role as in vitro and in vivo studies
have demonstrated previously [11]. Although metho-
trexate is recommended as an initial treatment strategy
[12], a large number of patients needs additional treat-
ment with a biological DMARD or withdraw from this
therapy because of inefficacy or adverse effects [13–15].
Tocilizumab is a humanized monoclonal antibody inhi-
biting interleukin (IL)-6 signalling by blocking the bind-
ing of IL-6 to its receptor, and has been proven in
randomized controlled trials to be effective across dif-
ferent RA populations in reducing disease activity and
inhibiting the progression of joint damage [16–28]. IL-

6 is a pro-inflammatory cytokine that is secreted by
multiple cell types (e.g. T cells, B cells, monocytes, and
osteoblasts) and stimulates the immune response and
osteoclast formation [29, 30]. In the present study, we
aimed to identify biological networks and signature
protein coding genes that are associated with achieving
sustained drug-free remission (sDFR) after initiating
treatment with tocilizumab, methotrexate, or the com-
bination of both, by performing whole transcriptome
ribonucleic acid sequencing (RNA-seq) of positive clus-
ter of differentiation 4 (CD4+) and CD14+ cells obtained
from DMARD-naive early RA patients. Additionally, we
were interested whether pathways related to achieving
sDFR were treatment dependent by investigating gene
expression profiles between the tocilizumab and metho-
trexate arms, or whether sDFR was dependent on gen-
eral predisposing factors present within all strategy
arms. As genotypes differ between RA patients, identifi-
cation of biological pathways associated with achieving
sDFR could enable application of more personalized
treatment strategies which, in those who are newly diag-
nosed, would result in better disease activity control and
prevention of disease progression.

Methods
Design
Data was used from the 2-year, multicentre, double-
blind, placebo-controlled, randomized U-Act-Early trial
(ClinicalTrials.gov identifier: NCT01034137) in which
DMARD-naive patients with early RA were treated-to-
target with tocilizumab plus methotrexate, or toci-
lizumab, or methotrexate therapy. The study design
and details have been described previously [21]. Briefly,
317 patients with active RA (disease activity score
assessing 28 joints (DAS28) >2.6) were randomized
(1:1:1) to initiate tocilizumab (8 mg/kg), step-up metho-
trexate (starting dose 10 mg/week), or tocilizumab plus
methotrexate therapy and were treated until the treat-
ment target (sustained remission; defined as a DAS28 <
2.6 and a maximum swollen joint count of ≤4 for
≥24 weeks) was achieved. If remission was not reached,
hydroxychloroquine (200 mg twice per day) was added
to the regimen (initial treatment strategy) and was dis-
continued 12 weeks thereafter if the target still was not
achieved. Patients who did not achieve remission follow-
ing the initial treatment strategy switched to a subsequent
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treatment regimen; patients who started with toci-
lizumab or methotrexate therapy then switched to
combination therapy with tocilizumab plus methotrex-
ate, and those who had initiated this treatment strategy
switched to the standard of care (i.e. methotrexate
combined with a tumour necrosis factor inhibitor).
When the primary outcome, sustained remission, was
achieved, medication was tapered and discontinued if
remission was maintained. Methotrexate was first
tapered at 5-mg/4-week steps until 10 mg and then
discontinued; thereafter tocilizumab was tapered to
4 mg/kg and finally stopped after 3 months. For the
present study, we used data from those achieving sDFR
(defined as being drug-free for ≥3 months and maintain-
ing this state until the end of the 2-year study period
where one visit of low-disease activity (DAS28 < 3.2) was
allowed) in the three treatment strategies. As controls, we
selected patients within each treatment who never
achieved a drug-free status at any time point during the
whole study period, although they could have achieved
sustained remission and subsequently were tapering
medication.
Before patients received their first dose of medication,

whole blood samples were collected and CD4+ plus
CD14+ cells were extracted using fluorescence-activated
cell sorting (FACS). Thereafter, total RNA was isolated
from these cells using the RNeasy® Mini Kit (Qiagen,
Netherlands) following the manufacturer’s recommenda-
tions. The quantity of the isolated RNA was assessed
with ND1000/ND2000 NanoDrop® and the quality was
assessed with the Agilent 2100 Bioanalyzer® (Agilent
Technologies, Germany). The mean (standard deviation
(SD)) RNA Integrity Number (RIN) of the samples was
9.3 (0.3) with a mean (SD) RNA concentration of 220
(76) ng/µl. Thereafter, the RNA tubes were stored at
−80 °C. For the RNA-seq, libraries were constructed
using the NEXTflex™ Rapid RNA-Seq kit (Bio Scientific)
and mRNA was selected using NEXTflex™ poly-A tail
following the manufacturer’s recommendations. There-
after, the library was ready and sent to the Utrecht Se-
quencing Facility to be sequenced on the Illumina
Nextseq500 platform using a single-end 75-base pair
high-output run. After the library was sequenced, a
standard pipeline was used that includes a quality con-
trol, processing of the reads, alignment to a reference
genome, transcript annotation, and finally an estimation
of the read counts of the transcripts. A flowchart of the
study is presented in Fig. 1.

Statistical analyses
Principal component analysis (PCA) of the raw read
counts was performed to identify possible confounders
for the level of expression. Thereafter, the DESeq2 pack-
age was used to test for differential gene expression by use

of negative binomial generalized linear models [31]. The
model was corrected for gender and C-reactive protein
(CRP) levels as they had been identified as confounders
in the PCA (data not shown). The weighted gene co-
expression network analysis (WGCNA) package was
then used to construct networks of co-expressed genes
(i.e. modules) of the 1000 most differentially expressed
genes (DEGs) among the three treatment arms [32]. A
continuous (range −1,1) adjacency matrix was constructed
for all pairs of genes using Pearson’s correlation coefficient
(PCC). Subsequently, the correlation matrix was trans-
formed into connection strengths using a soft threshold to
obtain a scale-free network whereas the threshold power,
based on the explained variance, was determined separ-
ately for each treatment arm. The connection strengths

Fig. 1 A Flowchart of the study. Whole blood samples were collected
from 60 patients and thereafter CD4+ and CD14+ cells were extracted
using fluorescence-activated cell sorting (FACS). Then RNA was isolated
from these cells and, via reverse transcription, the library was prepared
and sequenced (RNA-seq). Thereafter, a (standard) pipeline was applied
for quality control and processing of the reads; read counts were used
for detecting differentially expressed genes (DEGs) and these were
then used for detecting networks of co-expressed genes. Pathway
analyses in the Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases were performed in the
most important networks
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were then used to calculate the topological overlap matrix,
which measures the interconnectivity of pairs of genes.
Modules of correlated genes were identified using hier-
archical average clustering, which groups genes with simi-
lar expression patterns, and modules that were highly
correlated (PCC ≥0.80) were merged. Each module is la-
belled by a colour and the minimum number of genes per
module was set at 20, except for the tocilizumab plus
methotrexate arm (CD14+ cells) and tocilizumab arm
(CD4+ cells) where the threshold was set at 10 to create
sufficient numbers of modules. Genes not assigned to
any of the modules were housed in the grey module and
disregarded. After the modules had been identified and
merged, the module eigengene (E) was calculated (range
0–1; with “1” indicating highest E), which can be consid-
ered as the first principal component of the expression
matrix and thus representing the average gene expression
profile within the module. The module that correlated
best with achieving sDFR (no = 0, yes = 1) was considered
the most relevant and was used for further pathway ana-
lysis. Additionally, the correlation between clinical traits
and the expression profile was also analysed to determine
if other factors besides achieving sDFR were important in
the module of interest. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analyses were performed using the GOseq package, which
accounts for gene length bias using a probability weighting
function [33]. P values were corrected for multiple testing
when performing pathway analysis (Benjamini-Hochberg
correction) [34]. VisANT 5.0 software was used to
visualize the connectivity between genes in the module of
interest and to identify signature genes that are considered
to play an important role in the biological processes as
they are characterized by a high connectivity with other
genes [35, 36]. Statistical significance was determined at
P < 0.05 (two tailed) and network analyses were per-
formed using the statistical program R version 3.3.1.

Results
In total, 60 individual patient samples (tocilizumab plus
methotrexate, 19 (n = 14 achieved sDFR, n = 5 controls);
tocilizumab, 24 (n = 13 achieved sDFR, n = 11 controls);
methotrexate, 17 (n = 10 achieved sDFR, n = 7 controls))
were included in the present analysis. The mean (SD)
age of all patients was 53 (14) years with a median
(interquartile range (IQR)) symptom duration of 23 (18–
40) days; 60% were rheumatoid factor positive and 60%
anti-cyclic citrullinated peptide positive. The majority
were female (68%) and patients had at baseline a mean
(SD) DAS28 of 4.9 (1.1); median (IQR) CRP level was 9
(3–19) mg/L and erythrocyte sedimentation rate 20 (12–
32) mm/h. No significant differences in clinical char-
acteristics were found between those achieving sDFR
and the controls within the strategy arms (p ≥ 0.07,

Additional file 1: Table S1). For each sample, the ex-
pression of approximately 20,000 protein coding genes
was measured in both CD4+ and CD14+ cells and normal-
ized read counts were determined for each gene. Hier-
archical cluster analyses of the relevant DEGs are shown
in Fig. 2. In the sequenced CD4+ cell population, weighted
network analyses identified two, four, and four modules
after merging that were significantly correlated with
achieving sDFR in the tocilizumab plus methotrexate,
tocilizumab, and methotrexate strategy arms, respectively
(Table 1). In the tocilizumab plus methotrexate arm, the
salmon module was found to be most significantly related
to sDFR (PCC 0.58, p = 0.009); in the tocilizumab arm it
was the purple module (PCC 0.52, p = 0.009), and in the
methotrexate arm the black module (PCC 0.60, p = 0.010).
The number of genes included in the modules is 40, 26,
and 49, respectively (Additional file 2: Table S2). When
performing network analyses within the CD14+ cells, no
modules were found that were significantly correlated
with achieving sDFR in the tocilizumab plus methotrexate
and methotrexate arms (Additional file 3: Table S3). In
the tocilizumab arm, only one module (pink) was sig-
nificantly correlated (PCC 0.41, p = 0.049). However,
within this module, symptom duration was an import-
ant contributing trait as it was highly correlated (PCC
0.93, p < 0.001) with the average expression profile (E).
Because the correlation between the pink module and
achieving sDFR was low (<0.50) and symptom duration
was a more contributing factor to the gene expression
in this module, it was disregarded for further analyses.
Pathway analyses were therefore only performed for the
modules found relevant within the CD4+ cells of the
three treatment arms.

GO and KEGG pathway analysis
In the salmon module (tocilizumab plus methotrexate
arm), 325 significantly expressed GO terms were identi-
fied; in the purple module (tocilizumab arm) 304 GO
terms were identified; and in the black module (metho-
trexate arm) 560 GO terms were identifies. The top five
most significantly overrepresented GO terms (excluding
terms with only one DEG) within the treatment arms
are shown in Fig. 3. The most significant GO term in
the tocilizumab plus methotrexate, tocilizumab, and
methotrexate arms were “nuclear-transcribed mRNA
catabolic process” (p < 1.00E–04), “granulocyte migration”
(p = 2.70E–04), and “response to bacterium” (p = 1.92E–07),
respectively. In addition, pathway analyses were performed
using the KEGG database; “ribosome” was the only signifi-
cant (p < 1.00E–04) pathway in the tocilizumab plus metho-
trexate arm; in the tocilizumab arm, no significant
pathways were identified, and in the methotrexate arm
“p53 signalling” (p = 8.44E–06) and “JAK-STAT signalling”
(p = 2.22E–04) were significant pathways.
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Fig. 2 Hierarchical cluster dendrograms of the differently expressed genes included in the network analysis within the (a) tocilizumab plus
methotrexate, (b) tocilizumab, and (c) methotrexate strategy arms. Each line represents an individual gene and the branches correspond to
modules of co-expressed genes, which are labelled by colours
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Signature genes
The interaction between genes in the modules selected
for pathway analyses (tocilizumab plus methotrexate
arm, salmon module; tocilizumab arm, purple module;
methotrexate arm, black module) is shown in Fig. 4. Sig-
nature genes are visualized in the rounded rectangular
nodes and genes with a lower connectivity are presented
as round nodes. Across the three treatment arms, the
large majority of the genes included in the modules were
upregulated (green nodes) in those achieving sDFR. In
the tocilizumab plus methotrexate arm, genes within the
salmon module correlated best and, to select the most
important genes, we applied a stricter cut-off. However,
even when using a stricter cut-off, the average correlation
between genes was the lowest (PCC 0.52) in this treatment
arm when compared to the tocilizumab (PCC 0.67) and
methotrexate (PCC 0.74) arms. Genes showing ≥10 connec-
tions within the modules were labelled as signature genes,
except for the tocilizumab plus methotrexate arm, where
genes were considered as important when showing ≥20 con-
nections. In total, 9 (8 upregulated, 1 downregulated), 7 (6

upregulated, 1 downregulated), and 14 (11 upregulated, 3
downregulated) signature genes were identified in the toci-
lizumab plus methotrexate, tocilizumab, and methotrexate
strategy arms, respectively.

Discussion
In the present study, using analysis of networks of differ-
entially co-expressed genes, several biological pathways
were identified that were associated with achieving
sDFR in DMARD-naive patients with early RA after ini-
tiating tocilizumab plus methotrexate-, tocilizumab-, or
methotrexate-based treatment strategies. Across the three
treatment arms, we found different networks, implying
that there are several predisposing genes for achieving
sDFR and, depending on the treatment strategy selected,
patients have a higher chance of achieving sDFR if these
are up- or downregulated. Some genes in particular that
are included in the networks may play an important role
as they are characterized by a high connectivity with other
(signature) genes and therefore have the strongest influ-
ence on the pathways found relevant.

Table 1 Correlations and corresponding P values between modules and achieving sustained drug-free remission within sequenced
CD4+ cells

Module Size† Correlation P

Tocilizumab plus 
methotrexate

Salmon‡ 40 0.58 0.009
Grey60 23 0.48 0.039

Red 57 0.45 0.05

Green 60 0.41 0.08

Greenyellow 44 0.40 0.09

Brown 85 0.39 0.09

Tan 42 0.38 0.11

Pink 113 0.36 0.13

Magenta 47 0.34 0.16

Lightgreen 21 -0.28 0.14

Cyan 33 -0.37 0.12

Midnightblue 28 -0.42 0.07

Purple 47 -0.53 0.020

Lightcyan 23 -0.54 0.017

Blue 329 -0.56 0.013

Tocilizumab Purple‡ 26 0.52 0.009
Turquoise 470 0.43 0.035

Magenta 30 0.43 0.037

Brown 157 0.42 0.042

Pink 36 0.34 0.11

Red 230 -0.47 0.032

Greenyellow 10 -0.46 0.025

Black 38 -0.56 0.004

Methotrexate Black‡ 49 0.60 0.010
Pink 49 0.58 0.014

Red 63 0.56 0.018

Blue 204 0.55 0.023

Turquoise 336 0.48 0.05

Greenyellow 22 -0.60 0.011

Brown 132 -0.67 0.003

Magenta 28 -0.70 0.002

Purple 107 -0.74 <0.001

The module eigengene, which is the first principal component of the expression matrix within the module of interest, was considered as the average gene
expression profile and was used to test the correlation between each module and achieving sustained drug-free remission
‡The modules with the highest significant correlation (shown in italic) were considered most relevant and were selected for further functional pathway analysis
†The minimal number of genes per module was set at 20, except for the tocilizumab arm (n = 10)
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In the tocilizumab plus methotrexate strategy arm,
the most important GO term was “nuclear-transcribed
mRNA catabolic process, nonsense-mediated decay”,
which is a pathway important in altering gene expression
by degrading mRNA when converting amino acid-
specific codons into premature stop codons (i.e. early
termination of translation into proteins) [37]. After the
genetic information from DNA is copied into RNA mol-
ecules during transcription, mRNA is decoded by ribo-
somes in the cytoplasm and is translated, using transfer
RNA, into a specific sequence of amino acids (i.e. pro-
teins). Translation starts with a start codon, which is the
first codon of a mRNA transcript translated by a ribo-
some, and ends with a stop codon. Mutations, also
known as single-nucleotide polymorphisms (SNPs), can
occur in the sequence of nucleotide bases in DNA
resulting in a different protein product. SNPs may not
only increase the susceptibility to certain diseases but
are also responsible for the differences in treatment re-
sponse because of genetic variations. Other significant
GO terms within this treatment arm are also related to
processes involved in translation (GO:0006412) of
mRNA by ribosomes (GO:0005840, GO:0003735) and is
in accordance with the only identified significant KEGG
pathway (“Ribosome”). Thus, it seems that pathways im-
portant for achieving sDFR in patients treated with toci-
lizumab plus methotrexate are in general related to
processes involved with protein synthesis, especially

during translation from mRNA into a sequence of amino
acids. In the tocilizumab strategy arm, the most import-
ant GO terms in the purple module were related with
migration of white blood cells (granulocytes and myeloid
leukocytes) as a response to inflammation or to an exter-
nal stimulus (i.e. leukocyte chemotaxis). Furthermore,
G-protein-coupled receptor (GPCR) activity and signal-
ling pathway (GO:0008227, GO:0007187) were signifi-
cant GO terms within this module. GPCRs constitute a
superfamily of receptor proteins that are involved in a
many (patho)physiological processes and an important
role of these receptors is to regulate the immune system
and inflammation by activating internal signal transduc-
tion across the cell membrane, which eventually leads to
cellular responses [38]. It is estimated that approxi-
mately two-third of all available drugs targets the
GPCRs; the most commonly used in RA is methotrexate
that works via a specific subtype of adenosine receptors,
which is part of the large GPCR family [38]. The exact
mechanism and the downstream effect ultimately lead-
ing to cellular responses of many GPCRs are still not
fully elucidated, but they have been shown to be effective
in several auto-immune diseases in reducing disease
symptoms when specific receptors are targeted. Al-
though it is known that tocilizumab inhibits the binding
of IL-6 to its receptor, which belongs to the family of the
type I cytokine receptors and thus does not seem to dir-
ectly affect GPCRs, it might have an indirect effect on
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Fig. 3 The top five most significantly overrepresented gene ontology (GO) terms within the (a) tocilizumab plus methotrexate, (b) tocilizumab,
and (c) methotrexate strategy arms. GO terms with >1 DEGs were included in this overview
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certain GPCRs. Further research is, however, required to
determine and understand the potential effect of toci-
lizumab on these receptors. In the methotrexate arm, all
selected GO terms were related to a response to some
kind of bacterium or biotic (i.e. biological material)
stimulus resulting in a change of state or activity of a
cell. When analysing the GO ancestor chart, all terms
were direct subtypes of “response to stimulus”
(GO:0050896) indicating that the genes included in the
black module may play a direct role in the response to
therapy. However, the exact mechanisms of methotrex-
ate in RA remain partially unclear, but multiple pro-
cesses seem to play a role in suppressing disease activity.
Although it is known, for example, that methotrexate in-
hibits cell proliferation and apoptosis, it was also found
to inhibit cytokine production by inducing T-cell and B-
cell activation [39]. Although many ex vivo and in vitro
studies have been performed, the exact mechanism of
action of cytokine level reduction by methotrexate re-
mains largely not understood [39]. An important func-
tion of methotrexate may be the inhibiting effect on
“Janus Kinase Signal Transducer and Activator of Tran-
scription (JAK-STAT)” signalling, which was also a
significantly expressed KEGG pathway in the black mod-
ule (methotrexate arm). JAKs are enzymes transducing

signals of cytokine receptors and, by inhibiting one or
more enzymes, they prevent activation of cytokines im-
portant for the immune response [40]. A previous study
has shown that methotrexate suppresses the JAK-STAT
pathway; this could be an important mechanism for re-
ducing RA disease activity [41]. Another significant
KEGG pathway in the methotrexate arm was associated
with signalling of the tumour protein p53 (“p53 signal-
ling pathway”), which functions as a tumour suppressor
and is thus not directly related to the pathogenesis of
RA. This protein was, however, previously found to be
involved with methotrexate-resistance in osteosarcoma
and, therefore, it seems that genes important in the p53
pathway may be related to the response to methotrex-
ate therapy in general [42].
In the present study, we analysed two different clusters

of cells, CD4+ T-helper cells and CD14+ monocytes, for
transcriptional profiling as both are important in modu-
lating the immune response but have different functions
and could thus have different pathways involved. T-
helper cells are essential in the adaptive immunity by
producing cytokines when pathogens are presented by
monocytes and are therefore regulators of the immune
response. Besides recruiting lymphocytes (antigen pres-
entation), monocytes also perform phagocytosis after

Fig. 4 Network visualization of the interaction of gene co-expression within the tocilizumab plus methotrexate (a, salmon module), tocilizumab
(b, purple module), and methotrexate (c, black module). Upregulated genes are expressed in green nodes and downregulated genes in red nodes.
The rounded rectangular nodes display the highest co-expressed genes within the module (signature genes)
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becoming macrophages, and are thus also important for
the removal of pathogens. Although both clusters of
cells are important within RA, when performing gene
co-expression network analyses, no relevant modules
were found in the CD14+ cells and only transcripts se-
quenced from CD4+ cells seems to play a role in achiev-
ing sDFR in DMARD-naive patients after initiating a
tocilizumab- or methotrexate-based strategy. Other cells,
such as B lymphocytes, also play an important role in
auto-immune diseases and thus may contribute to the
understanding of genetic variations within RA patients.
However, these cells were not analysed in this study as
they were not isolated because of the limited quantity of
blood that had been collected at baseline and cost-
related considerations.

Conclusions
In conclusion, by performing network analyses of co-
expressed genes we have identified several pathways
related to achieving sDFR within DMARD-naive early
RA patients after initiation of tocilizumab plus metho-
trexate-, tocilizumab-, or methotrexate-based treatment
strategies. Within each of these three strategy arms, we
found different biological pathways implicating that are
different networks of predisposing genes related to
achieving sDFR which are dependent on the type of
treatment strategy selected. In addition, we identified
several important genes within the networks that could
potentially act as prognostic biomarkers for RA.

Additional files

Additional file 1: Baseline characteristics of the patients included in
the analyses. (DOCX 17 kb)

Additional file 2: Description of the differentially co-expressed genes
in the salmon module (tocilizumab plus methotrexate arm), the purple
module (tocilizumab arm), and the black module (methotrexate arm).
(DOCX 22 kb)

Additional file 3: Correlations and corresponding P values between the
modules and achieving sustained drug-free remission within sequenced
CD14+ cells. (DOCX 25 kb)

Abbreviations
CD: Cluster of differentiation; CRP: C-reactive protein; DAS28: Disease activity
score assessing 28 joints; DEG: Differentially expressed gene; DMARD: Disease-
modifying anti-rheumatic drug; FACS: Fluorescence-activated cell sorting;
GO: Gene Ontology; GPCR: G-protein-coupled receptor; HLA: Human leucocyte
antigen; IL: Interleukin; IQR: Interquartile range; JAK-STAT: Janus kinase signal
transducer and activator of transcription; KEGG: Kyoto Encyclopedia of Genes
and Genomes; mRNA: Messenger RNA; PAD14: Peptidyl arginine deiminase,
type 14; PCA: Principal component analysis; PCC: Pearson’s correlation
coefficient; PTPN22: Protein tyrosine phosphatase, non-receptor type 22;
RA: Rheumatoid arthritis; RIN: RNA integrity number; RNA: Ribonucleic acid;
RNA-seq: RNA sequencing; SD: Standard deviation; sDFR: Sustained drug-free
remission; SNPs: Single-nucleotide polymorphisms; WGCNA: Weighted gene
co-expression network analysis

Acknowledgements
The authors especially thank Arno Concepcion for isolating the RNA. Also,
we thank the Utrecht Sequencing Facility for their support in the sequencing,
which is partially subsidized by Hubrecht Laboratory, Utrecht University, and
University Medical Center Utrecht, and Noortje van den Dungen and Nico
Lansu for creating the RNA libraries. Furthermore, the authors thank all
participating institutions and personnel who were involved in the study,
particularly (research) nurses, physicians’ assistants, and rheumatologists.
Lastly, the authors thank all the patients enrolled in the study for their kind
willingness to participate.

Funding
The U-Act-Early trial was funded by Roche Nederland BV.

Availability of data and materials
The dataset generated during the present study is available from the
corresponding author on reasonable request.

Authors’ contribution
XMT: study design, data collection, data interpretation, and writing. JWGJ:
study design, data interpretation, and writing. MM: data collection and
writing. MEAB: data interpretation and writing. AP-S: data interpretation
and writing. JMvL: data interpretation and writing. JWJB: study design,
data interpretation, and writing. FPJL: study design, data interpretation,
and writing. All authors read and approved the manuscript.

Ethics approval and consent to participate
The medical ethics research committee of the University Medical Center
Utrecht approved the study for all participating hospitals. All patients
signed informed consent before entering the study.

Consent for publication
Not applicable.

Competing interests
JWGJ and JWJB received reimbursements from Roche Nederland BV for
including patients to participate in the U-Act-Early trial. JWJB reports grants
and fees from Roche, AbbVie, Bristol-Myers Squibb, Merck Sharp & Dohme,
Pfizer, and UCB. JMvL received financial contributions from MSD, Pfizer, Eli
Lilly, and BMS. FPJL reports grants from Roche. AP-S is an employee of F
Hoffmann-La Roche and MEAB is an employee of Roche Nederland BV. XMT
and MM declare that they have no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Rheumatology & Clinical Immunology, University Medical
Center Utrecht, Heidelberglaan 100, 3584, CX, Utrecht, Netherlands.
2Epigenomics Facility, University Medical Center Utrecht, Heidelberglaan 100,
3584, CX, Utrecht, Netherlands. 3Division of Paediatrics, University Medical
Center Utrecht, Heidelberglaan 100, 3584, CX, Utrecht, Netherlands. 4Roche
Nederland BV, Beneluxlaan 2a, 3446, GR, Woerden, Netherlands. 5F
Hoffmann-La Roche, Grenzacherstrasse 124, 4070, CH, Basel, Switzerland.

Received: 1 May 2017 Accepted: 30 June 2017

References
1. Majithia V, Geraci SA. Rheumatoid arthritis: diagnosis and management.

Am J Med. 2007;120(11):936–9.
2. Bijlsma JWJ, Hachulla E. Eular textbook on rheumatic diseases, 2nd ed.

BMJ; 2015.
3. Liao KP, Alfredsson L, Karlson EW. Environmental influences on risk for

rheumatoid arthritis. Curr Opin Rheumatol. 2009;21(3):279–83.
4. Scott DL, Wolfe F, Huizinga TW. Rheumatoid arthritis. Lancet. 2010;

376(9746):1094–108.
5. Suzuki A, Yamamoto K. From genetics to functional insights into

rheumatoid arthritis. Clin Exp Rheumatol. 2015;33(4 Suppl 92):S40–3.

Teitsma et al. Arthritis Research & Therapy  (2017) 19:170 Page 9 of 10

dx.doi.org/10.1186/s13075-017-1378-x
dx.doi.org/10.1186/s13075-017-1378-x
dx.doi.org/10.1186/s13075-017-1378-x


6. Zanelli E, Breedveld FC, de Vries RR. HLA class II association with rheumatoid
arthritis: facts and interpretations. Hum Immunol. 2000;61(12):1254–61.

7. Tobon GJ, Youinou P, Saraux A. The environment, geo-epidemiology, and
autoimmune disease: rheumatoid arthritis. Autoimmun Rev. 2010;9(5):A288–92.

8. Ali AM, Vino S. Genetic markers as therapeutic target in rheumatoid arthritis:
a game changer in clinical therapy? Rheumatol Int. 2016;36(11):1601–7.

9. Aletaha D, Funovits J, Keystone EC, Smolen JS. Disease activity early in the
course of treatment predicts response to therapy after one year in
rheumatoid arthritis patients. Arthritis Rheum. 2007;56(10):3226–35.

10. Cipriani P, Ruscitti P, Carubbi F, Liakouli V, Giacomelli R. Methotrexate in
rheumatoid arthritis: optimizing therapy among different formulations.
Current and emerging paradigms. Clin Ther. 2014;36(3):427–35.

11. Swierkot J, Szechinski J. Methotrexate in rheumatoid arthritis. Pharmacol
Rep. 2006;58(4):473–92.

12. Smolen JS, Landewe R, Breedveld FC, Buch M, Burmester G, Dougados M,
et al. EULAR recommendations for the management of rheumatoid arthritis
with synthetic and biological disease-modifying antirheumatic drugs: 2013
update. Ann Rheum Dis. 2014;73(3):492–509.

13. Romao VC, Lima A, Bernardes M, Canhao H, Fonseca JE. Three decades of
low-dose methotrexate in rheumatoid arthritis: can we predict toxicity?
Immunol Res. 2014;60(2–3):289–310.

14. Salliot C, van der Heijde D. Long-term safety of methotrexate monotherapy
in patients with rheumatoid arthritis: a systematic literature research. Ann
Rheum Dis. 2009;68(7):1100–4.

15. Bologna C, Viu P, Picot MC, Jorgensen C, Sany J. Long-term follow-up of
453 rheumatoid arthritis patients treated with methotrexate: an open,
retrospective, observational study. Br J Rheumatol. 1997;36(5):535–40.

16. Maini RN, Taylor PC, Szechinski J, Pavelka K, Broll J, Balint G, et al. Double-blind
randomized controlled clinical trial of the interleukin-6 receptor antagonist,
tocilizumab, in European patients with rheumatoid arthritis who had an
incomplete response to methotrexate. Arthritis Rheum. 2006;54(9):2817–29.

17. Smolen JS, Beaulieu A, Rubbert-Roth A, Ramos-Remus C, Rovensky J,
Alecock E, et al. Effect of interleukin-6 receptor inhibition with tocilizumab
in patients with rheumatoid arthritis (OPTION study): a double-blind,
placebo-controlled, randomised trial. Lancet. 2008;371(9617):987–97.

18. Genovese MC, McKay JD, Nasonov EL, Mysler EF, da Silva NA, Alecock E,
et al. Interleukin-6 receptor inhibition with tocilizumab reduces disease
activity in rheumatoid arthritis with inadequate response to disease-
modifying antirheumatic drugs: the tocilizumab in combination with
traditional disease-modifying antirheumatic drug therapy study. Arthritis
Rheum. 2008;58(10):2968–80.

19. Emery P, Keystone E, Tony HP, Cantagrel A, van Vollenhoven R, Sanchez A,
et al. IL-6 receptor inhibition with tocilizumab improves treatment outcomes
in patients with rheumatoid arthritis refractory to anti-tumour necrosis factor
biologicals: results from a 24-week multicentre randomised placebo-controlled
trial. Ann Rheum Dis. 2008;67(11):1516–23.

20. Burmester GR, Rigby WF, van Vollenhoven RF, Kay J, Rubbert-Roth A,
Kelman A, et al. Tocilizumab in early progressive rheumatoid arthritis:
FUNCTION, a randomised controlled trial. Ann Rheum Dis.
2016;75(6):1081–91.

21. Bijlsma JW, Welsing PM, Woodworth TG, Middelink LM, Petho-Schramm A,
Bernasconi C, et al. Early rheumatoid arthritis treated with tocilizumab,
methotrexate, or their combination (U-Act-Early): a multicentre, randomised,
double-blind, double-dummy, strategy trial. Lancet. 2016;388(10042):343–55.

22. Weinblatt ME, Kremer J, Cush J, Rigby W, Teng LL, Devenport J, et al.
Tocilizumab as monotherapy or in combination with nonbiologic
disease-modifying antirheumatic drugs: twenty-four-week results of an
open-label, clinical practice study. Arthritis Care Res. 2013;65(3):362–71.

23. Dougados M, Kissel K, Sheeran T, Tak PP, Conaghan PG, Mola EM, et al.
Adding tocilizumab or switching to tocilizumab monotherapy in methotrexate
inadequate responders: 24-week symptomatic and structural results of a 2-year
randomised controlled strategy trial in rheumatoid arthritis (ACT-RAY). Ann
Rheum Dis. 2013;72(1):43–50.

24. Yazici Y, Curtis JR, Ince A, Baraf H, Malamet RL, Teng LL, et al. Efficacy of
tocilizumab in patients with moderate to severe active rheumatoid arthritis
and a previous inadequate response to disease-modifying antirheumatic
drugs: the ROSE study. Ann Rheum Dis. 2012;71(2):198–205.

25. Kremer JM, Blanco R, Brzosko M, Burgos-Vargas R, Halland AM, Vernon E,
et al. Tocilizumab inhibits structural joint damage in rheumatoid arthritis
patients with inadequate responses to methotrexate: results from the
double-blind treatment phase of a randomized placebo-controlled trial of

tocilizumab safety and prevention of structural joint damage at one year.
Arthritis Rheum. 2011;63(3):609–21.

26. Jones G, Sebba A, Gu J, Lowenstein MB, Calvo A, Gomez-Reino JJ, et al.
Comparison of tocilizumab monotherapy versus methotrexate monotherapy
in patients with moderate to severe rheumatoid arthritis: the AMBITION study.
Ann Rheum Dis. 2010;69(1):88–96.

27. Nishimoto N, Miyasaka N, Yamamoto K, Kawai S, Takeuchi T, Azuma J, et al.
Study of active controlled tocilizumab monotherapy for rheumatoid arthritis
patients with an inadequate response to methotrexate (SATORI): significant
reduction in disease activity and serum vascular endothelial growth factor
by IL-6 receptor inhibition therapy. Mod Rheumatol. 2009;19(1):12–9.

28. Nishimoto N, Hashimoto J, Miyasaka N, Yamamoto K, Kawai S, Takeuchi T,
et al. Study of active controlled monotherapy used for rheumatoid arthritis,
an IL-6 inhibitor (SAMURAI): evidence of clinical and radiographic benefit
from an x ray reader-blinded randomised controlled trial of tocilizumab.
Ann Rheum Dis. 2007;66(9):1162–7.

29. Plushner SL. Tocilizumab: an interleukin-6 receptor inhibitor for the treatment
of rheumatoid arthritis. Ann Pharmacother. 2008;42(11):1660–8.

30. Patel AM, Moreland LW. Interleukin-6 inhibition for treatment of rheumatoid
arthritis: a review of tocilizumab therapy. Drug Des Devel Ther. 2010;4:263–78.

31. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.

32. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinf. 2008;9:559.

33. Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontology analysis for
RNA-seq: accounting for selection bias. Genome Biol. 2010;11(2):R14.

34. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Ser B. 1995;57:289–300.

35. Hu Z, Mellor J, Wu J, DeLisi C. VisANT: an online visualization and analysis
tool for biological interaction data. BMC Bioinf. 2004;5:17.

36. Hu Z, Snitkin ES, DeLisi C. VisANT: an integrative framework for networks in
systems biology. Brief Bioinform. 2008;9(4):317–25.

37. Baker KE, Parker R. Nonsense-mediated mRNA decay: terminating erroneous
gene expression. Curr Opin Cell Biol. 2004;16(3):293–9.

38. Neumann E, Khawaja K, Muller-Ladner U. G protein-coupled receptors in
rheumatology. Nat Rev Rheumatol. 2014;10(7):429–36.

39. Wessels JA, Huizinga TW, Guchelaar HJ. Recent insights in the pharmacological
actions of methotrexate in the treatment of rheumatoid arthritis. Rheumatology
(Oxford). 2008;47(3):249–55.

40. Walker JG, Smith MD. The Jak-STAT pathway in rheumatoid arthritis.
J Rheumatol. 2005;32(9):1650–3.

41. Thomas S, Fisher KH, Snowden JA, Danson SJ, Brown S, Zeidler MP.
Methotrexate is a JAK/STAT pathway inhibitor. PLoS One. 2015;10(7):
e0130078.

42. Yang XR, Xiong Y, Duan H, Gong RR. Identification of genes associated with
methotrexate resistance in methotrexate-resistant osteosarcoma cell lines.
J Orthop Surg Res. 2015;10:136.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Teitsma et al. Arthritis Research & Therapy  (2017) 19:170 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusions
	Trial registration

	Background
	Methods
	Design
	Statistical analyses

	Results
	GO and KEGG pathway analysis
	Signature genes

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contribution
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s note
	Author details
	References

