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INTRODUCTION

1

MicroRNAs
MicroRNAs (miRNAs) are single stranded, ~22 nt long non-coding RNA species,
which regulate gene expression at the post-transcriptional level. MiRNAs are located
in introns (e.g. miR-31, intragenic location) or exons (e.g. miR-155, intragenic
location) of protein coding host genes, as well as in non-coding host genes
(e.g. miR-21, intergenic location) [1,2]. Biogenesis of miRNAs starts in the nucleus
from a primary miRNA transcript (pri-miR), which folds into a secondary structure
containing one or more hairpin loops [3]. These hairpin loops are recognized and
cleaved by the microprocessor complex composed of DiGeorge syndrome critical
region 8 (DGCR8) and Drosha, a nuclear type III RNAse. The resulting 60-70 nt
long stem loop precursor miRNA (pre-miRNA) [4] is subsequently transported to
the cytoplasm. In the cytoplasm, the pre-miRNA undergoes a secondary processing
step by another type III RNAse, i.e. Dicer, which cleaves the terminal loop leaving
a RNA duplex of 20-22 nt [5,6]. The RNA duplex is incorporated into the RNAinduced silencing complex (RISC) where one of the strands undergoes degradation
while the other forms the mature miRNA [7-9]. The miRNA guides the RISC to its
target gene by virtue of partial complementarity. The specificity of the miRNA:target
gene interaction largely depends on the degree of complementarity between the seed
sequence, i.e. the 5’ end of the miRNA and the 3’UTR of the mRNA [10]. Binding
of RISC leads to translational inhibition or degradation of the targeted mRNA and,
as a consequence, to a diminished protein expression [8,9,11] (Figure 1). To date,
more than 30,400 mature miRNAs have been described in 206 species, of which more
than 2,500 in man (miRBase registry, release 20) [12]. Importantly, one miRNA can
regulate expression of multiple genes and each gene can be regulated by more than one
miRNA creating a complex network of interactions. As a consequence of this multispecificity of miRNA binding, up to 50% of the protein-coding genes are predicted
to be under the control of miRNAs [9]. It became evident that miRNAs play crucial
roles in almost every known cellular process, including immune response. MiRNAs
have been implicated in the innate as well as in the adaptive immunity by regulation
of processes such as development of granulocytes [13], NFκB signaling in monocytes
[14], class switching in B-cells [15] and regulation of TCR signaling in T-cells [16].
Because of their biological impact, the expression of miRNAs is tightly
regulated. Tissue and cell type specific miRNA expression patterns have been
described, resulting from both transcriptional as well as post-transcriptional
regulation [17-19]. Cell and subset-specific miRNA expression patterns have also
been reported in the multiple lineages of the hematopoietic system, including the
11
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many different T cell subsets [13,20,21]. In line with the importance of miRNAs in
regulating cell physiological processes, it is not surprising that deregulated expression
of immune-cell type specific miRNAs has been implicated in the development and
progression of pathological conditions such as autoimmunity and cancer [22-26].

Figure 1. Biogenesis of miRNAs. MiRNAs are transcribed by polymerase II as long primary miRNA
transcripts (pri-miRs) that fold back on themselves forming hairpin structures. These structures are
recognized by the microprocessor complex, and cleaved by Drosha into a shorter (~60-70 nt) hairpin
structure known as the precursor miRNA (pre-miRNA). The pre-miRNA is subsequently transported
to the cytoplasm where it undergoes a second processing step by Dicer, which releases the terminal loop
leaving a miRNA/miRNA* duplex. Upon incorporation into RNA-induced silencing complex (RISC),
the RNA duplex is unwound, and the miRNA* strand is degraded leaving a single stranded mature
miRNA, which guides RISC to its target mRNA. Binding to the 3’UTR of a target transcript leads to
translational inhibition or degradation and as a consequence to the decreased protein expression.
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T helper lymphocytes and miRNAs
T helper lymphocytes are a subclass of the CD3+ T-cell lineage characterized by
expression of CD4. CD4+ T-cells play a crucial role in immune response by providing
help to B-cells and production of a variety of cytokines by which they regulate innate
as well as adaptive immunity [27]. CD4+ T-cells are composed of several specialized
effector T-cell subsets including Th1, Th2, Th17, T follicular helper (Tfh) and regulatory
T-cells (Tregs), each of which performs a specific immune function. Th1, Th2, Th17,
and T follicular helper (Tfh) subsets promote anti-viral, anti-helminth and antibacterial immunity, and provide help to B-cells, while Tregs prevent excessive immune
activation [28,29]. Tregs restrict the T-cell activation by cell to cell contact, IL-2
withdrawal, production of IL-10 and TGFβ [30,31], and as such prevent the development
of uncontrolled immunity and inflammation-mediated damage to tissues. In line with
these functions, several studies have shown that lack of Tregs or compromised function
of Tregs leads to severe and ultimately lethal autoimmune conditions [32-34].
T-cell development is highly dependent on miRNA biogenesis and function
[35]. Several studies have shown that miRNAs are dynamically regulated during T-cell
maturation and that specialized T-cell subsets are characterized by specific miRNA
signatures [21,36,37]. Animal models with tissue-specific conditional Dicer deletions
have shown the importance of miRNAs in defined stages of T-cell development.
Conditional Dicer deletion during early stages of thymocyte development, in the double
negative stage, leads to a severe reduction of thymocytes numbers due to an increased
rate of spontaneous apoptosis [38]. Dicer depletion later during T-cell development,
in the double positive stage, leads to an overall decrease of peripheral CD3+ T-cells
and substantial reduction in the frequency of Treg cells [39,40]. Importantly, Dicer
depletion specifically in Tregs results in a rapid development of spontaneous systemic
autoimmune disease, indicating that Tregs are critically dependent on a functional
miRNA machinery [25,41,42]. Of all miRNAs shown to be involved in T-cell
development, only a few have been studied in more detail. MiR-181a was found to lower
the threshold of TCR signaling especially upon encountering low-affinity antigens [16].
MiR-125a has been shown to regulate the activation state of T-cells by downregulating
genes required for differentiation of effector T-cells [21]. MiR-146a has been shown to
negatively control NF-κB signaling in T-cells and to regulate the suppressive function
of Tregs in mice [26]. Importantly, it has been shown that deregulated expression of
a single miRNA, such as miR-146a, can affect T-cell homeostasis and result in cancer
and an autoimmune-like conditions [26,43]. Thus, it has become clear that T-cell
function relies on miRNA expression, and that disrupted miRNA biogenesis leads to
serious T-cell dysfunction, especially in Tregs.

13
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Rheumatoid arthritis
Rheumatoid arthritis (RA) is an autoimmune disease which affects joints and can lead
to irreversible joint destruction. The etiology of RA, which affects approximately 1%
of the population, is complex and far from elucidated. Several genetic factors, such as
specific HLA-DR alleles and the PTPN22 gene polymorphism, as well as non-genetic
factors like smoking have been associated with RA [44-46]. Moreover, autoantibodies
directed against the Fc domain of IgG (rheumatoid factor) and against citrullinated
proteins (ACPA) are detected in ~60-80% of the patients and can precede the onset
of the disease by decades [47-50]. Deregulated function of both the innate as well
as the adaptive immunity has been linked to the pathogenesis of RA [48]. Painful
and swollen joints, which are the symptoms of the disease, are a consequence of an
ongoing inflammatory process taking place in the synovium. The inflammatory state
of the joint is perpetuated by uncontrolled release of pro-inflammatory mediators,
produced by infiltrating immune cells. This pro-inflammatory environment
promotes the activation of synoviocytes, macrophages, and differentiation
of osteoclasts which, together, mediate cartilage destruction and bone resorption
[51]. Despite presence of many Tregs in the synovial infiltrate [52], the inflammatory
state of the joint persists suggesting a defect in Treg functionality. Several studies have
reported a defective function of Tregs in RA patients, while others demonstrated
that the pro-inflammatory milieu of rheumatic joints renders effector T-cells to be
unresponsive to Treg-mediated suppression [53-57]. These studies, together with the
genetic association between HLA-DR4 and RA, suggest that deregulation of T-cell
homeostasis and function might be, at least partially, responsible for RA pathology.
Deregulated expression of miRNAs has been recently implicated in the pathogenesis
of RA. Aberrant expression of miRNAs has been detected in synovial tissue [58-61]
and synovial fluid CD4+ T-cells [62], while levels of certain miRNAs, detected in
plasma and synovial fluid, were shown to predict the activity of the disease [63,64].

SCOPE OF THE THESIS
Development and function of T-cells and Treg cells depends on proper miRNA
expression. However, our understanding of the differential expression, and the
functional implications of differentially expressed miRNAs in defined T-cell subsets is
still limited. Furthermore, it remains to be determined whether deregulated miRNA
expression in T-cells and Treg cells might be involved in the pathogenesis of RA.
The aim of this thesis was to investigate the expression and function
of miRNAs in Tregs and in conventional T-cells (Tconvs) derived from healthy
donors and RA patients, and to elucidate the (patho) physiological function
14
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of selected miRNAs in T-cell biology. In Chapter 2 we sorted naive and memory
CD4+ Treg and Tconv cells from healthy donors and RA patients and we profiled the
expression of miRNAs using a microarray approach. Expression of selected miRNAs
was confirmed using qRT-PCR, and serum levels of pro-inflammatory cytokines (IL-6
and TNFα) were determined using multiplex ELISA. In Chapter 3 we isolated naive
CD4+ T-cells from healthy donors and analyzed the kinetics of miR-21, miR-146a,
miR-155 and miR-31 expression upon αCD3/CD28 activation. In Chapter 4 we
isolated naive and memory CD4+ T-cells from healthy donors, and studied the
function of activation-induced miR-21 expression in both subsets. In Chapter 5 we
analyzed the distribution and homing potential of naive and memory CD4+ Treg
and Tconv cells in blood and synovial fluid of healthy donors and RA patients, and
analyzed the expression of selected miRNAs in CD4+ Treg and Tconv cells derived
from synovial fluid. In Chapter 6 we applied a high throughput experimental
approach (RIP-Chip technique) to study T-cell-specific miR-21 target genes related
to the apoptosis-phenotype observed upon miR-21 inhibition in Jurkat T-cells.
In Chapter 7 we summarize and discuss the results presented in this thesis and
discuss future perspectives.

15
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ABSTRACT
Disturbed expression of microRNAs (miRNAs) in regulatory T-cells (Tregs) leads
to development of autoimmunity in experimental mouse models. However, the
miRNA expression signature characterizing Tregs of autoimmune diseases, such
as rheumatoid arthritis (RA) has not been determined yet. In this study we have
used a microarray approach to comprehensively analyze miRNA expression
signatures of both naive Tregs (CD4+CD45RO-CD25++) and memory Tregs
(CD4+CD45RO+CD25+++), as well as conventional naive (CD4+CD45RO-CD25-)
and memory (CD4+CD45RO+CD25-) T-cells (Tconvs) derived from peripheral
blood of RA patients and matched healthy controls. Differential expression of
selected miRNAs was validated by TaqMan-based qRT-PCR. We found a positive
correlation between increased expression of miR-451 in T-cells of RA patients and
disease activity score (DAS28), ESR levels, and serum levels of IL-6. Moreover, we
found characteristic, disease and treatment independent, global miRNA expression
signatures defining naive Tregs, memory Tregs, naive Tconvs and memory Tconvs.
The analysis allowed us to define miRNAs characteristic for a general naive
phenotype (e.g. miR-92a) and a general memory phenotype (e.g. miR-21, miR-155).
Importantly, the analysis allowed us to define miRNAs that are specifically expressed
in both naive and memory Tregs, defining as such miRNA signature characterizing
the Treg phenotype (i.e. miR-146a, miR-3162, miR-1202, miR-1246, and miR-4281).
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INTRODUCTION
Rheumatoid arthritis (RA) is an autoimmune disease characterized by chronic
inflammation of synovial tissue that leads to damage of cartilage and bone, resulting
in irreversible joint destruction. A number of genetic factors associated with
RA suggest that deviant regulation of T cells might play an important role in the
development and course of the disease (1-3). Moreover, despite the large numbers
of regulatory T-cells (Tregs) present in the synovial fluid of RA patients (4-6) and
despite the treatment, the inflammatory state of the joint persists. This suggests
a potential functional defect in the Treg compartment or the resistance of effector
T-cells to Treg mediated suppression (7).
Tregs maintain immune homeostasis through suppression of excessive
lymphocyte proliferation and cytokine production (8). Several studies have indicated
that Tregs isolated from RA patients are functionally compromised and fail to suppress
production of pro-inflammatory cytokines such as IL-17, IFN-γ and TNF-α (9-11).
Defective function of RA Tregs has been associated with exposure to elevated levels
of pro-inflammatory cytokines in the synovial fluid of the inflamed joints. TNF-α, by
itself, was shown to affect the transcriptional profile of protein coding genes and the
level of Foxp3 phosphorylation, leading to decreased suppressive function of Tregs
(12,13). In addition, increased TNF-α levels detected in synovial fluid of RA patients
correlated positively with the deviant expression of microRNAs (miRNAs) in T-cells
(14), indicating that the pro-inflammatory cytokines affect T-cells also at the posttranscriptional level.
MiRNAs are a class of small, 20-22 nucleotide long, non-coding RNA
species that regulate gene expression at the post-transcriptional level. After loading
into the RNA-induced silencing complex, miRNAs prevent translation or promote
degradation of target mRNA by homologous binding to the 3’untranslated region
(3’UTR) (15). Thus, miRNAs regulate protein expression and allow intricate fine
tuning of cell biological processes. Over the last decade it has become clear that
miRNAs regulate the expression of genes in fundamental biological processes related
to development (16), proliferation (17), and apoptosis (18) as well as pathological
processes such as cancer and autoimmunity (19-21). The decisive impact of miRNAs,
on the functioning and lineage stability of T-cell subsets, including Tregs, has been
reported in a number of mouse studies (21-23). Indeed, disruption of normal miRNA
biogenesis in Tregs leads to breakdown of tolerance and shifts in the lineage specificity
of Tregs in experimental model systems (24). A number of studies have recently
shown differential expression of specific miRNAs in peripheral blood mononuclear
cells (PBMC), T-cells, and tissues of human inflammatory diseases, including SLE
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and RA (14,25-28). However, the miRNA expression of peripheral blood Tregs and
conventional T-cells (Tconvs) of RA patients has not been reported yet. Miyara et al.
have recently showed that, similarly to Tconvs, Tregs can be sub-classified into
interrelated naive Tregs (i.e. resting Tregs) and memory Tregs (i.e. activated Tregs),
with both overlapping and distinct phenotypic and functional characteristics (29).
Importantly, such classification allows a precise delineation of Treg sub-populations
and enables their efficient isolation (30).
In this study we set out to comprehensively analyze miRNA expression
signatures of four functionally relevant and distinct CD4+ T-cell subsets (i.e. naive
Tregs, memory Tregs, naive Tconvs, and memory Tconvs) derived from RA patients,
before and after anti-TNF-α treatment, and from healthy donors. The global T-cell
subset specific miRNA expression patterns were not altered by either the disease state
or the type of treatment received by RA patients. However, the expression of miR-451
correlated positively with the RA disease activity score, DAS28. Furthermore, the
analysis of the defined T-cell subsets provided characteristic expression signatures of
both naive and memory Treg and Tconv subsets.

RESULTS
The global T-cell subset-specific miRNA expression patterns are not affected by
Rheumatoid arthritis or anti-inflammatory treatment
The miRNA signature of Tregs in RA was studied using a cohort of 27 RA patients
fulfilling the 1987 ACR criteria for the classification of RA, and six healthy controls
(HC). The characteristics of all donors are summarized in Table 1. Possible
confounding effects of disease modifying anti-rheumatic drugs (DMARDs) on T-cells
were accounted for by including patients before and after the start of treatment with
DMARDs. Patients were further subdivided according to the type of treatment into
two groups, i.e. patients treated with methotrexate alone, and patients treated with
methotrexate and Adalimumab, an anti TNF-α monoclonal antibody. CD4+ Tregs
and Tconvs were isolated using the gating strategy devised by Miyara et al (29), which
allows sub classification of T-cells into naive Tregs (CD45RO-CD25++Foxp3+),
memory Tregs (CD45RO+CD25+++Foxp3++), naive Tconvs (CD45RO-CD25Foxp3-), and memory Tconvs (CD45RO+CD25-Foxp3-), as depicted in Figure
1A. Differential expression of Foxp3 was assessed by FACS staining (Fig. 1B), and
confirmed in the sorted T-cell subsets by qRT-PCR (Figure 1C). The percentage
of naive and memory Tregs, the expression level of Foxp3 transcript as well as the
percentage, and numbers of monocytes, NK cells, total T and B cells did not differ
between HC and RA patients groups (Supplementary Figure 1A and B, and data not
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Table 1 Donors characteristics
Donors Gender

non steroid
antimethoAge DAS28 ESR ACPA
RF
anti-inTNFα
trexate
(y) score (mm/h) (U/ml) (U/ml) flammatory
(mg/2
(mg/week)
drugs
weeks)

miRNA analysis
type

Healthy controls
HC-2
HC-6b
HC-1
HC-3
HC-5
HC-7

F
F
M
F
F
F

44
50
45
52
53
48

nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd

nd
nd
nd
nd
nd
nd

-

-

-

array
array
qRT-PCR validation
qRT-PCR validation
qRT-PCR validation
qRT-PCR validation

42
50
46
42
29
68
43
51

4.2
2.9
5.4
6.0
4.5
4.2
3.8
5.4

9
15
67
30
51
22
11
37

39
>340
91
468
>340
>340
43
328

15
650
21
71
15
78
196
69

yes
yes
yes
yes
yes
yes
yes
yes

-

-

array
array
qRT-PCR validation
qRT-PCR validation
qRT-PCR validation
qRT-PCR 2
qRT-PCR 2
qRT-PCR 2

45
56
60
80
54
67
50
30
50
30
48

1.3
5.2
5.3
4.0
2.8
3.4
3.9
7.8
3.7
5.9
3.1

3
15
20
33
38
11
6
70
3
27
13

>340
>340
0
0
107
0
0
3
1
3
34

53
20
0
0
71
16
0
436
13
436
31

yes
yes
no
yes
yes
yes
yes
yes
yes
yes
yes

25
15
15
20
15
15
25
25
25*
25*
25

-

array
array
qRT-PCR validation
qRT-PCR validation
qRT-PCR validation
qRT-PCR validation
qRT-PCR 2
qRT-PCR 2
qRT-PCR 2
qRT-PCR 2
qRT-PCR 2

2.7
2.7
2.7
2.7
2.8
2.6
2.5
1.8

5
18
12
6
24
18
16
13

15
4
42
>340
>340
1
>1000
>340

224
29
33
590
593
54
331
365

yes
yes
yes
yes
no
no
yes
no

15
25
15
10
20
15
12.5
-

40
40
40
40
40
40#
40
40

array
array
qRT-PCR validation
qRT-PCR validation
qRT-PCR validation
qRT-PCR 2
qRT-PCR 2
qRT-PCR 2

Newly diagnosed patients
RA new
RA-10
RA-27
RA-4
RA-14
RA-33
RA-7
RA-12
RA-32

M
M
M
F
F
M
F
F

Treated patients
RA MTX
RA-15
RA-22
RA-1
RA-9
RA-21
RA-26
RA-13
RA-16
RA-18
RA-20
RA-23

M
F
F
F
F
M
M
F
M
F
F

RA MTX + anti-TNFα
RA-8
RA-28
RA-2
RA-29
RA-30
RA-3
RA-11
RA-31

F
F
F
M
F
F
M
F

41
30
62
59
55
61
60
51

nd - not determined; * - per 6 months; # - per month; DAS28 – disease activity score; ESR – erythrocyte sedimentation
rate; ACPA – anti-cyclic citrullinated peptide antibodies; RF – rheumatoid factor

shown). The global miRNA expression patterns were determined in 24 subsets
of six RA patients and in eight subsets of two HC (Table 1, array) using the Agilent
Human miRNA Microarray. 121 human miRNAs passed the detection criteria
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Figure 1. Purification of naive and memory Tconv and Treg populations. A Representative FACS
dot plot depicting the gating strategy for purification of CD4+, naive and memory Treg and Tconv
subsets, based on the expression levels of CD45RO and CD25: I naive Tregs (CD45RO-CD25++), II
memory Tregs (CD45RO+CD25+++), III memory Tconvs (CD45RO+CD25-) and IV naive Tconvs
(CD45RO-CD25-). B Representative histogram depicting FACS analysis of Foxp3 protein expression
in four CD4+ T-cell subsets. C Naive Tregs, memory Tregs, memory Tconvs and naive Tconvs were
FACS purified from PBMC of healthy donors, and Fosxp3 transcript levels were analyzed by qRT-PCR.
Relative expression, normalized to the average of TBP and RPII reference genes is shown. Lines indicate
median expression values. Each dot represents a separate donor (n=4). Statistical analysis: repeated
measures ANOVA test with Bonferroni’s Multiple Comparison post-test. *** p<0.0001.

and were used in the subsequent analysis. To determine whether or not the global
miRNA expression patterns were affected by the disease or the type of treatment,
we performed unsupervised hierarchical clustering of all samples. Clustering
separated the samples, with one exception, into four phenotypic groups (naive Tconv,
memory Tconv, memory Treg, and naive Treg), irrespective of the disease or type of
treatment, indicating that each T-cell subset is characterized by a very specific miRNA
signature. No further biologically meaningful clustering pattern was observed. This
indicates that the global miRNA expression patterns characterizing T-cell subsets are
not affected by the disease or the anti-inflammatory treatment (Figure 2A, B).
Expression of miR-451 in T-cells positively correlates with the disease activity
score (DAS28)
To identify specific miRNAs that were differentially expressed as a result of disease
characteristics or treatment, we performed an inter-group statistical analysis. From
this analysis, miR-451 was identified to be significantly higher expressed in patients
treated with methotrexate (RA MTX, fold difference ≥ 2, corrected p value < 0.05),
irrespective of the T-cell subset (Figure 3A). Surprisingly, qRT-PCR analysis
performed in a new cohort of 10 RA patients and four HC (Table1, qRT26
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Figure 2. Unsupervised hierarchical clustering of globally expressed miRNAs.
A MiRNA expression signatures characterizing Tconvs and Tregs were assessed in 32 samples derived from six RA
patients and two healthy controls (Table 1, array) using miRNA microarray. A heatmap of the 121 human miRNAs
detected in at least 50% of samples, ranked according to their expression in naive Tconvs is shown. Top legend
(red to blue) depicts range of log expression values. Gray coloring indicates expression below the detection limit.
Similarities between samples were assessed by one-way unsupervised hierarchical clustering (Pearson correlation,
complete linkage) using the Genesis software. B Enlargement of the hierarchical tree from A. Color coding
corresponds to the four T-cell phenotypes. HC=healthy control; RA new=RA patients before the start of treatment
with DMARDs; RA MTX=RA patients treated for three months with methotrexate alone; RA MTX anti-TNFα=RA
patients treated with methotrexate and anti TNFα monoclonal antibody. N=naive, M=memory.
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Figure 3. Expression of miR-451 correlates with the disease activity score (DAS28). A MiR-451
expression was assessed in Tconvs and Tregs, of six RA patients receiving different treatments, and two
HC by miRNA microarray (Table 1, array). MiR-451 levels are higher in all T-cell subsets of patients
treated with methotrexate. The horizontal lines indicate the median values. Statistical analysis: ANOVA
test with the Benjamini-Hochberg correction for multiple testing. B MiR-451 expression was assessed in
Tconvs and Tregs, in a new cohort of ten RA patients receiving different treatment, and four HC by qRTPCR (Table 1, qRT-PCR validation). Expression was normalized to the average of RNU44 and RNU48
reference genes and to a calibrator sample (RA-29 naive Tconv), which was set to 1. The horizontal lines
indicate the median values. Statistical analysis: Kruskal-Wallis test with Dunn’s Multiple Comparison
post-test. HC = healthy control; RA new = RA patients before the start of treatment with DMARDs;
RA MTX = RA patients treated for three months with methotrexate alone; RA MTX anti-TNFα = RA
patients treated with methotrexate and anti TNFα monoclonal antibody. C - E MiR-451 expression was
assessed in naive Tconvs of 27 RA patients (Table 1, all patients) by qRT-PCR. Expression was normalized
to the average of RNU44 and RNU48 reference genes and a calibrator sample (RA-29 naive Tconv),
which was set to 1. Each dot represents one RA patient. C MiR-451 expression correlates positively with
the disease activity score (DAS28) in RA patients. D MiR-451 expression correlates positively with the
erythrocytes sedimentation rate (ESR) in RA patients. E MiR-451 expression correlates positively with
IL-6 levels detected in the serum of RA patients. * p<0.05, ** p<0.01, *** p<0.0001

PCR validation) identified miR-451 to be significantly higher expressed in a group
of newly diagnosed, DMARD-free RA patients (RA new) (Figure 3B). This discrepancy
prompted us to investigate if the expression of miR-451 in T-cells is related to the disease
characteristics of individual patients in the cohorts included in the study. Indeed,
analysis of 27 patients revealed that the expression of miR-451 correlated positively
with the disease activity score (DAS28) and, more specifically, with the erythrocyte
sedimentation rate (ESR) (Figure 3C and D). Correlations with ACPA, RF level or age
were not found (data not shown). Both the DAS28 score and ESR have been previously
correlated with the serum levels of pro-inflammatory cytokine IL-6 (31). Moreover,
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IL-6 has been shown to induce expression of miR-451 in dendritic cells (32). To test
whether an increased expression of miR-451 in T-cells could be related to an increased
presence of IL-6, we measured IL-6 levels in the sera of RA patients. Indeed, we found a
positive correlation between the miR-451 expression in T-cells and serum levels of IL-6
(Figure 3E), indicating that the inflammatory status of RA patients, resulting from an
active disease, may be responsible for the observed increased expression of miR-451.
Naive and memory Treg subsets are characterized by distinct miRNA signatures
Unsupervised clustering separated both Treg and Tconv samples into either a naive
or a memory phenotype, which was irrespective of disease characteristics or the type
of treatment (Figure 2). To determine which miRNAs in particular were responsible
for this clustering pattern we performed statistical analysis between the four T-cell
subsets across all eight donors. This resulted in the identification of 42 significantly
differently expressed human miRNAs (Table 2, fold difference ≥ 2, corrected
p value <0.005). Two-way unsupervised hierarchical clustering revealed four distinct
miRNA clusters (I – IV) separating the samples into four cellular phenotypes
(Figure 4A, and Table 2). MiRNAs defined in cluster I were overrepresented in naive
Tconvs, and underrepresented in memory Tregs. MiRNAs defined in cluster II were
overrepresented in naive T cells, irrespective of CD25 expression. MiRNAs defined in
cluster III were overrepresented in Tregs, irrespective of naive or memory phenotype.
MiRNAs defined in cluster IV were overrepresented in memory T cells irrespective of
CD25 expression (Figure 4A). To validate these findings we selected nine miRNAs,
2-3 from each cluster, based on their high expression and/or high fold difference
between T-cell subsets, and based on the literature reporting involvement of a given
miRNA in the T-cell biology (23,33-35) (Table 2, in bold), and we assessed their
expression in a new group of 14 donors (Table 1, qRT-PCR validation). Expression
patterns of miR-29c, miR-363, miR-31, miR-92a, miR-146a, miR-1246, miR-21 and
miR-24 were consistent with the array data (Figure 4B), while the expression of miR320d could not be determined due to the lack of specificity of the primers/probe pair.
To better visualize the overlap between miRNA signatures defining each of
the four T-cell subsets we made a Venn diagram based on high expression levels of
the significantly differentially expressed miRNAs in each of the subsets, as defined by
the percentages given in Table 2 (Fig. 5). In the Tconv subset 16 miRNAs showed a
consistent high expression in both naive and memory phenotypes, of which 9 were also
high in naive Tregs and 4 were also high in memory Tregs. Three miRNAs were highly
expressed specifically in the memory Tconvs and 6 miRNAs were highly expressed
specifically in naive Tconvs. In the Treg subset, 5 miRNAs, i.e. miR-146a, miR-3162,
miR-1202, miR-1246 and miR-4281, showed a consistent high expression irrespective
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of the naive or memory phenotype. Nine memory Treg specific miRNAs were also
highly expressed in the memory Tconvs, and therefore should be regarded as miRNAs
that define a general memory phenotype. Similarly, the 3 naive Treg specific miRNAs
were also highly expressed in the naive Tconvs, and as such should be regarded as
miRNAs defining a general naive phenotype. Thus, the differential expression of
miRNAs between naive and memory Treg subsets is partly a consequence of their
respective naive and memory phenotypes. Together, these data show that some miRNAs
show an abundant expression confined to Tregs irrespective of their maturation
stage (e.g. miR-146a, miR-1246), while several miRNAs previously linked to the
Treg phenotype (e.g. miR-21, miR-155) are in fact specific for a memory phenotype.

Discussion
Many studies, mostly in experimental models, have shown the critical involvement of
miRNAs in the maintenance of Tregs lineage (21,24). Recently, Miyara et al. fueled the
notion of further complexity in the Treg compartment and underlined the necessity
to consider naive and memory Tregs as separate regulatory entities (29). In this study,
we performed a comprehensive analysis of the miRNA expression profiles of naive
Tregs, memory Tregs, naive Tconvs, and memory Tconvs in RA patients and HC.
We found characteristic, disease and treatment independent, global miRNA
expression signatures allowing a clear, miRNA-based sub classification of T-cell
subsets into naive Tconv, naive Treg, and memory-like phenotypes. In addition, we
found that the expression of miR-451 in T-cells is associated with the disease activity
score (DAS28), ESR, and serum levels of IL-6.
Several reports have shown the critical involvement of miRNAs in the
maintenance of Treg lineage stability and function. The work of Cobb et al., Liston et
al., and Zhou et al. clearly demonstrates that disturbed expression of miRNAs leads
to serious and complex alterations in Treg function, resulting in the development
of systemic autoimmune-like conditions in mice (21,24,36). MiRNA expression
signatures characterizing Tregs of both mice and man have been described (33,36-38).
However the gating strategies employed so far, based on the CD25high expression,
Figure 4. MiRNA signatures characterizing T-cell subsets. A Heatmap (Pearson correlation, median
centering miRNAs, complete linkage) showing the miRNA expression signatures that characterize Tconvs
and Tregs in 32 samples derived from six RA patients and two healthy controls, using miRNA microarray.
Statistical analysis of 121 detected miRNAs revealed 42 miRNAs significantly differently expressed
between T-cell subsets of eight donors (n=32 samples, Friedman test, P<0.005, fold difference ≥2 in at
least one of six comparisons). Top legend (red to blue) depicts range of expression values (log values).
Each T-cell subset is characterized by specific miRNA signature. B Eight miRNAs, differentially expressed
between the four clusters as identified in A, were selected for qRT-PCR validation in a new cohort of
donors (n=14, Table 1, qRT-PCR validation). Relative expression, normalized to the average of RNU44 and
RNU48 reference genes is shown. Data are depicted as median values with interquartile range. Statistical
analysis: Friedman test with Dunn’s Multiple Comparison post-test. * p<0.05, ** p<0.01, *** p<0.0001.
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Table 2 MiRNAs with significant differential expression levels between T-cell subsets
Cluster I: naive Tconv
GeoMean Expression array data

miRNA
miR-7g
miR-29c
miR-342-3p
miR-26a
miR-142-5p
miR-146b-5p
miR-30b
let-7b
miR-363
let-7c
miR-31
miR-151-5p
miR-590-5p
miR-423-5p

naive Tconv
66
32
26
18
17
13
7,3
6,9
2,4
1,3
1,1
1,0
1,0
0,3

min
54
28
24
13
14
10
6,0
6,2
1,5
1,1
0,8
0,8
0,8
0,2

-

max

Change vs naive Tconv (%)
memory Tconv
87%
65%
72%
64%
95%
59%
70%
112%
20%
94%
44%
31%
79%
89%

78
38
27
21
22
19
7,9
7,7
4,3
1,8
1,5
1,3
1,2
0,4

memory Treg
46%
27%
45%
24%
49%
36%
28%
50%
0,3%
43%
0,3%
2%
39%
17%

naive Treg
78%
61%
78%
66%
46%
50%
72%
81%
23%
61%
26%
37%
48%
82%

naive Tconv
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

Cluster II: naive
GeoMean Expression array data

miRNA
miR-92a
miR-342-5p
miR-320d
miR-320e
miR-4299
miR-320c
miR-1275

naive Treg
4,7
2,2
2,1
1,4
1,4
1,3
0,6

min

-

max

Change vs naive Treg (%)
memory Tconv
63%
79%
65%
70%
66%
71%
72%

3,5
1,9
1,7
1,1
1,0
1,0
0,3

-

5,7
2,7
2,3
1,7
1,4
2,0
0,8

min

-

max

memory Treg
46%
50%
48%
42%
40%
44%
16%

naive Treg
100%
100%
100%
100%
100%
100%
100%

naive Tconv
87%
107%
81%
87%
74%
91%
86%

Cluster III: Treg
GeoMean Expression array data

miRNA
miR-146a
miR-3162
miR-1202
miR-1246
miR-4281

20
2,1
1,9
0,9
0,8

9
0,6
0,4
0,1
0,2

-

Change vs memory Treg (%)
memory Tconv
35%
50%
32%
9%
68%

memory Treg

34
4,2
5,9
3,1
1,7

memory Treg
100%
100%
100%
100%
100%

naive Treg
91%
88%
97%
135%
107%

naive Tconv
5%
37%
23%
6%
40%

Cluster IV: memory
GeoMean Expression array data
memory
miRNA
Tconv

miR-21
miR-16
miR-15b
miR-15a
miR-23a
miR-24
miR-27a
miR-22
miR-155
miR-425
miR-4306
miR-148a
miR-222
miR-625
miR-7
miR-454

32

104
44
10
6,7
5,0
4,9
4,1
2,7
2,2
0,7
0,6
0,5
0,5
0,4
0,3
0,2

min
73
32
6
4,0
4,0
4,0
3,2
1,2
1,9
0,6
0,5
0,4
0,2
0,3
0,3
0,1

-

max
150
58
14
9,2
6,2
6,8
5,5
3,2
4,4
0,9
0,7
0,7
0,4
0,6
0,5
0,3

Change vs memory Tconv (%)
memory Tconv
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

memory Treg
179%
118%
130%
103%
63%
81%
61%
86%
157%
95%
103%
87%
43%
73%
112%
166%

naive Treg
33%
48%
45%
35%
44%
38%
30%
15%
53%
49%
30%
26%
4%
29%
37%
3%

naive Tconv
29%
55%
63%
43%
53%
39%
50%
22%
29%
74%
71%
109%
34%
82%
65%
47%
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did not include a memory marker and as such did not separate naive and memory
Treg populations. In this study we used a recently described gating strategy (29), and
we show that human naive and memory Tregs are characterized by distinct miRNA
expression signatures. Our data clearly show that several miRNAs previously linked
to the Treg phenotype (i.e. miR-21, miR-22, miR-24, and miR-155) (23,33,38) are
differentially expressed between naive and memory Tregs, and are specifically confined
to a memory T-cell phenotype. Especially intriguing, in this respect, is the role of
miR-155,which has been shown to provide a “competitive fitness” to Tregs in mice (22).

Figure 5. Venn diagram depicting subset-specificity of miRNAs. MiRNAs specific for each T-cell
subset were selected based on an expression level of ≥ 70% as depicted in Table 2.

Differential expression of miR-155 between naive and memory Tregs, has recently
been reported in a study by Seddiki et al., which is consistent with our data (39).
Importantly, we found that five miRNAs (miR-146a, miR-3162, miR-1202, miR-1246,
and miR-4281) were significantly enriched in both naive and memory Tregs, indicating
their involvement in the maintenance of a specific Treg phenotype, while three miRNAs
were significantly underrepresented in both Treg subsets (miR-142-5p, let-7c, and
miR-590-5p). Of the miRNAs enriched in Tregs, miR-146a stands out because of its
abundant expression level. MiR-146a is known for its involvement in innate immunity
where it has been shown to inhibit myeloid cell proliferation and oncogenesis (40,41).
In adaptive immunity, miR-146a has been reported to control TCR signaling via negative
regulation of NF-κB (42) as well as to impair IL-2 production, and to protect T cells
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from antigen induced cell death (AICD) (43). Interestingly, miR-146a is induced upon
T-cell activation and its elevated expression has been previously linked to the memory
T-cell phenotype (43). Indeed, we found increased miR-146a levels in memory Tconvs
compared to naive Tconvs. Notably, miR-146a expression has been studied extensively
in the context of Treg cell function in mice. It was shown that miR-146a positively
regulates the suppressive capacity of Tregs by targeting STAT1, a transcription factor
involved in the IFN-gamma signaling (23). Importantly, no differential expression of
miR-146a was noted in our study between patients and controls, or in RA patients
between different arms of treatment (methotrexate and methotrexate + anti-TNF-α),
suggesting no overt, miR-146a mediated deregulation of Treg function in RA. In a recent
study, Rossi et al. described the miRNA signature of 17 defined lymphocyte subsets,
and focused on naive T-cells (38). In our analysis, in which we used a slightly different
sorting strategy to purify naive CD4+T-cells, we could confirm the naive Tconv-specific
expression of miR-146b-5p and miR-26a. The pattern of miR-125b expression in our
data was also consistent with the one described by Rossi et al, i.e. relatively high levels in
naive Tconvs and virtually absent in memory T-cells (38). However, due to the very low
absolute expression level, even in the naive Tconvs, miR-125b did not pass the filtering
criteria and was not included in our analysis.
Memory Tregs are composed of natural Tregs (nTregs), which arise in the
thymus, and inducible Tregs (iTregs), which arise in the periphery in response to
antigen exposure (44). The recently described possibility to separate nTregs and iTregs
based on their differential expression of neutropilin-1(45) could be used in future
studies to determine whether nTregs and iTregs share a common miRNA expression
signature.
Our profiling did not reveal global RA-specific changes in the miRNA
signatures of the four T-cell subsets. However, we found a positive correlation between
the expression of miR-451 and the disease activity score (DAS28), and more specifically
ESR. Furthermore, elevated miR-451 expression correlated with increased serum levels
of IL-6 in RA patients with active disease. A negative feedback loop between IL-6 and
miR-451 has been described in dendritic cells. IL-6 was shown to induce miR-451,
which in turn led to a decreased expression of pro-inflammatory cytokines, such as
IL-6, by direct repression of the YWHAZ adapter protein (32). Further studies are
warranted to determine whether this proposed relationship between IL-6 and miR-451
exists in T-cells.
Our study clearly shows that defined T-cell subsets are characterized by
specific miRNA expression signatures. As such, subtle changes in the CD4+ T-cell
composition (e.g. the ratio of naive to memory T-cells) between HC and RA patients
may readily influence the outcome of the analysis, especially for miRNAs that show
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significantly different expression between the naive and memory subsets (e.g. miR-21,
miR-155 or miR-146a). Recently, Li et al. reported increased miR-146a levels in T-cells
from synovial fluid of RA patients, as well as in T-cells treated with TNF-α (14).
In our analysis of naive and memory T-cells isolated from peripheral blood, expression
of miR-146a did not differ between HC and RA patients. Consistently, we did not
detect increased TNF-α level in the sera of RA patients (data not shown). The synovial
fluid T-cell compartment is almost entirely composed of memory T-cells (46) which
are characterized by higher levels of miR-146a than naive T-cells (this study and (43)).
Moreover, it has been shown that T-cell activation, which takes place in the synovial
fluid, significantly induces miR-146a expression (43). Thus, a shift in the composition
of synovial fluid T-cells together with an ongoing inflammatory state of the joint might
be responsible for the relatively high expression of miR-146a observed in synovial fluid
T-cells. Fulci et al. have recently reported increased levels of miR-223 in peripheral
blood CD4+ T-cells of RA patients (47). We did not observe such increase in our
analysis. This discrepancy could be a result of an inter-donor variation.
Overall, our study provides important insight into the expression of specific
miRNAs in defined T-cell subsets, especially in naive and memory Tregs. Furthermore,
our data underline the necessity to analyze isolated T-cell populations in the search for
disease-specific molecular cues such as miRNAs.

Materials and Methods
Patient’s characteristics
Peripheral blood was obtained from 27 RA patients and six HC. All RA patients
fulfilled the 1987 ACR criteria for the classification of RA. Twenty four patients
had active disease as defined by the EULAR criteria for active disease (DAS28 score
> 2.6). For 26 patients the DAS28 score was calculated at the time of recruitment
(for 1 patient DAS3 score was calculated). IgM RF and ACPA were routinely tested
respectively by turbidimetrics (Roche, Mannheim, Genrmany) and fluorescent
enzyme immune assay (Phadia, Thermo Fisher Scientific, Uppsala, Sweden). Clinical
characteristics of patients, including medication are summarized in Table 1. None
of the patients received steroid treatment. The study was approved by the UMCG
institutional medical ethical committee (2009.118) in accordance with the standards
laid down in the 1964 Declaration of Helsinki.
Isolation of Treg and Tconv cells
Peripheral blood mononuclear cells (PBMC) from RA patients and HC were isolated
by density gradient centrifugation using Lymphoprep (Axis-shield, Oslo, Norway)
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immediately after blood withdrawal into heparin-supplemented vacutainer tubes
(Becton Dickinson Biosciences, Franklin Lakes, USA). CD3+CD8-CD45RO-CD25-,
CD3+CD8-CD45RO-CD25++, CD3+CD8-CD45RO+CD25- and CD3+CD8CD45RO+CD25+++ T-cells were isolated from PBMC by fluorescence-activated
cell sorting (FACS) (MoFlo, Beckman Coulter, Brea, USA) using anti-human-CD3
(OKT3, eBioscience, San Diego, USA), anti-human-CD8 (MCD8, IQ Products,
Groningen, The Netherlands) anti-human-CD45RO (UCHL1, eBioscience), and
anti-human-CD25 (2A3, Becton-Dickinson Biosciences). Cells were immediately
lysed with Qiazol reagent (Qiagen, Venlo, The Netherlands).
Intracellular Foxp3 Staining
PBMCs were fixed, permeabilized, and washed using the Foxp3 staining Buffer Set
(eBioscience). Cells were stained with anti-human-CD3 (OKT3, eBioscience,), antihuman-CD8 (MCD8, IQ Products) anti-human-CD45RO (UCHL1, eBioscience),
anti-human-CD25 (2A3, Becton-Dickinson Biosciences) and anti-human-Foxp3
(clone 206D, BioLegend, San Diego, CA, USA) monoclonal antibodies. Flow
cytometry analysis was performed using an LSR-II Flow Cytometer and FACSDiva
software (Becton-Dickinson Biosciences). Data were analyzed using Kaluza software
(version 1.2, Beckman Coulter).
RNA Isolation
Total cellular RNA was extracted using the miRNeasy Mini Kit (Qiagen), following
manufacturer’s instructions, with an additional chloroform extraction step, and
a triple washing step with RPE buffer. RNA concentrations were quantified using
a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA), and RNA quality was assessed using the Experion HighSens RNA analysis
Kit (Bio-Rad, Hercules, California, USA). RNA samples with an RNA quality
Indicator value (RQI) above 8.8 were used for downstream applications.
Microarray analysis and statistics
Approximately 100 ng of total RNA was dephosphorylated, desalted, and labeled with
Cy-3 and hybridized to the Agilent Human miRNA Microarray (cat.nr G4870A),
that contained probes for 1205 human and 144 human viral miRNAs. Arrays were
scanned using an Agilent scanner according to the manufacturer’s instructions
(Agilent Technologies, Santa Clara, California, USA). Array images were analyzed
using Agilent feature extraction software (v10.7.3.1). All further analyses were
performed using GeneSpring GX version 12.5 software (Agilent). TXT files for each
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array were preprocessed using default settings, as follows: threshold raw signals to 1.0,
followed by 95 percentile shift normalization. We excluded control probes, miRNAs
detected in less than 50% of samples (16 out of 32 samples), and miRNAs with an
expression value below -3.5 in more than 25% of samples (8 out of 32 samples),
leaving 121 human miRNAs, and four human viral miRNAs. Hierarchical clustering
was performed using Genesis software (Graz University of Technology), and Pearson
correlation as the distance metric. Differential expression analysis between four
treatment groups, irrespective of T-cell subset, was performed using an ANOVA test
with the Benjamini-Hochberg correction for multiple testing. Probes with corrected
p value < 0.05, and fold difference ≥ 2 in at least one of the comparisons between the
groups were considered for further analysis. Differential expression analysis across
all subjects (n=8) was performed using a Friedman test between four T-cell subsets,
with the Benjamini-Hochberg correction for multiple testing. Probes with corrected
p value < 0.005, and a fold difference ≥ 2 in at least one of the comparisons between
the subsets were considered for further analysis. Venn diagrams were constructed
using an online tool: http://bioinfogp.cnb.csic.es/tools/venny/.
Microarray data
The microarray data have been deposited into Gene Expression Omnibus and are
accessible with the following series record number: GSE50646.
Quantitative RT-PCR
Gene expression levels were analyzed by quantitative reverse-transcriptionpolymerase chain reaction (qRT-PCR). For miRNA-specific cDNA synthesis, RNA
was reverse transcribed using the Taqman MicroRNA Reverse Transcription kit in
combination with multiplexed reverse transcription primers of TaqMan microRNA
Assays (Life Technologies, Carlsbad, USA): for miR-363-3p (ID: 001271), miR-31-5p
(ID: 002279), miR-29c-3p (ID: 000587), miR-92a-3p (ID: 000431), miR-320d (ID:
241066_mat), miR-146a-5p (ID: 000468), miR-1246 (ID: 462575_mat), miR-21-5p
(ID: 000397), miR-24-3p (ID: 000402), miR-451a (ID: 001141), RNU44 (ID: 001094)
and RNU48 (ID: 0010060). cDNA synthesis for mRNA was performed using
Superscript III RTase (Life Technologies).
The qPCR reaction was performed using qPCR MasterMix Plus (Eurogentec, Liege,
Belgium), and Taqman Gene expression assays for miRNAs and for Foxp3 (ID: Hs
01085834_m1) (Life Technologies). Gene specific primers and probe (Integrated
DNA Technologies, Coralville, USA) were used for detection of TBP: forward
5’-GCCCGAAACGCCGAATAT-3’, reverse 5’-CCGTGGTTCGTGGCTCTCT-3’,
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and
probe
5’-6-FAM-ATCCCAAGCGGTTTGCTGCGG-BHQ-1-3’;
and
for the detection of RPII: forward 5’- CGTACGCACCACGTCCAAT-3’,
reverse 5’- CAAGAGAGCCAAGTGTCGGTAA-3’, and probe 5’-6-FAMTACCACGTCATCTCCTTTGATGGCTCCTAT-BHQ-1-3’.
All reactions were run in triplicate. Mean cycle threshold (Ct) values for all genes
were quantified with the Sequence Detection Software (SDS, version 2.3, Life
Technologies), using ABI7900HT thermo cycler (Life Technologies). RNU48 and
RNU44 served as endogenous controls for the selected miRNAs, while TBP and RPII
served as endogenous controls for Foxp3, resulting in ∆Ct values. Relative expression
levels were determined using the 2-ΔCt formula. For the detection of miR-451
(Fig. 3B-E) relative expression levels were calculated with the 2-ΔΔCt formula, where
RA-29 naive Tconv sample served as a calibrator.
Quantification of circulating cytokines
Peripheral blood was collected in anticoagulant-free tubes and incubated to
coagulation for one hour at RT. Serum was harvested by centrifugation (1400 g for 10
min) and stored at -80°C. Sera samples were thawed to quantify levels of cytokines
using Human Th1/Th2 Essential 6-plex (Affymetrix, eBioscience), according to the
manufacturer’s instruction. Data analyses were performed using StarStation software
(Applied Cytometry, Birmingham, UK).
Statistical analysis
Statistical analysis of qRT-PCR data was performed with the GraphPad Prism software
(version 5.0). Comparisons of multiple unpaired samples were performed using
the Kruskal-Wallis test with Dunn’s Multiple Comparison post-test; comparisons
of more than two paired samples were performed using the Friedman test with Dunn’s
Multiple Comparison post-test. Comparisons of more than two paired samples with
less than six replicates were performed using the repeated measures ANOVA test
with Bonferroni’s Multiple Comparison post-test. For correlation comparisons the
Spearman test was used. All statistical analyses were two-sided, and the significance
level used was p < 0.05.
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Supplementary Figure 1. Percentage of Tregs and expression of Foxp3 transcript in all subjects
included in the study. A Percentage of naive and memory Treg among total CD4+ T-cells was analyzed
by FACS in 26 RA patients and 6 HC. Each symbol indicates one donor, and lines represent median
values. Statistical analysis within the groups: Kruskal-Wallis test with Dunn’s Multiple Comparison
post-test. B Foxp3 transcript expression was analyzed by qRT-PCR in FACS purified naive and memory
Tregs of ten RA patients, and four HC. Relative expression, normalized to the average of TBP and RPII
reference genes is shown. Each symbol indicates one donor and lines represent median values. HC =
healthy control; RA new = RA patients before the start of treatment with DMARDs; RA MTX = RA
patients treated for three months with methotrexate alone; RA MTX anti-TNFα = RA patients treated
with methotrexate and anti TNFα monoclonal antibody.
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Abstract
In this study we set out to analyze the kinetics of activation-induced regulation of
four miRNA, i.e. miR-21, miR-146a, miR-155, and miR-31 in primary CD4+ T-cells.
Differential expression of these miRNAs in sorted naive and memory CD4+ T cells
was assessed. Next, the dynamics of the expression of these miRNAs was studied
in naive T-cells, stimulated for 10 days using αCD3/CD28 antibodies. Phenotyping
revealed gain of CD25 and CD45RO expression upon activation. Analysis of the
miRNA levels at day 3, 5, 7 and 10 showed clear activation-induced differences in
the levels of the mature miRNAs. Moreover, we observed miRNA specific early
and late expression kinetics-patterns. In conclusion, we show a complex network
of regulatory mechanisms controlling differential timing and level of specific T cell
activation associated miRNAs.

T-cell activation induces dynamic changes in miRNA expression

Introduction
Differentiation and maintenance of the immune system requires tight regulation in
order to control the development and activation state of specialized immune cells.
This is clearly exemplified in the field of T-cell development, maturation and
differentiation. Growing evidence indicates that the phenotypic and functional
diversity of T-cells depends on a complex network of transcription factors, epigenetic
marks and non-coding RNA transcripts, most notably microRNAs (miRNAs) [1-3].
Several studies have shown that proper T-cell development depends on the presence
of miRNAs [4-6]. Moreover, profiling studies have demonstrated distinct expression
patterns characterizing specific T-cell subsets and dynamic regulation of multiple
miRNAs upon external stimuli [7,8].
We (Chapter 2) and others [8] have observed that human memory T-cells are
characterized by a specific miRNA expression signature that is significantly different
from the signature of antigen inexperienced, naive T-cells. This characteristic miRNA
expression signature is likely the result of the differential proliferative history and
maturation stage of memory T-cells. Several of these miRNAs have been functionally
related to T cell biology. MiR-155 has been shown to regulate T-cell proliferation
[9-12], development of Th1 and Th17 immune response [9,13-15], and responsiveness
to type I interferon [10]. In addition, miR-155 has a well described pronounced
oncogenic potential in B-cells [16,17]. MiR-21 has been shown to inhibit apoptosis
[18], promote proliferation [19], and regulate the DNA methylation status in T cells
[20]. MiR-146a inhibits NFκB signaling and as such prevents formation of excessive
immune responses [21,22].
Although T-cell activation has recently been shown to affect miRNA expression
in naive T-cells [5,23,24], little is known about the kinetics of miRNA regulation.
We selected four miRNAs, i.e. miR-21, miR-146a, miR-155, and miR-31, that were reported
to be differentially expressed between naive and memory T-cells (Chapter 2 and [23]) and
have been previously linked to T cell activation (i.e. miR-146a, miR-155) [25,26].

Results and Discussion
We first sorted naive and memory CD4+ T cells based on CD45RO expression
(Fig. 1A) and confirmed the differential expression of four selected miRNAs (miR-21,
miR-146a, miR-155, and miR-31). As a control, we also analyzed expression of
miR-125a, which we previously found to be expressed at similar levels in naive and
memory T-cells (see Chapter 2) (Fig. 1B). To assess if and how T-cell activation affects
the expression of the selected miRNAs, we activated naive CD4+ T-cells using αCD3/
CD28 monoclonal antibodies (mAbs) for 10 days. By day seven after activation we
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observed that all cells had become blast-like, expressed the IL-2 receptor α-subunit
(CD25), and had acquired a memory phenotype as determined by the expression
of CD45RO. These changes are consistent with the expected activation induced
phenotype [27] (Figure 1C).
Using qRT-PCR, we assessed the expression of the four selected miRNAs at
the indicated time-points after activation. Expression of all four miRNAs underwent
dynamic changes (Fig. 1D). Overall, the expression of miRNAs specific for T-cells with
a memory phenotype (miR-21, miR-146a, miR-155) was induced upon activation,
while the expression of a miRNA specific for T-cells with a naive phenotype (miR-31)
was downregulated upon activation. This indicates that the activation process
indeed leads to the acquisition of a memory phenotype-specific miRNA signature.
Interestingly, we observed that activation-induced expression of the three memory
T-cell-specific miRNAs followed different kinetics. MiR-21 expression was induced in
two steps; the first induction lead to a 13 fold increase at day 5, then remained stable
till day 7 and reached a 35 fold-increase by day 10. MiR-146a induction was observed
only after 5-days from the start of the activation, after which a rapid induction was
obtained reaching a 55 fold-increase at day 10. This pattern was consistent with
previous data published by Curtale et.al [25]. MiR-155 expression was strongly
induced immediately after activation, confirming the data of Stahl et.al [26], peaked at
day 7 with a fold increase of 110, followed by a marked decrease at day 10. Although
these specific patterns of induction indicate different regulatory circuits involved
in the regulation of miR-21, miR-146a, and miR-155, all three miRNAs have been
reported to be regulated by NF-κB [22,28-30] (Figure 2). In addition, miR-21 has
been shown to be under positive transcriptional control of AP1 and STAT3 [31,32],
while miR-155 has been shown to be under positive transcriptional control of AP1
[33] and STAT5 [34]. The delayed induction of miR-146a upon activation of human
T-cells, as observed in this study and by Curtale et. al. [25], indicates involvement
of an additional regulatory layer controlling the increase of mature miR-146a
expression. The level of mature miRNA expression can be affected by factors regulating
primary-miRNA transcript localization and processing, irrespective from the
transcriptional control [35]. Whether the primary transcript of miR-146a is under
such regulation upon T-cell activation, remains to be investigated. Expression of
miR-31, which is high in naive cells and low in memory T-cells, was downregulated
immediately after activation of the naive cells. This indicates that low miR-31
levels may be involved in acquisition of the activated memory T-cell phenotype.
The observed differences in timing of miRNA induction suggests that miR-155
and miR-31 are involved in the initial phase of T-cell activation, while miR-21 and
miR-146a are involved in a later phase of the activation, or in the termination of
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Figure 1. T-cell activation induces dynamic changes in miRNA expression. A Representative
FACS plot depicting the gating strategy used to isolate naive (CD45RO-) and memory (CD45RO+)
CD4+ T-cells from PBMC of healthy donors. B MiRNA expression in naive and memory T-cell
populations. MiRNA expression levels were normalized to RNU48. The expression level in naive
(miR-21, miR -146a, miR-155, miR-125a), or memory (miR-31) T-cells (n=3 to 5 different donors)
was set to 1. Data are represented as median with interquartile range. C Isolated naive CD4+ T-cells
were stimulated with αCD3/CD28 mAbs for 7 days. Representative FACS plots depicting changes
in cell size and expression of the activation markers before and after activation are depicted. D
Naive CD4+ T-cells were stimulated with αCD3/CD28 mAbs for 10 days. Expression of miR-21,
miR-146a, miR-155 and miR-31 was analyzed at indicated time points after activation. MiRNA
expression was normalized to RNU48 and the expression at day 0, i.e. before activation, was set to 1
(n=3 to 5 different donors). Data are represented as median with interquartile range (dashed lines).
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Figure 2. Dynamic expression of miRNAs co-regulates T-cell activation process. T-cell activation
involves activation of NF-κB transcription factor, which is subsequently translocated to the nucleus. NFκB regulates expression of multiple genes including the activation-induced increase of miR-155, miR-21
and miR-146a levels. Downregulation of miR-31 expression upon T-cell activation might augment the
NF-κB activity via upregulation of NIK, a direct target of miR-31. Induced expression of miR-21 and
miR-155 may support T-cell activation by inhibition of apoptosis and enhancement of proliferation,
while the induction of miR-146 in a later phase of T-cell activation might lead to the termination
of the activation state by negatively regulating the NF-κB signaling. Partly based on Nature Reviews
Immunology, doi:10.1038/nri3494

the activation process. Based on the known functions of miR-155 in T-cell function
[9-14], miR-155 induction might be involved in enhancement of T-cell proliferation
and generation of optimal Th1 and Th17 immunity (Figure 2). MiR-31 has been
shown to repress the NFκB-inducing kinase (NIK) [36], an important positive
regulator of NFκB pathway in T-cells [37] (Figure 2). This implicates that high miR31 levels in naive T-cells contribute to negative regulation of non-canonical NFκB
signaling, while miR-31 downregulation, observed early upon T-cell activation,
might be involved in the acquisition of an activated T cell phenotype. MiR-21 has
been shown to inhibit apoptosis and promote proliferation [18,19], indicating that
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miR-21 induction is essential to promote survival of activated T-cells. MiR-146a is
a known inhibitor of NFκB signaling by targeting NF-κB activating factors, such as
TRAF6 and IRAK1 (Figure 2) and thereby provides a negative regulatory feedback
pathway to prevent excessive immune activation [21,22]. Thus, the induction
of miR-146a expression relatively late after T-cell activation is likely associated with
waning of the activation process and preventing uncontrolled immune reactivity.
Together, the results presented here show dynamic regulation of miRNAs and
indicate their contribution to the complex regulatory network of T-cell activation and
differentiation. This is exemplified by the regulated expression of miR-31, miR-155,
miR-21 and miR-146a, which may be, respectively, involved in achieving and
maintaining T cell activation, enhance T cell survival and induce waning of T-cell
activation. Thus, regulated expression of miRNAs adds to the dynamic and plasticnature
of T-cells, which is pivotal to well-balanced adaptive immunity and ensures
eradication of the vast diversity of pathogens while preserving the self-tolerance.

Materials and Methods
Isolation of CD4+ T cells
Peripheral blood mononuclear cells (PBMC) from healthy donors were isolated
by density gradient centrifugation using Lymphoprep (Axis-shield, Oslo,
Norway) immediately after blood withdrawal into heparin vacutainer tubes
(Becton Dickinson, Franklin Lakes, USA). Naive (CD4+CD45RO-) and memory
(CD4+CD45RO+) T-cells were isolated from PBMC by fluorescence-activated cell
sorting (FACS) (MoFlo, Beckman Coulter, Brea, USA) using anti-human-CD4
(Edu-2, IQ Products, Groningen, The Netherlands), and anti-human-CD45RO
(UCHL1, eBioscience, San Diego, USA).
T-cell activation with αCD3/CD28 mAbs
TCR stimulation of isolated naive (CD4+CD45RO-) T-cells was performed with
plate-bound anti-human-CD3 and soluble anti-human-CD28 mAbs. Briefly,
culture plates were incubated with goat-anti-mouse-IgG2a Ab (Cat. No. 1080-01,
Southern Biotechnology) overnight at 4°C, followed by washing with PBS and 1h
incubation with hybridoma-culture supernatant, containing anti-human-CD3
IgG2a mAb (clone WT32, approx. conc. 1µg IgG/mL) at RT. Unbound anti-CD3
antibody was removed by washing 4 times with excess PBS, and isolated naive T-cells
were seeded at a density of 0.5x106 cells/mL in complete medium supplemented
with 5% V/V hybridoma-culture supernatant containing anti-human CD28 IgG1
mAb (clone 20-4669), giving about 0.1µg IgG/mL end concentration. Cells were
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re-stimulated every 2-3 days. At indicated time points, cells were harvested, stained
for FACS analysis or lysed with Qiazol reagent (Qiagen) and stored at -20°C until
RNA extraction procedure.
FACS analysis of cell surface markers
Expression of cell-surface markers on naive T-cells before and after treatment with
activating stimuli was assessed by FACS using mAbs against human CD45RO-PE
(UCHL1) and CD25-APC (BC96). Cells were measured on a FACS Calibur flow
cytometer using Cell Quest software (BD Biosciences). Data were analyzed using the
Kaluza Flow Analysis Software (Beckman Coulter).
RNA Isolation and qRT-PCR
Total cellular RNA was extracted using the miRNeasy Mini Kit (Qiagen, Venlo,
The Netherlands) following the manufacturer’s instructions. The RNA quantity was
measured on a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE). MiRNA expression levels were analyzed by quantitative reversetranscription-polymerase chain reaction (qRT-PCR). RNA was reverse transcribed
using the Taqman MicroRNA Reverse Transcription kit in combination with
multiplexed reverse transcription primers of TaqMan microRNA Assays (Life
Technologies, Carlsbad, USA): for miR-21 (ID: 000397), miR-146a (ID: 000468),
miR-155 (ID: 002623), miR-125a (ID: 000448), miR-31 (ID: 002279), and RNU48
(ID: 001006). The qPCR reaction was performed using qPCR MasterMix Plus
(Eurogentec, Liege, Belgium), and Taqman Gene expression assays. All reactions
were run in triplicate. Mean cycle threshold (Ct) values for all genes were quantified
with the Sequence Detection Software (SDS, version 2.3, Life Technologies), using
ABI7900HT thermo cycler (Life Technologies). RNU48 served as an endogenous
control. Relative expression levels were determined using the 2-ΔCt formula, where
ΔCt = Ctgene – Ctref.gene.
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Abstract
Immune cell-type specific miRNA expression patterns have been described but the
detailed role of single miRNAs in the function of T-cells remains largely unknown.
We investigated the role of miR-21 in the function of primary human CD4+ T-cells.
MiR-21 is substantially expressed in T-cells with a memory phenotype, and is
robustly upregulated upon αCD3/CD28 activation of both naive and memory T-cells.
By inhibiting the endogenous miR-21 function in activated naive and memory
T-cells, we showed that miR-21 regulates fundamentally different aspects of T-cell
biology, depending on the differentiation status of the T-cell. Stable inhibition
of miR-21 function in activated memory T-cells led to growth disadvantage and
apoptosis, indicating that the survival of memory T-cells depends on miR-21
function. In contrast, stable inhibition of miR-21 function in activated naive T-cells
did not result in growth disadvantage, but led to a significant induction of CCR7
protein expression. Direct interaction between CCR7 and miR-21 was confirmed
in a dual luciferase reporter assay. Our data provide evidence for a dual role of miR-21
in CD4+ T cells; Regulation of T-cell survival is confined to activated memory T-cells,
while modulation of potential homing properties, through downregulation of CCR7
protein expression, is observed in activated naive T-cells.

Dual role of miR-21 in CD4+ T-cells

Introduction
Acquisition of effective, long-term immunity requires development of memory
CD4+ T-cells. This process, induced by activation of a naive T-cell, involves extensive
transcriptional activity. Consequently, naive and memory T-cells are characterized
by distinct gene expression patterns [1,2]. However, not only the mere presence of
transcripts, but also their regulation e.g. by microRNAs (miRNAs) is crucial for
proper development and function of T-cells [3,4]. MiRNAs, a class of small, singlestranded RNA molecules, regulate gene expression at the post-transcriptional level.
By binding to partly complementary target sequences in the 3’UTR of the mRNA,
miRNAs induce degradation or translational inhibition of the targeted mRNA [5].
Like coding genes, expression of miRNAs is dynamically regulated during activation
and differentiation of T-cells [6-8]. Consequently, various effector T-cell subsets are
characterized by distinct miRNA expression profiles [9,10]. However, the contribution
of single miRNAs in the function of individual T-cell subsets is still largely unknown.
Several miRNAs are highly expressed in freshly isolated human memory
CD4+ T-cells [9]. Amongst these, miR-21 has anti-apoptotic properties which have
been extensively studied in pathological conditions including cancer, cardiovascular
disease and autoimmunity [11-14]. Indeed, miR-21 was recently shown to suppress
apoptosis and induce proliferation of primary murine and human T-cells [15-18].
In accordance with the pronounced expression in memory T-cells, it has been
shown that miR-21 can be induced upon activation of CD2+ T-cells [6]. However,
the kinetics and degree of miR-21 upregulation, as well as the differential functional
consequences thereof in naive and memory T-cells remain unknown.
In addition to apoptosis-related genes, bioinformatic analysis [19,20] of
putative miR-21 targets relevant for T-cell biology revealed several immune-related
genes, including CC-chemokine receptor 7 (CCR7), which is substantially expressed
on naive T-cells [21]. By binding with its ligands (CCL19 and CCL21) presented on
the surface of high endothelial venules, CCR7 enables entry of T-cells into lymph
nodes, and as such ensures (re)circulation of naive T-cells through the lymphatic
system (reviewed in [22]).
In this study we focused on the physiological role of high miR-21 expression
in memory T-cells and the physiological consequences of activation-induced miR-21
expression in naive T-cells. By inhibiting endogenous miR-21 function during
activation we showed that the survival of CD4+ T-cells, resulting from anti-apoptotic
activity of miR-21, is confined mostly to the memory T-cell compartment. In contrast,
activation-induced upregulation of miR-21 in naive T-cells post-transcriptionally
regulates expression of the lymph node homing receptor CCR7. Thus, we provide
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evidence for a divergent role of miR-21 in two key aspects of T-cell biology, i.e. survival
of memory T-cells and potential homing properties of naive T-cells.

Results
MiR-21 expression is associated with memory T-cell phenotype and is induced
upon αCD3/CD28 activation of CD4+ T-cells
MiR-21 expression was assessed in naive and memory CD4+ T-cells isolated from
PBMC of healthy volunteers (as depicted in Fig. S1A). The expression of miR-21 was
detectable in both T-cell subsets, and in agreement with previous studies we observed
that memory T-cells expressed higher levels of miR-21 than naive T-cells (median fold
difference 5.1, p=0.016, Wilcoxon test) (Fig. 1A). No differences in miR-21 expression
were observed between central and effector memory T-cells, indicating that high
miR-21 expression is a general feature of the memory T-cell phenotype (Fig. S1B-D).
We next studied the kinetics of miR-21 induction upon T-cell activation. We assessed
if and to what extent αCD3/CD28 activation can induce miR-21 expression in freshly
isolated naive and memory T-cells. The expression of miR-21 was strongly induced
in response to activation of both naive (median fold increase 13.8 at day 7, p<0.001,
Friedman test) and memory T-cells (median fold increase 4.6 at day 7, p<0.001,

Figure 1. MiR-21 expression is associated with memory T-cell phenotype and is induced upon αCD3/
CD28 activation of naive and memory T-cells. A Baseline miR-21 expression was analyzed by qRTPCR in naive (CD4+CD45RO-) and memory (CD4+CD45RO+) T-cells isolated from PBMC of healthy
volunteers. Relative expression normalized to the RNU48 reference gene is shown. Each dot represents a
separate donor. Lines represent median values (n=7, Wilcoxon signed ranked test). B MiR-21 expression
was analyzed by qRT-PCR in naive (CD4+CD45RO-) and memory (CD4+CD45RO+) T-cells before
(day 0), and at indicated time points after activation with plate-bound-anti-CD3/soluble-anti-CD28
mAbs. Relative expression normalized to the RNU48 reference gene is shown. Data are expressed as
median with interquartile range (n=6 donors, statistical analysis inside the T-cell subset: Friedman test,
with a Dunn’s Multiple Comparison test). *p<0.05, **p<0.01, ***p<0.0001.
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Friedman test), indicating that miR-21 upregulation is a general feature of T-cell
activation (Fig. 1B). Both T-cell subsets responded to the stimulation in a similar
manner in regard to the increase in cell size (recorded by forward- and side-scatter)
and expression of IL-2 receptor α (CD25). By day seven, all naive T-cells had obtained a
memory phenotype as defined by acquisition of CD45RO expression (Fig. S1E and F).
MiR-21 mediates survival of activated memory CD4+ T-cells
To determine the functional role of activation-induced miR-21 expression we stably
inhibited its function using a lentiviral-based, antisense miR-21 expression system
(miR-21 inhibitor, Fig. S2A) in activated naive and memory T-cells. To assess if
miR-21 inhibition affects the growth of activated T-cells, we performed a competition
assay in which the percentage of GFP+ cells, harboring miR-21 or control inhibitor
(a scrambled hairpin sequence), was monitored over 15 to 18 days in mixed GFP+
and GFP- cell cultures (as schematically depicted in Fig. S2B). MiR-21 inhibition in
activated naive T-cells led to a subtle, but consistent decrease in the percentage of
GFP+ cells only at the beginning of the assay (day 8), and then remained stable until
day 18 (Fig. 2A, B). In contrast, miR-21 inhibition in activated memory T-cells led to
a continuous depletion of GFP+ cells over time, indicating that survival of memory
T-cells relies on the presence of miR-21 (Fig. 2C, D). To assess if the observed
growth disadvantage results from increased apoptosis, we FACS isolated GFP+ cells
harboring miR-21 or control inhibitor at day six following transduction, and assessed
apoptosis after an additional 48h culture period. Analysis of the loss of mitochondrial
transmembrane potential revealed an increased apoptosis rate in both naive
(Fig. 2E) and memory (Fig. 2F) T-cells harboring miR-21 inhibitor. The increase was
most pronounced in the memory T-cells, indicating that activation-induced miR-21
expression is an important anti-apoptotic factor for T-cells in general, but is especially
necessary for the maintenance of activated memory T-cells.
MiR-21 regulates expression of CC-chemokine receptor 7 (CCR7)
Since miR-21 appeared to function differently in naive and memory T-cells, we next
set out to study the functional role of miR-21 in activated naive T-cells. To this end,
we examined the effect of miR-21 inhibition on specific aspects of the transition from
a naive to a memory phenotype by analyzing the expression of CD45RA, CD45RO
and CCR7, defining naive, central and effector memory T-cell stages [21], as well as
the expression of CD25 on resting naive, and on activated GFP+ T-cells. Changes in
the expression of CD45RA, CD45RO and CD25 resulting from the activation, were
similar in T-cells harboring miR-21 and control inhibitor (Fig. S2C). In contrast, the
61

4

Chapter 4
Figure
2.
MiR-21
mediates survival of
activated memory CD4+
T-cells. A Resting naive
(CD3+CD8-CD45ROCD25-) T-cells were
stimulated with 5µg/ml
PHA and 100 U/mL IL-2,
followed by transduction
with lentiviral vectors
harboring miR-21 or
control
inhibitor
(scrambled
hairpin
sequence) and GFP. The
percentage of GFP+ cells
in culture over time was
monitored by FACS. Data
were normalized to the
first measurement at day
six. Each line represents a
separate donor (n=5,
two-way RM ANOVA
with Bonferroni posttests,
ns-not significant). B
Data from A, depicted as
median values with
interquartile range. C
Resting
memory
(CD3+CD8-CD45ROCD25-) T-cells were
stimulated with 5µg/ml
PHA and 100 U/mL IL-2,
followed by transduction
with lentiviral vectors
harboring miR-21 or
control
inhibitor
(scrambled
hairpin
sequence) and GFP. The percentage of GFP+ cells in culture over time was monitored by FACS. Data
were normalized to the first measurement at day six. Each line represents a separate donor (n=5, twoway RM ANOVA with Bonferroni posttests). D Data from C, depicted as median with interquartile
range. E Activated naive, and F activated memory GFP+ T-cells harboring miR-21 or control inhibitor
were isolated by FACS from mixed cultures (A, and C respectively) at day six post lentiviral transduction.
Isolated GFP+ cells, and activated not transduced cells (NT) were cultured in complete media
supplemented with 100 U/mL of IL-2 for 48h (until day 8), and percentage of apoptotic cells was assessed
by FACS-based measurement of mitochondrial trans-membrane potential loss, using DilC1(5). Each
line represents a separate donor (naive: n=4, memory n=5, RM ANOVA with Bonferroni posttests).
*p<0.05, **p<0.01, ***p<0.0001.

expression of CCR7 was significantly increased on activated naive T-cells harboring
miR-21, but not control inhibitor (Fig. 3A). The increase in the expression of CCR7was
evident at the level of CCR7 expression per cell (defined as geometric mean fluorescent
intensity of the staining: MFI, Fig. 3B), and in the amount of CCR7 positive cells in the
culture (Fig. 3C). A similar result was observed at the CCR7 transcript level (Fig. 3D).
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Figure 3. MiR-21 inhibition leads to increased CCR7 expression in activated T-cells. A Representative
FACS staining plot depicting CCR7 expression on resting naive (CD3+CD8-CD45RO-CD25-, Day
0), and on PHA/IL-2 activated, GFP+ cells harboring miR-21 or control inhibitor (scrambled hairpin
sequence) at day six post lentiviral transduction. The isotype staining control is depicted. B Quantification
of CCR7 staining of GFP+ cells from A, depicted as MFI (geometric mean fluorescent intensity). Each
line represents a separate donor (n=8, Wilcoxon signed ranked test). C Percentage of CCR7 positive,
GFP+ cells from A. Each line represents a separate donor (n=8, Wilcoxon signed ranked test). D GFP+,
PHA/IL-2 activated naive T-cells harboring miR-21 or control inhibitor were FACS isolated at day six
post-lentiviral transduction and CCR7 transcript expression was determined by qRT-PCR. Each line
represents a separate donor (n=3, paired t-test, ns). Relative expression normalized to the U6 reference
gene is shown. E Representative FACS staining plot depicting CCR7 expression on resting memory
(CD3+CD8-CD45RO+CD25-, Day 0), and on PHA/IL-2 activated, GFP+ cells harboring miR-21 or
control inhibitor (scrambled hairpin sequence) at day six post lentiviral transduction. The isotype
staining control is also depicted. F Quantification of CCR7 staining of GFP+ cells from E, depicted
as MFI (geometric mean fluorescent intensity). Each line represents a separate donor (n=7, Wilcoxon
signed ranked test). G Percentage of CCR7 positive, GFP+ cells from E. Each line represents a separate
donor (n=7, Wilcoxon signed ranked test). D GFP+, PHA/IL-2 activated memory T-cells harboring
miR-21 or control inhibitor were FACS isolated at day six post-lentiviral transduction and CCR7
transcript expression was determined by qRT-PCR. Each line represents a separate donor (n=3, pairedt-test, ns). Relative expression normalized to the U6 reference gene is shown. *p<0.05, **p<0.01.3D).

The expression of CCR7 protein on memory T-cells harboring miR-21 inhibitor was
also increased at day six after transduction, however to a significantly lesser extent
and with more variation between different donors (Fig. 3E-H). The miRNA target
prediction programs TargetScan (www.targetscan.org/) [19] and MicroCosm Targets
(www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/) [20] denote a conserved
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than in naive T-cells (median fold increase 2.4 and 4.1 respectively)

Figure 4. CCR7 is a direct target of miR-21 and correlates inversely with miR-21 expression in
resting and activated T-cells. A Ratio of Renilla luciferase (RL) to firefly luciferase (FL) signal,
determined in lysates of Cos-7 cells co-transfected with psiCHECK-2 construct harboring the CCR7
3’UTR and a synthetic miR-21 or control precursor. Median values with range of data normalized to
control precursor are depicted (n=4 independent experiments, paired t-test). B MiR-21 and CCR7
expression levels were assessed by qRT-PCR in freshly isolated naive (CD4+CD45RO-) and memory
(CD4+ CD45RO+) T-cells. Expression levels are shown relative to the RNU48 and U6 reference genes
respectively. Each line represents a separate donor (n= 8, Wilcoxon signed ranked test). C Representative
FACS staining plot depicting CCR7 expression on isolated naive (CD4CD45RO-) T-cells before (day 0),
and after seven days of activation with plate-bound-anti-CD3/soluble-anti-CD28 mAbs. Isotype
staining is depicted. D Quantification of CCR7 staining from C, depicted as MFI (geometric mean
fluorescent intensity). Each line represents a separate donor (n=3, paired t-test, ns). E Percentage of
CCR7 positive, GFP+ cells from C. Each line represents a separate donor (n=3, paired t-test). F CCR7
transcript expression was determined by qRT-PCR in naive (CD4+CD45RO-) T-cells before (day 0),
and after seven days of activation with plate-bound-anti-CD3/soluble-anti-CD28 mAbs. Each line
represents a separate donor (n=5, paired t-test). Expression levels shown in the graph are normalized to
the U6 reference gene. *p<0.05, **p<0.01.

miR-21 binding site in the 3’UTR of the human CCR7 transcript suggesting a direct
interaction between the CCR7 transcript and miR-21 (Fig. S2D). Co-transfection
of a dual luciferase reporter construct harboring the 3’UTR of CCR7 together with
miR-21 precursor molecules resulted in a significant decrease of the relative luciferase
levels. This indicates that CCR7 is indeed a direct target of miR-21 (Fig. 4A).
In agreement, freshly isolated naive and memory T-cells showed inversed miR-21 and
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CCR7 expression patterns (Fig. 4B). In addition, αCD3/CD28 activation of isolated
naive T-cells led to a significant downregulation at the CCR7 protein level (Fig. 4C-E),
in spite of increased CCR7 transcript levels (Fig. 4F), which also indicates a posttranscriptional regulation of CCR7 protein expression. Together these data show that
activation-induced miR-21 expression (Fig. 1B) negatively regulates CCR7 protein
levels, especially in activated naive T-cells.

Discussion
In this study we show that activation-induced miR-21 is an integral part of the T-cell
activation process where it co-regulates fundamentally different aspects of T-cell
biology depending on the differentiation status of the T-cell. Specifically, we show
that miR-21 regulates the potential migration capacity and transition towards the
memory T-cell phenotype of activated naive T-cells, and supports survival of activated
memory T-cells. Likely, the different gene expression profiles characterizing naive and
memory T-cells [23,24] are fundamental to the observed dual functionality of miR-21.
MiRNAs can theoretically regulate a multitude of diverse target genes, however, only
a fraction of the predicted target genes is co-expressed together with the miRNA in a
given cell type and, as such, can be subjected to miRNA-based regulation. Moreover,
the miRNA-target gene interaction is also affected by the presence of other target
genes, which are competing for the same miRNA [5,25]. Thus, the overall miRNAtarget gene expression ratio, and the abundance of individual target genes are likely
of central importance for the factual miRNA-based regulation.
MiR-21 levels are substantially higher in ex vivo isolated memory T-cells
than in naive T-cells (this study and [9,10]). Sub division of memory T-cells into
central and effector memory phenotypes did not reveal any differences in miR-21
expression, indicating that high miR-21 levels are a general feature of the memory
T-cell phenotype. It would be interesting to study miR-21 expression also in terminally
differentiated (i.e. CD45RO-CCR7-) T-cells, which are virtually absent in the CD4+
population but present in the CD8+ population.
MiR-21 expression is significantly induced upon T-cell activation in both
naive and memory T-cells. However, we found that memory T-cells upregulate miR-21
more rapidly and achieve higher levels of expression, indicating a more prominent
role of miR-21 in this population. Expression of the primary-miR-21 transcript can
be induced by mitogenic stimuli, such as phorbol-12-myristate-13-acetate (PMA) in
several cancer cell lines, and is under positive transcriptional control of AP-1, STAT3
and NF-kB [26-29]. Two of these transcription factors, AP-1 and NF-κB, are directly
downstream of the TcR/CD28 and PKC signaling pathways [30,31], and as such may
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be responsible for the observed miR-21 induction following T-cell activation. Indeed,
we observed an almost complete ablation of activation-induced miR-21 expression
upon PKC inhibition (data not shown).
Previous studies in mice and man have shown the involvement of miR-21
in T-cell survival in general [15,18]. Our data, discriminating between naive and
memory T-cells, indicate that the requirement for miR-21-based regulation of
T-cell survival is largely restricted to T-cells with a memory phenotype. Although
induction of apoptosis was observed in both activated naive and memory T-cells
early after miR-21 inhibition, continuous depletion of T-cells was observed only in
the memory T-cell cultures. Stagakis et.al. have recently reported that miR-21 affects
T-cell proliferation [16]. Therefore it is possible, that the observed loss of memory
T-cells lacking miR-21 is the result of enhanced apoptosis combined with a reduced
proliferation rate. However, we did not observe a clear effect of miR-21 inhibition on
the proliferative potential of either naive or memory T-cells (data not shown). In vivo
studies are warranted to further study the details of the observed differential response
of naive and memory T-cells towards the inhibition of miR-21 expression, especially
in relation to defined aspects of long-term memory T-cell survival.
Stable inhibition of miR-21 in activated naive T-cells led to a significant
upregulation of CCR7. To our knowledge this is the first report describing direct,
miRNA-driven post-transcriptional regulation of CCR7 expression in human T-cells.
It has been previously shown that the expression of CCR7 is downregulated following
T-cell activation, and that activated T-cells within secondary lymphoid organs express
lower levels of CCR7 protein [32,33]. Furthermore, decreased expression of CCR7,
which is paralleled by increased expression of CXCR5, has been shown to guide
activated T-cells out of the T-cell areas of the lymph node and direct them towards
the B-cell follicles [34]. We found that activation-induced expression of miR-21
regulates CCR7 especially in naive T-cells. Therefore, we propose that fine-tuning
of CCR7 expression by miR-21, following the activation of naive T-cells, enhances
the egress of activated T-cells from the T-cell rich areas of the lymph nodes, and
prevents consecutive recycling through other lymph nodes. The induction of miR-21
upon activation of naive T-cells is thus an inherent part of T-cell programming,
which is actively associated with quelling of the naive T-cell state and induction of the
memory T-cell phenotype. Regulation of CCR7 in activated (central) memory T-cells
was also observed, however, to a much lesser extent than in naive T-cells, and with
more variability between the donors. It is likely that abundant expression of other
miR-21 target genes prevents regulation of CCR7 in central memory T-cells, and that
the miR-21 targetome in different T-cell subsets varies based on the overall expression
pool of potential miR-21 target genes. Of note, bioinformatics analysis revealed
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no miR-21 binding site in the 3’UTR of the murine CCR7 transcript, denoting
possible fundamental differences between the regulation of CCR7 in mice and man.
Together, our results provide evidence that miR-21 differentially affects
naive and memory T-cells. We propose that intrinsic, phenotype-specific differences
between these two T-cell subsets, e.g. depending on the miRNA-mRNA target gene
balance, dictate the outcome of miR-21 function.

Materials and Methods
Ethics statement
The study was approved by The Medical Ethical Committee (METC) of the University
Medical Center Groningen (UMCG) (project number: 2009.118) and written
informed consent was obtained from all donors.
PBMC isolation
Peripheral blood mononuclear cells (PBMC) from healthy donors were isolated
immediately after blood withdrawal into heparin-containing vacutainer tubes
(Becton Dickinson, Franklin Lakes, USA). Isolation was done by density gradient
centrifugation of diluted blood (1:1 PBS) using Lymphoprep (Axis-shield, Oslo,
Norway) according to the manufacturer instructions.
Isolation and culture of CD4+ T-cell subsets
Naive (CD4+CD45RO-) and memory (CD4+CD45RO+) (Fig. 1A, B; Fig. 4B-F;
Suppl. Fig. 1A, E, F); naive (CD4+CD45RO-CCR7+), central memory
(CD4+CD45RO+CCR7+) and effector memory (CD4+CD45RO+CCR7-) (Suppl.
Fig. 1B, C, D); as well as resting naive (CD3+CD8-CD45RO-CD25-) and resting
memory (CD3+CD8-CD45RO+CD25-) T-cells (Fig. 2A-F; Fig. 3A-H; Suppl. Fig. 2C)
were isolated from PBMC of healthy donors by fluorescence-activated cell sorting
(FACS) (MoFlo, Beckman Coulter, Brea, USA) using staining with monoclonal
antibodies (mAbs) against human: CD4-FITC (Edu-2), CD8-FITC (MCD8, both
from IQ Products, Groningen, The Netherlands), CD4-eFluor-450 (RPA-T4),
CD45RO-PE (UCHL1), CD3-eFluor-450 (OKT-3), CD25-APC (BC96, all from
eBioscience, San Diego, USA), CCR7-biotinylated (3D12, BD Biosciences) and APClabeled streptavidin (Biolegend, San Diego, CA, USA). Cells used for assessment of
baseline miR-21 expression were directly lysed with Qiazol reagent (Qiagen, Venlo,
The Netherlands), and stored at -20°C until RNA extraction procedure. Isolated
CD4+ T-cell subsets were cultured in RPMI 1640 with L-glutamine supplemented
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with 10mg/ml gentamycin and 5% Human Serum AB (all from Lonza, Basel,
Switzerland) (complete media), at 37°C in 5% CO2. Prior to lentiviral transduction
cells were stimulated for 24h in complete media supplemented with 5µg/ml
phytohaemaglutinin (PHA, Thermo Fisher Scientific Remel products, Lenexa, USA)
and 100U/mL recombinant human IL-2 (Peprotech, London, England). Following
lentiviral transduction cells were cultured in complete media supplemented with
100U/mL recombinant human IL-2 (Peprotech).
Cell lines
COS-7 cells (African Green Monkey SV40-transformed kidney fibroblast cell line)
and HEK293T cells (SV40 Large T-antigen-transformed human embryonic kidney
cell line) were cultured in Dulbecco modified Eagle medium (DMEM) supplemented
with 10% FBS, 200mM L-glutamine and 10mg/ml gentamycin (Lonza) at 37°C in 5%
CO2. Both cell lines were obtained from ATCC.
T-cell activation with αCD3/CD28 mAbs
TCR stimulation of isolated naive (CD4+CD45RO-) and memory (CD4+CD45RO+)
T-cells was performed with plate-bound anti-human-CD3 and soluble anti-humanCD28 mAbs. Briefly, culture plates were incubated with goat-anti-mouse-IgG2a Ab
(Cat. No. 1080-01, Southern Biotechnology) overnight at 4°C, followed by washing
with PBS and 1h incubation with hybridoma-culture supernatant, containing antihuman-CD3 IgG2a mAb (clone WT32, approx. conc. 1µg IgG/mL) at RT. Unbound
anti-CD3 antibody was removed by washing 4 times with excess PBS, and isolated
CD4+ T-cell subsets were seeded at the density of 0.5x106 cells/mL in complete
medium supplemented with 5% V/V hybridoma-culture supernatant containing
anti-human CD28 IgG1 mAb (clone 20-4669), giving about 0.1µg IgG/mL end
concentration. Cells were re-stimulated every 2-3 days. At indicated time points, cells
were harvested, stained for FACS analysis or lysed with the Qiazol reagent (Qiagen)
and stored at -20°C until RNA extraction procedure.
FACS analysis of cell surface markers
Expression of cell-surface markers on T-cell subsets before and after treatment with
activating stimuli was assessed by FACS using mAbs against human CD45RO-PE
(UCHL1), CD25-APC (BC96), CD45RA-eFluor605 (HI100, all from eBioscience),
and CCR7-PE-Cy7 (3D12) or rat-IgG2a-PE-Cy7 isotype control (R35-9, both from
BD Biosciences). To assess CCR7 expression, cells were incubated with mAb for
30min at RT. Cells were measured on BD LSR-II Flow Cytometer using Diva software
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(BD Biosciences) (Fig. 3, Suppl. Fig 2C) and on FACS Calibur flow cytometer using
Cell Quest software (BD Biosciences) (Fig. 4, Suppl. Fig. 1E, F). Data were analyzed
using the Kaluza Flow Analysis Software (Beckman Coulter).
RNA Isolation and qRT-PCR
Total cellular RNA was extracted using the miRNeasy Mini Kit (Qiagen, Venlo, The
Netherlands) following the manufacturer’s instructions. The RNA quantity was measured
on a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington,
DE). Gene expression levels were analyzed by quantitative reverse-transcriptionpolymerase chain reaction (qRT-PCR). For miRNA-specific cDNA synthesis, RNA
was reverse transcribed using the Taqman MicroRNA Reverse Transcription kit in
combination with multiplexed reverse transcription primers of TaqMan microRNA
Assays (Life Technologies, Carlsbad, USA): for miR-21 (ID: 000397) and RNU48
(ID: 001006). cDNA synthesis for mRNA was performed using Superscript III RTase
(Life Technologies). The qPCR reaction was performed using qPCR MasterMix Plus
(Eurogentec, Liege, Belgium), and Taqman Gene expression assay for detection of
CCR7: Hs01013469_m1 (Life Technologies), or gene specific primers and probe for
detection of U6. Forward primer: 5’-TGGAACGATACAGAGAAGATTAGCA-3’,
reverse primer: 5’-AAAATATGGAACGCTTCACGAATT-3’, and probe: 5’-6-FAMCCCTGCGCAAGGATGACACGC-TAMRA-3’ (Integrated DNA Technologies,
Coralville, USA). RNU48 served as endogenous control for miR-21, while U6 served
as endogenous control for CCR7. All reactions were run in triplicate. Mean cycle
threshold (Ct) values for all genes were quantified with the Sequence Detection
Software (SDS, version 2.3, Life Technologies), using ABI7900HT thermo cycler (Life
Technologies). Relative expression levels were determined using the 2-ΔCt formula,
where ΔCt = Ctgene – Ctref.gene.
Production of viral particles, stable transduction and GFP expression assessment
Viral particles were produced by calcium phosphate (CaPO4)-mediated transfection
of HEK293T cells with pmiRZip-21, lentiviral miR-21 inhibition vector (miR-21
inhibitor) (Cat. Nr: MZIP21-PA-1), or pmiRZip-scrambled hairpin, lentiviral
control inhibitor vector (control-inhibitor) (Cat. Nr: MZIP000-PA-1, both from
Systems Biosciences, Mountain View, USA) together with pCMV-Δ8.91 and
pMD2.G expression vectors in ratio of 4:4:1. Lentiviral particles were collected
48h after transfection and passed through a 0.45µm Millex-HV filter (Millipore,
Billerica, USA). Isolated, resting naive (CD3+CD8-CD45RO-CD25-) and memory
(CD3+CD8-CD45RO+CD25-) T-cells (1x106 cells/ml) were stimulated with 5µg/ml
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PHA (Thermo Fisher Scientific Remel products) and 100U/mL recombinant human
IL-2 (Peprotech) for 24h prior to transduction. Lentiviral transduction was carried
out for 24h in the presence of 4µg/ml polybrene (Sigma-Aldrich, St. Louis, USA).
After viral transduction, cells were washed three times with PBS and cultured in
complete media supplemented with 100U/mL recombinant human IL-2 (Peprotech,
London, England). The expression of green fluorescent protein (GFP) in mixed
cultures was measured on a FACS Calibur flow cytometer (BD Biosciences),
and monitored for up to 18 days. The percentage of GFP positive cells at the beginning
of the assay (day 6) was set to one, and a fold difference per measurement was
calculated. Transduced cells were sorted based on the GFP expression using MoFlo
sorter (Beckman Coulter), or kept in mixed cultures for competition assay.
Apoptosis measurement
Activated naive and memory GFP+ T-cells harboring miR-21 or control inhibitor
were isolated by FACS from mixed cultures at day six post lentiviral transduction,
and seeded in 96-wells plates in complete media supplemented with 100 U/mL of
IL-2. Control, not transduced cells cultured under the same conditions were seeded
alongside. Percentage of apoptotic cells was assessed after 48h (day 8) by FACSbased measurement of mitochondrial transmembrane potential loss. Briefly, cells
were stained for 20min at 37°C in cell culture medium containing 50nM DilC1(5)
compound (Enzo Life Sciences, NY,USA), followed by washing with PBS. Cells were
kept on ice and measured directly at the FACS Calibur flow cytometer using Cell
Quest software (BD Biosciences). Data were analyzed using Kaluza Flow Analysis
Software (Beckman Coulter).
Cloning of reporter construct, transient transfection and luciferase assays
The 3’UTR sequence harboring the putative miRNA binding site and a part
of the open reading frame of the human CCR7 transcript was PCR-amplified
from genomic DNA using primers harboring an XhoI (5’) or NotI (3’) restriction
site:
5’-TTGCTCGAGGAGACCACCACCACCTTCTC-3’
(forward)
and
5’-TGGCGGCCGCCAGTGGAGCCAAGAGCTGAG-3’ (reverse), and cloned
into psiCHECK2 vector (Promega, Madison, USA), as described previously [35].
The insert was sequence verified (BaseClear, Leiden, The Netherlands). Cos-7 cells
(1,2x104) were transfected with 125ng of the psiCHECK2 construct and 50nM PremiR-21 miRNA Precursor Molecule ID: PM10206 or Pre-miR miRNA Precursor
Negative Control #1 (Life Technologies) using the Saint-MIX compound (Synvolux
Therapeutics B.V., Groningen, The Netherlands) in 250µl serum-free medium.
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Four hours following the transfection, 500µl of medium supplemented with 10% FBS
was added. Cells were lysed 24h after transfection and Renilla and Firefly luciferase
activity was measured using the Dual-Luciferase Reporter Assay System (Promega)
according to manufacturer’s instructions. For each transfection, luciferase activity
was measured in duplicate with the Luminoskan Ascent Microplate Luminometer
(Thermo Scientific). The Renilla over Firefly (RL/FF) luciferase ratio for miR-21
precursor was calculated. The RL/FF ratio of control precursor was set to one.
Statistical analysis
Statistical analyses were performed in the GraphPad Prism software (version 5.0).
Comparisons of paired samples were performed using the Wilcoxon signed-rank
test. Comparisons of paired samples with less than six replicates were performed
using the paired t-test or with repeated measures (RM) ANOVA with Bonferroni
posttests. Assessment of response to the stimuli over time was performed by the
Friedman test with a Dunn’s Multiple Comparison test. Comparisons of response to
treatment over time between two groups were performed by the Two-way Repeated
Measures ANOVA with Bonferroni posttests. All statistical analyses were two-sided,
and the significance level used was p < 0.05.
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Figure S1. Isolation and activation of primary human naive and memory CD4+ T-cells.
A Representative FACS plot depicting gates used for isolation of naive (CD4+CD45RO-) and
memory (CD4+CD45RO+) T-cells. B Percentage of naive (CD45RO-/CCR7+), central memory
(CD45RO+CCR7+), effector memory (CD45RO+CCR7-), and terminal effector (CD45RO-CCR7-)
T-cells within CD4+ T-cell population, assessed by FACS, is shown. Bars represent median values
with range (n=5 donors). C Representative FACS plot depicting gates used for purification of naive,
central memory and effector memory CD4+ T-cells. D Baseline miR-21 expression analyzed by qRTPCR in naive, central memory and effector memory CD4+ T-cells purified from PBMC of healthy
volunteers. Each dot represents a separate donor. Lines represent median values (n=4, RM ANOVA
with a Bonferroni posttests). Relative expression, normalized to the RNU48 reference gene is shown. E,
F Representative FACS plots depicting phenotypic analysis of naive (CD4+CD45RO-) E, and memory
(CD4+CD45RO+) F T-cells before (day 0) and after seven days of activation with plate-bound-antiCD3/soluble-anti-CD28 mAbs.
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Figure S2. Representation of miR-21 inhibition and analysis. A Schematic outline of lentiviral vector
used for the inhibition of endogenous miR-21 function. Adapted from miRZips™ Lentiviral-based
MicroRNA Inhibition system, Systems Biosciences. B Schematic representation of the GFP competition
assay. C Representative FACS staining plots depicting expression of CD45RA, CD45RO, and CD25 on
resting naive (CD3+CD8-CD45RO-CD25-, Day 0), and on GFP+ activated T-cells, harboring miR-21
or control inhibitor, six days post lentiviral transduction. D Schematic indication of the miR-21 binding
site in the 3’UTR of the CCR7 gene and representation of the fragment cloned into the psiCHECK-2
dual luciferase vector.
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Abstract
Introduction: Regulatory T (Treg) cells are known to accumulate in inflamed joints of
rheumatoid arthritis (RA) patients, but little is known about the mechanisms behind
this process. Therefore, we performed a comprehensive study of the chemokine
receptors, proliferative activity and apoptosis of Treg cells in peripheral blood (PB)
and synovial fluid (SF) of RA patients.
Methods: We analyzed peripheral blood samples of RA patients and age-matched
healthy controls (HCs), and paired synovial fluid samples of RA patients. Naive
Treg cells (FOXP3lowCD45RA+), memory Treg cells (FOXP3highCD45RA-), naive
conventional T (Tconv) cells (FOXP3-CD45RA+) and memory Tconv cells FOXP3low/CD45RA-) were enumerated by flow cytometry. Treg cells were assessed for expression
of CXCR3, CCR4 and CCR6, the proliferation marker Ki-67 and for binding of the
apoptosis marker annexin-V. Sorted SF Treg cells were analyzed for expression of the
anti-apoptotic factor Bcl-2 and anti-apoptotic/pro-proliferation microRNA-21 by
RT-PCR.
Results: Numbers of circulating memory Treg cells and memory Tconv cells were
decreased in RA patients when compared to HCs. RA patients had normal numbers
of circulating naive Treg cells and increased numbers of naive Tconv cells. Total memory
CD4+ T cells, and memory Treg cells in particular, were increased in RA SF, whereas
naive Treg cells and naive Tconv cells were hardly detected. Memory Treg cells expressed
similar chemokine receptors as memory Tconv cells in PB and SF. Overall, all memory
subsets in RA were characterized by a predominance of a Th1-like chemokine
receptor pattern over a Th17/Th22 pattern. SF Treg cells more frequently expressed the
proliferation marker Ki-67 than memory Tconv cells, whereas only few annexin-V+
apoptotic cells were found in RA SF. In accordance with these findings, SF Treg cells
displayed high levels of Bcl-2 and microRNA-21.
Conclusions: Memory Treg cells mimicking the chemokine receptor pattern of
memory Tconv cells accumulate in rheumatoid joints. Here, memory Treg cells thrive
well, as indicated by their substantial proliferation and survival. The latter findings
were consistent with the high expression of anti-apoptotic Bcl-2 and anti-apoptotic/
pro-proliferative microRNA-21 by SF Treg cells. Taken together, these data provide
novel insights into the mechanism behind Treg cell accumulation in rheumatoid joints.
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Introduction
Rheumatoid arthritis (RA) is a common auto-immune disease characterized by
chronic synovial inflammation that ultimately leads to destruction of affected joints.
The synovial inflammation in RA is mediated and maintained by a multitude of
immune cells, such as T cells, macrophages and fibroblast-like synoviocytes [1].
Several studies have suggested that the persistence of synovial inflammation may
reflect a poor suppressive effect of regulatory T (Treg) cells on conventional T (Tconv)
cells [2-5]. Both functional defects of Treg cells and resistance of Tconv cells to Treg cellmediated suppression have been implied in the pathogenesis of RA [3-5].
Studies on circulating numbers of Treg cells in RA patients have generated
conflicting results. The majority of studies found decreased or normal proportions of
circulating Treg cells in RA patients, whereas a minority found increased proportions
[2, 3, 6-10]. Part of the discrepancy may result from differences in flow cytometric gating
strategies applied in these studies. Importantly, Miyara et al. have shown in a convincing
way that analysis of FOXP3 in combination with CD45RA allows reliable identification of
CD45RA+FOXP3low naive Treg cells (i.e. resting Treg cells) and CD45RA-FOXP3high memory
Treg cells (i.e. activated Treg cells) [11, 12]. This gating strategy allows for the exclusion of
FOXP3low conventional memory CD4+ T cells capable of producing IL-17. Using this
method, Kim et al. recently found decreased numbers of memory Treg cells in peripheral
blood of RA patients, whereas naive Treg cell numbers were not modulated [13].
In contrast to findings in peripheral blood, there seems to be general
agreement that Treg cells accumulate in the synovial fluid of RA patients [2, 6-8].
Previously, Cao et al. have proposed that Treg cells are decreased in peripheral blood
of RA patients, because these cells migrate towards rheumatoid joints [6]. However,
little is known about the chemokine receptors that allow Treg cells to migrate into
rheumatoid joints. Recent data indicate that Treg cells can follow Tconv cells into the
tissues by mimicking the chemokine receptor pattern of Tconv cells [14]. Treg cells with
chemokine receptors characteristic for T helper (Th) 1 cells (CXCR3+), Th2 cells
(CCR4+CCR6-CXCR3-) and Th17/Th22 cells (CCR4+CCR6+CXCR3-) have been
identified [14]. Whether Treg cells have a similar chemokine receptor pattern as Tconv
cells in rheumatoid joints remains to be elucidated.
Following migration, the accumulation of Treg cells in synovial fluid of RA
patients may further depend on their proliferative activity and apoptosis rate. Limited
data exist on proliferation of Treg cells in rheumatoid joints. In one study, Herrath et al.
found that many FOXP3+ Treg cells in RA synovial fluid express the proliferation marker
Ki-67 [4]. In addition, it has been shown that synovial T cells are resistant to apoptosis
and express high levels of the anti-apoptotic factor Bcl-2 [15-17]. To what extent Treg cells
in rheumatoid joints are refractory to apoptosis and express Bcl-2 remains unknown.
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Emerging data indicate that proliferation and cellular survival of T cells
are influenced by epigenetic regulation through microRNAs. MicroRNAs are noncoding RNAs that regulate the translation of proteins by silencing of messenger
RNA. A microRNA that has been implied as an important regulator of proliferation
and apoptosis is microRNA-21. Although microRNA-21 has been mostly studied
in cancer cells, we and others have described the pro-survival and proliferationsupportive effects of this microRNA in T cells [18-20]. So far, the expression of
microRNA-21 has not been studied in Treg cells of RA patients.
In the current study, we sought to mechanistically explain the accumulation
of Treg cells in rheumatoid joints. We hypothesized that Treg cells home towards RA
synovial fluid through similar chemokine receptors as conventional CD4+ T cells and
further expand locally. We first assessed the presence of naive and memory Treg cells
in synovial fluid of RA patients with active disease. Next, we determined whether
the chemokine receptor pattern of synovial fluid Treg cells converges with the typical
pattern of Th1, Th2 or Th17/Th22 cells. Subsequently, we analyzed synovial fluid
Treg cells for their proliferative activity and the percentage of apoptotic cells. Finally,
we studied the expression of the anti-apoptotic factor Bcl-2 and anti-apoptotic/proproliferative microRNA-21 in synovial fluid Treg cells.

Results
Decreased proportions of memory Treg cells in peripheral blood of RA patients
To identify naive and memory Treg cells in peripheral blood and synovial fluid, we used
a combination of the markers CD45RA and FOXP3 (Fig.1A and B). The proportions
of circulating naive Treg cells were similar in RA patients and healthy controls (Fig.1C).
In contrast, the proportions of naive CD4+ T conventional (Tconv) cells were increased
in RA patients, as previously observed by us (Chalan et al., PlosONE, in press). The
proportions of circulating memory Treg cells, FOXP3low and FOXP3- memory Tconv cells
were all decreased in RA patients. Results were quite similar for the absolute numbers of
the five CD45RA and FOXP3 defined CD4+ T cell subsets, although only the decrease
of memory Treg cells reached statistical significance (Suppl.Fig.1). In the synovial fluid,
naive Treg cells were absent and naive Tconv cells nearly absent (Fig.1C). In contrast,
memory Treg cells, FOXP3low and FOXP3- memory Tconv cells were abundant in the
synovial fluid of RA patients. Although the proportions of circulating Treg cells in RA
patients were modestly decreased in comparison to FOXP3low and FOXP3- memory
Tconv cells (Fig.1C), proportions of memory Treg cells were relatively more increased
in the synovial fluid than proportions of the two memory Tconv cell subsets (Fig.1D).
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Figure 1. Flow cytometric analysis of naive and memory Treg cells. (A) Gating strategy to identify
five FOXP3/CD45RA-defined CD4+ T cell subsets. (B) Representative flow cytometric staining and
gating strategy for five FOXP3/CD45RA-defined subsets in peripheral blood of one healthy control
and one RA patient, and in paired synovial fluid of the same RA patient. (C) Proportions of FOXP3/
CD45RA defined subsets within total CD4+ T cells in peripheral blood of healthy controls (HC PB) and
RA patients (RA PB) and in RA synovial fluid (RA SF). (D) Fold increase in proportions of FOXP3/
CD45RA defined subsets within CD4+ T cells in synovial fluid compared to peripheral blood of RA
patients. Statistical significance is indicated as * p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Mem = memory. Treg
= regulatory T cells. Tconv = conventional CD4+ T cells.
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Figure 2. Chemokine receptor expression
by memory Treg cells. (A) Representative
flow cytometric staining for CXCR3, CCR4
and CCR6 expression by CD4+ T cells in
peripheral blood (PB) and synovial fluid
(SF) of one RA patient. (B) Expression
of CXCR3, CCR4 and CCR6 by memory
Treg cells, memory FOXP3low Tconv cells and
memory FOXP3- Tconv cells in peripheral
blood and synovial fluid of 6 RA patients.
Cells with a Th1-like chemokine receptor
pattern (CXCR3+), a Th2-like chemokine
receptor pattern (CCR4+CCR6-CXCR3-)
and Th17/Th22-like chemokine receptor
pattern (CCR4+CCR6+CXCR3-) can be
distinguished. Box and bars represent
mean and SEM. Statistical significance is
indicated as * p < 0.05. Treg = regulatory T
cells. Tconv = conventional CD4+ T cells.

High proportions of memory Treg cells associated with milder disease activity
As Treg cells typically ameliorate inflammation, we questioned whether lower Treg
cell frequencies in peripheral blood or synovial fluid were associated with more
inflammation or disease activity in RA patients. The proportion of circulating naive Treg
cells did not correlate with inflammatory markers ESR and CRP, nor with the DAS28
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score. In contrast, frequencies of circulating memory Treg cells correlated inversely with
ESR (Spearman r = -0.40, p<0.05) and CRP (Spearman r=-0.53, p<0.01). Likewise, the
proportions of memory Treg cells in RA synovial fluid correlated inversely with ESR
(Spearman’s rho -0.79, p = 0.028) and DAS28 score (Spearman’s rho -0.79, p = 0.048).
Thus, relatively high numbers of memory Treg cells, both in peripheral blood and
synovial fluid, were associated with less severe disease activity in RA patients.
Memory Treg and Tconv cells express similar chemokine receptors in RA synovial fluid
Since our data indicated that memory Treg cells home towards rheumatoid joints along
with memory Tconv cells, we questioned whether memory Treg cells in synovial fluid
express a similar chemokine receptor pattern as memory Tconv cells. Based on CXCR3,
CCR4 and CCR6 expression (Fig.2A) we distinguished cells with a Th1-like pattern
(CXCR3+), Th2-like pattern (CCR4+CCR6-CXCR3-) and a Th17/Th22-like pattern
(CCR4+CCR6+CXCR3-) [14]. Overall, memory Treg cells in synovial fluid expressed
the same chemokine receptors as memory Tconv cells (Fig.2B), although the number of
combinations used was more limited in the memory Treg cell fraction (Suppl.Fig.2A).
Naive Treg cells and naive Tconv cells hardly expressed CXCR3, CCR4 and CCR6 (Suppl.
Fig.2B). Interestingly, cells with a Th17/Th22-like pattern were decreased in all three
memory subsets (Fig. 2B). This decrease coincided with a general increase in cells
with a Th1-like chemokine receptor pattern, albeit statistically significant in memory
Treg cells only. In addition, a substantial part of all memory subsets had a Th2-like
chemokine receptor pattern, which did not differ between periperhal blood and
synovial fluid. Taken together, synovial fluid memory Treg cells expressed relatively
similar chemokine receptors as memory Tconv cells with predominance of a Th1-like
chemokine pattern over a Th17/Th22 pattern.
Peripheral blood and synovial fluid memory Treg cells have a high proliferative activity
Since our data showed the most pronounced increase of memory Treg cells in rheumatoid
joints, we compared the proliferative activity of memory Treg cells and memory Tconv
cells in the synovial fluid. The percentage of cells expressing the proliferation marker
Ki-67 was the highest in memory Treg cells, both in the peripheral blood and synovial
fluid (Fig.3A and B). Although FOXP3low and FOXP3- memory Tconv cells showed
a significant increase in Ki-67+ cells in the synovial fluid, the overall percentage of
Ki-67+ was still lower as compared to memory Treg cells.
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Figure 3. Proliferation and apoptosis of Treg cells in RA patients. (A) Representative flow cytometric
staining for Ki-67 in peripheral blood (PB) and synovial fluid (SF) CD4 T cells of one RA patient. (B)
Percentages of FOXP3/CD45RA defined CD4+ T cell subsets expressing the proliferation marker Ki-67
in paired peripheral blood and synovial fluid samples of 6 RA patients. (C) Representative annexin-V
staining in peripheral blood and synovial fluid CD4 T cells of one RA patient (D) Percentages of FOXP3/
CD45RA defined CD4+ T cell subsets binding the apoptosis marker annexin-V in paired peripheral
blood and synovial fluid samples of 7 RA patients. No data are shown for synovial fluid naive Treg cells,
as these cells were not detected. Statistical significance is indicated as * p < 0.05. Mem = memory. Treg =
regulatory T cells. Tconv = conventional CD4+ T cells.

Synovial fluid memory Treg cells display limited apoptosis
The accumulation of memory Treg cells in rheumatoid joints is also influenced by local
apoptosis. To analyze apoptosis of memory Treg cells in rheumatoid joints, we analyzed
the proportions of annexin-V+ cells in peripheral blood and synovial fluid of RA
patients (Fig.3C). In essence, very few apoptotic cells were found in the peripheral
blood and synovial fluid of RA patients. The proportion of apoptotic cells in peripheral
blood tended to be the highest among memory Treg cells (Fig.3D). We observed slightly
increased apoptosis of FOXP3- memory Tconv cells and naive Tconv cells in synovial fluid
when compared to peripheral blood. Overall, apoptosis of memory Treg cells was limited
and similar to apoptosis of memory Tconv cells in the synovial fluid.
Synovial fluid Treg cells express high levels of Bcl-2 and microRNA-21
Since several lines of evidence have indicated that Treg cells are more susceptible to apoptosis
than Tconv cells in inflammatory environments [22, 23], we questioned why synovial fluid
Treg cells are relatively refractory to apoptosis. Therefore, we assessed synovial fluid Treg
cells for expression of the anti-apoptotic factors Bcl-2 and microRNA-21 [18, 19].
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Figure 4. Expression of Bcl-2 and microRNA-21 by synovial fluid Treg cells. (A) Relative expression of
FOXP3, (B) microRNA-146a, (C) Bcl-2 and (D) microRNA-21 in CD25high Treg cells and CD25- Tconv cells
from synovial fluid of 6 RA patients, as determined by qRT-PCR. MicroRNAs and Bcl-2 expression was
normalised to RNU48 and TBP endogenous controls respectively using the ΔΔCt method. Statistical
significance is indicated as * p < 0.05. Treg = regulatory T cells. Tconv = conventional CD4+ T cells.

As intracellular FOXP3 detection requires fixation of the cells, sorting of Treg
cells requires the use of Treg cell surface markers. As previously shown for peripheral
blood [11], we found that memory Treg cells exhibited the highest expression levels
of CD25 in synovial fluid of RA patients (Suppl.Fig.3). As naive Treg cells were absent
from synovial fluid, we relied on high CD25 expression to discriminate memory
Treg cells from Tconv cells in synovial fluid. We confirmed that sorted CD25high Treg
cells from synovial fluid expressed high levels of FOXP3 and microRNA-146a,
a microRNA highly expressed by Treg cells [24] (Fig.4A-B). Interestingly, we observed
that CD25high Treg cells in synovial fluid contained significantly higher levels of Bcl-2
and micro-RNA-21 than Tconv cells (Fig. 4C and D).
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Discussion
In the current study, we investigated the mechanisms leading to accumulation of
Treg cells in rheumatoid joints. We found that memory Treg cells and Tconv cells share
a similar chemokine receptor pattern and accumulate in RA SF. We also observed
that memory Treg cells increase relatively more in RA synovial fluid than memory
Tconv cells. This enhanced accumulation of Treg cells in SF could be explained by their
high proliferative activity and limited apoptosis, which were consistent with high
expression levels of Bcl-2 and microRNA-21.
We observed decreased numbers of memory Treg cells in the peripheral blood
of RA patients, whereas numbers of naive Treg cells were not modulated. In accordance
with other reports, memory Treg cells were characterized by high CD25 expression.
Consequently, our results were in agreement with previous studies on CD25high Treg
cells in RA [6, 8, 9]. Recently, Kim et al. applied a similar gating strategy to ours and
also found decreased numbers of memory Treg cells and normal numbers of naive Treg
cells in peripheral blood of RA patients [13]. The decrease in memory Treg cells and
memory Tconv cells in peripheral blood of RA patients was paralleled by accumulation of
these cells in the synovial fluid. Previously, Cao et al. have proposed that the decreased
numbers of circulating Treg cells may result from their migration into rheumatoid joints
[6]. Little is known, however, about the chemokine receptors that would direct Treg
cells into rheumatoid joints. Ruth et al. have shown that CXCR3 and CCR4 may be
important for the migration of Tconv cell into rheumatoid joints [25]. We found that
synovial fluid memory Treg cells express similar chemokine receptors as memory Tconv
cells. Our findings therefore support a recently reported concept that Treg cells follow
Tconv cells into the tissues by means of a similar chemokine receptor pattern [14].
Overall, we noted a preponderance of a Th1 chemokine receptor pattern over
a Th17/Th22 pattern in all synovial fluid memory subsets. This finding could indicate
that circulating memory Treg cells and Tconv cells with a Th1-like chemokine receptor
pattern are more likely to migrate into rheumatoid joints than cells with a Th17-like
pattern. Indeed, previous studies indicate that IFN-γ expressing Th1 cells and not
IL-17 expressing Th17 cells are decreased in the peripheral blood of RA patient,
whereas Th1 cells are much more abundant than Th17 cells in RA synovial fluid
[26, 27]. It is also possible that Tconv cells in rheumatoid joints shift from a Th17
phenotype towards a Th1 phenotype, as previously reported by Cosmi et al. [28].
Whether memory Treg cells in rheumatoid joints can exchange a Th17/Th22-like
chemokine receptor pattern for a Th1-like pattern remains to be elucidated.
Despite their expression of CXCR3 and CCR4, it is unlikely that Treg cells actually
produce effector cytokines of T helper cells in rheumatoid joints. Although Walter et al.
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recently demonstrated that PB-derived Treg cells can produce effector cytokines
following in vitro culture with monocytes, Herrath et al. did not observe significant
production of effector cytokines by RA SF Treg cells of RA patients [4, 29]. Even
if Tregs would locally acquire the capacity to produce effector cytokines, such as IFN-γ
or IL-17, recent data indicate that these Treg cells would still retain their suppressive
function [29]. In accordance with the notion that Tregs contribute to tolerance in RA
patients, we found that relative high numbers of memory Treg cells numbers in PB and
SF are associated with less severe inflammation/disease activity in RA patients.
Unexpectedly, we found that memory Treg cells are relatively more increased
in RA synovial fluid than memory Tconv cells. This relatively outspoken enrichment of
RA synovial fluid with memory Treg cells was not paralleled by a more pronounced
decrease of memory Treg cells in peripheral blood. Although we cannot exclude that
some locally-induced Treg cells are present in rheumatoid joints, our findings indicated
that memory Treg cells in synovial fluid expand locally to a higher extent than the
memory Tconv cells. Indeed, we observed that memory Treg cells have the highest
proliferative activity of all memory subsets in the synovial fluid of RA patients. Our
findings are in accordance with a recent study showing that synovial fluid FOXP3+ Treg
cells have the highest proliferation rate among CD4+ T cells in rheumatoid joints [4].
We also found few apoptotic memory Treg cells in RA SF. Although resistance
to apoptosis of Tconv cells in rheumatoid joints has been reported by others [16, 17,
30], little is known about apoptosis of Treg cells in rheumatoid joints. In one in vitro
study, Treg cells derived from peripheral blood of RA patients demonstrated enhanced
apoptosis in 48-hour cultures [31]. These in vitro apoptosis rates, however, do not
necessarily correlate with the in vivo apoptosis rates of Treg cells in RA patients.
In fact, our direct ex vivo data indicate that apoptosis of memory Treg cells in peripheral
blood and joints of RA patients is very limited. This finding is in line with other studies
showing a prominent role of resistance to apoptosis in the pathogenesis of RA [16].
We also showed that synovial fluid Treg cells express high levels of the antiapoptotic factor Bcl-2. Previously, Firestein et al. found high expression of Bcl-2 in
synovial T cells [15], but so far expression of this anti-apoptotic factor in synovial
fluid Treg cells has not been studied. It is well established that Bcl-2 prevents T cell
apoptosis by blocking the intrinsic apoptosis pathway [32, 33]. Bcl-2 is typically
upregulated by common γ chain signalling cytokines, such as IL-2, IL-7 and IL-15
[34, 35]. IL-2 and IL-7 are unlikely to be important for Bcl-2 upregulation in synovial
fluid Treg cells, as IL-2 is hardly present in synovial fluid and synovial fluid Treg cells
lack the IL-7Rα chain [36, 37]. Soluble IL-15, however, is present in rheumatoid joints
[37, 38] and fibroblast-like synoviocytes in rheumatoid joints express membranebound IL-15, which can stimulate Treg cells [39]. As Treg cells express the highest
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levels of the IL-2/15Rβ chain and IL-15Rα chain, they are also more sensitive
to IL-15 stimulation than other CD4+ T cells [39]. Taken together, it is likely that IL-15
contributes to the upregulation of bcl-2 in synovial fluid Treg cells.
Synovial fluid Treg cells also expressed high levels of microRNA-21. MicroRNAs
provide a layer of post-transcriptional regulation of gene expression in almost every
human cell type by preventing translation of their target messenger RNA [24, 40].
The oncogenic effect of microRNA-21 has been established in many types of cancer
[41]. In addition, microRNA-21 can prevent apoptosis and promote proliferation in
T cells [18-20]. These regulatory effects of microRNA-21 may result partly from its
silencing of transcripts of the tumor suppressor gene PTEN and PDCD4 [42, 43].
The high expression of microRNA-21 by Treg cells in RA SF was consistent with the
limited apoptosis and high proliferative activity of these cells.
As the data obtained here provide additional insight into the trafficking of Treg
cells into rheumatoid joints, as well as the local survival of these cells, our study may
be relevant for future studies on Treg cell therapy in RA patients. So far, Treg cell therapy
has been successfully applied in animal models of arthritis [44, 45]. Our data suggest
that Treg cells with a Th1-like chemokine receptor pattern are more likely to end up
in inflamed joints than Treg cells with a Th17/Th22-like chemokine receptor pattern.
Furthermore, local survival of therapeutic Treg cells is unlikely a major concern, as Treg
cells are actually expanding in rheumatoid joints.

Methods
Study population
Samples were obtained from 3 cohorts of RA patients fulfilling the ACR 1987
criteria. RA cohort 1 consisted of 29 Korean RA patients who donated peripheral
blood samples that were compared to peripheral blood samples of 39 Korean healthy
controls (Table 1). From 9 RA patients of cohort 1 we also collected paired synovial
fluid samples. Samples of cohort 1 were used to enumerate the numbers of naive
and memory Treg cells. RA cohort 2 consisted of 6 additional Korean RA patients
who donated peripheral blood and synovial fluid samples (supplemental table 1).
Samples of cohort 2 were used to assess the chemokine receptor expression of Treg
cells. RA cohort 3 consisted of 11 Dutch RA patients donating peripheral blood
and synovial fluid samples (supplemental table 1). Samples of cohort 3 were used
to assess proliferation and apoptosis of Treg cells and to study Bcl-2 and microRNA
expression by Treg cells. All patients studied had active disease according to DAS28
score (> 2.6) and/or clinical expertise of an experienced rheumatologist. Patients
with active infection, cancer or other rheumatologic diseases were excluded.
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The study was approved by the institutional review boards of Seoul National University
Hospital and the University Medical Center Groningen and informed consent was
obtained from all subjects.
Table 1. Patients characteristics
Healthy controls (PB) RA patients (PB)

No.
Age, year (mean ± SD)
No. Male/Female
DAS28-score (median, range)
ESR, mm/hr (median, range)
CRP, mg/dL (median, range)
Anti-CCP antibodies, no positive
RF, no positive
Disease duration, years (median, range)
Corticosteroids, no. users
Corticosteroids, mg/day (median, range)
Methotrexate, no. users
Sulphasalazine, no. users
Leflunomide, no. users
Hydroxychloroquine, no. users
Cyclosporin, no. users
Azathioprine, no. users
Etanercept, no. users

39
58 ± 13
8/31

29
58 ± 11
4/25
5.3 (3.3-8.5)
52 (4-130)
0.81 (0.01-17.1)
21
19
3 (0-30)
15
5.0 (2.5-7.5)
13
5
4
5
1
0
0

RA patients
(paired PB/SF)

9
61 ± 10
1/9
5.1 (3.7-8.5)
64 (4-108)
1.82 (0.04-5,0)
6
7
11 (0-30)
3
5.0 (5.0-5.0)
5
2
1
3
0
0
0

5

All study subjects mentioned here were recruited in Korea. Data obtained from these study subjects is
depicted in figure 1 and figure 2. No. = number. ESR = erythrocyte sedimentation rate. CRP = C-reactive
protein. Anti-CCP antibodies = anti-cyclic citrullinated peptide antibodies. RF = rheumatoid factor.

Antibodies
The following anti-human monoclonal antibodies were purchased from eBioscience
(San Diego, USA): FOXP3-APC [PCH101], CD4-PE-Cy7, CD4-efluor450, CD25-PE,
CD45RA-efluor605 and CD45RA-PerCP-Cy5.5. Although anti-FOXP3 clone PCH101
was initially suspected of non-specific binding to activated cells, this notion appeared
to be incorrect and the validity of anti-FOXP3 clone PCH101 was confirmed [21].
Anti-human CD3-APC-Cy7, CD4-APC-H7, CD8-PE-Cy7, Ki-67-PerCP-Cy5.5 and
active caspase-3-PE were obtained from BD Biosciences (San Diego, USA). CXCR3PE, CCR4-PE-Cy7 and CCR6-AF488 were purchased from Biolegend (San Diego,
USA). CD4-FITC and CD25-PE were purchased from IQ Products (Groningen,
The Netherlands). Annexin-V-FITC was purchased from Immunotools (Friesoythe,
Germany). Isotype controls served as negative controls.
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Cell isolation and flow cytometry
Mononuclear cells were isolated from peripheral blood and synovial fluid with FicollPaque Plus (GE Healthcare Biosciences AB, Uppsala, Sweden) or Lymphoprep (AxisShield, Oslo, Norway). After surface staining, cells were fixed and permeabilized with
a FOXP3 Staining Buffer Set (eBioscience). In some experiments, annexin-V staining
was performed prior to fixation, as previously described [22]. Following fixation
and permeabilization, non-specific binding was blocked with normal rat serum
(eBioscience) and the cells were stained for FOXP3 and Ki-67. Finally, cells were
washed and immediately analyzed on a FACS Canto II or LSR II Flow Cytometer (BD
Biosciences). Data were typically collected for at least 100,000 cells and plotted using
Flowjo software 7.5 (Treestar, Ashland, USA) and Kaluza Flow Analysis Software
(Beckman Coulter, Woerden, Netherlands). Absolute numbers of CD4+ T cells were
calculated by using percentages of CD3+CD4+ T cells within the lymphocyte gate in
addition to data from total and differential white blood cell counts.
RNA isolation and qRT-PCR
For qRT-PCR analysis, CD4+CD25high Treg cells and CD4+CD25- conventional
T cells were sorted by fluorescence-activated cell sorting (FACS) (MoFlo, DaKo
Cytomation). Cells were directly lysed with the Qiazol reagent and total cellular
RNA was extracted using the miRNeasy Mini Kit (both from Qiagen, Venlo, The
Netherlands) following manufacturer’s instructions. The RNA quantity was measured
on NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington,
DE). For microRNA-specific cDNA synthesis, RNA was reverse transcribed using
the Taqman MicroRNA Reverse Transcription kit in combination with multiplexed
reverse transcription primers of TaqMan microRNA Assays (Life Technologies,
Carlsbad, USA) for microRNA-21 (ID: 000397), microRNA-146a (ID: 000468) and
RNU48 (ID: 001006). The qPCR reaction was performed using qPCR MasterMix
Plus (Eurogentec, Liege, Belgium).
The cDNA synthesis for mRNA was performed using Superscript III RTase
(Life Technologies). The qPCR detection of FOXP3, Bcl-2 and TBP was performed
using the qPCR MasterMix Plus (Eurogentec), Taqman Gene expression assay for
FOXP3 (ID: Hs 01085834_m1) (Life Technologies), and gene-specific primers and
probe (Integrated DNA Technologies, Coralville, USA) for detection of TBP: forward
5’-GCCCGAAACGCCGAATAT-3’, reverse 5’-CCGTGGTTCGTGGCTCTCT-3’,
and probe 5’-6-FAM-ATCCCAAGCGGTTTGCTGCGG-BHQ-1-3’; or with
SYBR green PCR MasterMix (Life Technologies), and gene specific
primers, for detection of Bcl-2: 5’-TCGCCCTGTGGATGACTGA-3’
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(forward) and 5-CAGAGACAGCCAGGAGAAATCA-3’(reverse), and TBP:
5’-GCCCGAAACGCCGAATAT-3’ (forward), 5’-CCGTGGTTCGTGGCTCTCT-3’
(reverse). Mean cycle threshold (Ct) values for all genes were quantified with the
Sequence Detection Software (SDS, version 2.3), using ABI7900HT thermo cycler
(both from Life Technologies). All reactions were run in triplicate. RNU48 served
as endogenous control for microRNA-21 and microRNA-146a, while TBP served as
endogenous control for FOXP3 and Bcl-2. Relative expression levels were determined
using the ΔΔCt method.
Statistical analysis
Statistics were done with Graphpad Prism 5.3 for Windows. Data are presented
as median with range unless otherwise stated. Non-paired samples were compared
with the Mann-Whitney U test and paired samples with the Wilcoxon signed-rank
test. Correlations were determined with the Spearman rank test. Two-sided p-values
of less than 0.05 were considered statistically significant.
List of abbreviations
HCs = Healthy controls. RA = rheumatoid arthritis. Treg cells = regulatory T cell. Tconv
cells = conventional CD4+ T cells. Th cell = T helper cell. Th1 = T helper 1. Th2 = T
helper 2. Th17 = T helper 17. Th22 = T helper 22. Bcl-2 = B cell lymphoma 2.
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Supplemental data
Supplemental table 1. Characteristics of patients from RA cohort 2 and 3.
RA
Sex,
Cohort No. age
1

2

2

3

4

5

6

1

2

3

4

3

5

6

7

8

9

10

11

F,60

Disease
duration (years) RF

1

F, 70

15

F, 65

17

F, 69

37

M, 54 0.4

M, 52 7

F, 51

8

F, 65

25

M, 64 21

F, 55

15

F, 55

7

F, 59

5

M, 77 23

F,26

19*

F, 79

16

M, 30 11

M, 79 2

Pos

Pos

Pos

Pos

Pos

ACPA DAS28 Treatment

Pos

Pos

Pos

Pos

NT

Pos

NT

Pos

Pos

Neg Pos

Pos

Pos

Pos

Pos

ND

Pos

Neg

Pos

Neg Pos

Neg Neg

Neg Neg

Pos

Pos

Pos

Pos

5.6

4.7

4.8

4.8

4.3

4.1

4.56

5.50

3.77

7.09

3.34

6.64

4.01

3.24

5.02

6.22

4.11

MTX 15 mg per week

Etanercept 50 mg per week
Bucilamine 200 mg per day
MTX
15
mg
per
week
hydroxychloroquine 400mg per day

Sulfasalazine 2.0 g per day

Hydroxychloroquine 300 mg per
day

Data
shown

Fig 3

MTX 15 mg per week
Prednisolone 5 mg per day
Sulfasalazine 2.0 g per day

MTX 15 mg per week

Rituximab 1000 mg twice per year

-

MTX 15mg per week

Azathioprine 150 mg per day
Etanercept 25 mg twice per week

Fig 4

Adalimumab 40 mg once per two Fig 4,5
weeks

-

MTX 15 mg per week
Etanercept 50 mg per week

Etanercept 50 mg per week

-

Fig 5

Additional characteristics of RA patients who donated paired peripheral blood and synovial fluid
samples are shown. Patients from RA cohort 2 were recruited in Korea, whereas patients from RA
cohort 3 were recruited in the Netherlands. Data obtained from cohort 2 is depicted in figure 3, data
from cohort 3 in figures 4 and 5. * Patient initially diagnosed with juvenile idiopathic arthritis, later
progressed towards RA. ND = not determined.

Supplemental figure 1.Absolute numbers of FOXP3/CD45RA defined subsets in peripheral blood of
healthy controls and RA patients. Statistical significance is indicated as ** p ≤ 0.01. Mem = memory. Treg
= regulatory T cells. Tconv = conventional CD4+ T cells.
92

Supplemental figure 2. (A) Pie charts showing expression of CXCR3, CCR4 and CCR6 by CD45RA/FOXP3 defined CD4+ T cell fractions in peripheral blood
(PB) and synovial fluid (SF) of 6 RA patients. (B) Expression of CXCR3, CCR4 and CCR6 by naive regulatory T (Treg) cells and naive conventional CD4+ T
cells (Tconv) in peripheral blood (PB) and synovial fluid (SF) of 6 RA patients. Cells with a Th1-like homing potential (CXCR3+), a Th2-like homing potential
(CCR4+CCR6-CXCR3-) and Th17/Th22-like homing potential (CCR4+CCR6+CXCR3-) can be distinguished. No data are shown for synovial fluid naive Treg
cells, as these cells were not detected. Box and bars represent mean and SEM. Statistical significance is indicated as * p < 0.05.
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Supplemental figure 3. (A) Representative flow cytometric staining and gating strategy for five CD4+ T
cells subsets defined by FOXP3 and CD45RA expression in RA peripheral blood and synovial fluid and
their expression of CD25. (B) Mean fluorescence intensity (MFI) for CD25 in naive regulatory T (Treg)
cells (fraction I), memory Treg cells (fraction II), memory FOXP3low conventional T (Tconv) cells (fraction
III), memory FOXP3- Tconv cells (fraction IV) and naive Tconv cells. Data are representative for samples
from peripheral blood of 39 healthy controls and 29 RA patients, and synovial fluid from 9 RA patients
No data are shown for synovial fluid fraction I naive Treg cells, as these cells were not detected. Box and
bars represent mean and SEM.
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Abstract
In this study, we set out to investigate miR-21 target genes related to its anti-apoptotic
function in T-cells. We determined whether Jurkat T-cells are a suitable model to study
T-cell specific targets of miR-21. We first assessed miR-21 expression in resting, and
αCD3/CD28 activated Jurkat T-cells, using a qRT-PCR. Next, we tested the influence of
miR-21 inhibition on Jurkat T-cells using a lentiviral-based antisense miR-21 expression
system. Activation of Jurkat T-cells resulted in a rapid miR-21 upregulation, while
inhibition of miR-21 resulted in pronounced apoptosis induction, indicating that Jurkat
T-cells are a suitable model to study T-cell-specific miR-21 target genes. Application of
a high throughput experimental Ribonucleoprotein ImmunoPrecipitation – gene Chip
(RIP-Chip) approach, in Jurkat T-cells transduced with empty vector and Jurkat T-cells
transduced with miR-21, resulted in identification of 71 putative miR-21 genes. These
targets were enriched ≥2 fold more in the Jurkat-miR-21 condition. Among these, we
found several genes involved in the regulation of apoptosis, cell cycle and immune
function. Using a dual luciferase reporter construct we validated that phosphoinositide3-kinase, regulatory subunit 1 (PIK3R1) is a target gene of miR-21. In this study we
defined a list of endogenous miR-21 target genes in Jurkat T-cells, which can serve as
a starting point to identify miR-21 target genes, relevant to the function of activation
induced miR-21 expression in primary T-cells.

Identification of functional miR-21 target genes in Jurkat T-cells

Introduction
MiR-21 has been extensively studied in various pathological conditions, with increased
expression levels in numerous types of solid tumors like breast cancer or colorectal
cancer [1,2]. Elevated miR-21 levels were also detected in hematological malignancies,
including diffuse large B-cell lymphoma, Hodgkin lymphoma [3,4], and cutaneous T-cell
lymphoma [5]. In addition to the marked overexpression, several studies have clearly
established a potent oncogenic effect of miR-21. Experiments employing knockdown
of miR-21 showed an increased apoptosis and reduced invasiveness of glioblastoma,
and reduced proliferation of breast cancer [1,6], while experiments employing miR-21
overexpression revealed an increased tumor cell proliferation, migration and invasion
in hepatocellular carcinoma [7]. A relatively large number of confirmed miR-21
target genes have been established so far. Many of these target genes are known tumor
suppressors, and have been identified in cancer cells (Table 1). MiR-21 function in
T-cells has been also studied recently [8,9]. However, the functional knowledge of
relevant miR-21 target genes is still limited and only few T-cell specific target genes
have been described so far (Table 1). We have shown that activation-induced miR-21
regulates T-cell function in a dual way. In naive T-cells, miR-21 regulates the level
of CCR7 expression and as such affects potential T-cell migration characteristics.
In contrast, in memory T cells miR-21 provides anti-apoptotic signals allowing long-term
survival of memory T-cells (Chapter 4). Moreover, memory Tregs isolated from synovial
fluid of rheumatoid arthritis patients express elevated levels of miR-21, which correlates
with their enhanced proliferation and survival in the rheumatoid joint (Chapter 5).
In this study we set out to investigate T-cell specific miR-21 target genes related
to its anti-apoptotic signaling. To that end we employed a high throughput experimental
Ribonucleoprotein ImmunoPrecipitation – gene Chip (RIP-Chip) approach [10] in
Jurkat T-cells, which are a frequently used model cell line to study regulatory pathways
involved in T-cell activation and apoptosis.

Results and Discussion
To assess if Jurkat T-cells are a suitable model to study miR-21 function, we first
determined the baseline miR-21 expression level. In comparison to other T-cell specific
miRNAs (i.e. miR-17, miR-146a) mir-21 levels were moderate (Fig.1A). We next
studied if miR-21 expression in Jurkat T-cells is regulated in a similar manner as in
primary CD4+ T-cells. To this end we activated Jurkat T-cells with αCD3/CD28 mAbs
for 3 days. Similar to primary CD4+ T-cells we observed a rapid miR-21 upregulation
upon activation (30 fold induction at day 3, p<0.001, Friedman test) (Fig. 1B). This
indicates that analogous regulatory mechanisms are involved in miR-21 induction in
101
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Table 1. miR-21 target genes
Cell type

Target gene

Ref.

Breast cancer

TPM1
SERPINB5
PDCD4
PDCD4
ANP32A
SMARCA4
MARCKS
RECK
TIMP3
HNRNPK
TP63
LRRFIP1
PTEN
PTEN
BTG2
CDC25A
MSH2
TIAM1
TGFbR2
PPARα
PDCD4
SPRY2
SPRY2
RhoB
MEF2C
PELI1
IL-12p35
JAG1
PDCD4
CCR7

[19]
[20]
[20]
[21]
[21]
[21]
[22]
[23]
[23]
[24]
[24]
[25]
[7]
[15]
[26]
[27]
[28]
[29]
[30]
[31]
[31]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[9]
Chapter 4

Prostate cancer

Glioma
Glioblastoma
Hepatocellular cancer
Non-small cell lung cancer
Laryngeal carcinoma
Colon cancer

Pulmonary artery smooth muscle cells
Cardiocytes
Endothelial Cells
Neurons
Liver cells
Lung cells
Dendritic cells
T-cells

primary and Jurkat T-cells. Next, we tested whether the function of miR-21 in Jurkat
T-cells is similar to the function observed in primary T-cells, i.e. regulation of CCR7
expression and regulation of apoptosis. Flow cytometric analysis revealed that Jurkat
T-cells do not express CCR7 (Fig. 1C), and as such cannot serve as a model to further
study targeting of CCR7 by miR-21. Transduction of Jurkat T-cells with a lentiviralbased antisense miR-21 construct (miR-21 inhibitor) resulted in a significant decrease
in the percentage of live cells (Fig. 1D), similar to the effect observed in primary
memory T-cells. The decreased percentage of live cells was paralleled by a concomitant
increased percentage of apoptotic cells, reaching 80% by day six after transduction
(Fig. 1E, F) indicating that endogenous levels of miR-21 in Jurkat T-cells provide
essential anti-apoptotic signals. Together, these data show that the Jurkat T-cell line is
a suitable model to study the anti-apoptotic properties of miR-21.
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Figure 1. Jurkat T-cells as a model to study miR-21 function. A Relative expression of miR-17, miR21, and miR-146a was analyzed by qRT-PCR in Jurkat T-cells. MiRNA expression was normalized to the
expression of RNU48 (n=1, error bars are derived from triplicate measurment, data are represented as
mean +/- SD). B MiR-21 expression was analyzed by qRT-PCR before and after αCD3/CD28 activation
of Jurkat T-cells. MiR-21 expression was normalized to RNU48, and baseline levels before the start of
activation (day 0) was set to 1 (n=4 independent experiments, Friedman test). Data are represented as
median with interquartile range (dashed lines). C Representative FACS plot depicting CCR7 expression
by Jurkat T-cells. Isotype staining is depicted. D Percentage of viable Jurkat T-cells upon transduction with
control (n=3 independent experiments) or miR-21 inhibitor (n=4 independent experiments) based on
the forward and side scatter pattern obtained by FACS. E Percentage of apoptotic Jurkat T-cells in culture
upon transduction with control (n=2 independent experiments) or miR-21 inhibitor (n=2 independent
experiments). Apoptotic cells were defined by the loss of mitochondrial trans-membrane potential as
assessed by FACS analysis using DilC compound (50nM). Median values with range are depicted (twoway repeated measures ANOVA with a Bonferroni posttests). F Representative FACS plot depicting the
increase of apoptotic cells upon miR-21 inhibition. *p<0.05, **p<0.01, ***p<0.001.

To determine miR-21 target genes that might be related to the marked
effect on apoptosis, we performed a RIP-Chip technique [10] in Jurkat T-cells
overexpressing miR-21 (Jurkat-miR-21) and in Jurkat T-cells transduced with an
empty vector construct (Jurkat-EV) (Fig. 2A). MiRNA target transcripts were coimmunoprecipitated from cell lysates using an antibody directed against Ago2
protein, which is an integral component of RISC (Fig. 2B). The efficiency of the
Ago2 immunoprecipitation (αAgo2-IP) was similar for Jurkat-EV and JurkatmiR-21 cells (Fig. 2C). A marked enrichment of miR-21 was observed in αAgo2103
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Figure 2. Efficiency of Ago2-RISC immunoprecipitation in Jurkat-EV and Jurkat-miR-21. A
qRT-PCR analysis of miR-21 in Jurkat T-cells transduced with empty vector (EV) or miR-21. MiR21 expression was normalized to RNU48, and the level detected in Jurkat-EV was set to 1 (n=3
independent experiments). B Schematic representation of RISC immunoprecipitation using an antibody
against endogenous Ago2 protein. C Western blot analysis of Ago2 to determine the efficiency of the
immunoprecipitation (α-Ago2 IP) in Jurkat-EV and Jurkat miR-21. Immunoprecipitation with mouse
IgG1 served as a negative control. T - total cell lysate, FT - flow through, IP - immunoprecipitation.
D qRT-PCR analysis of miR-21 levels in RNA isolated from T, FT and IP fractions of α-Ago2 and
control mouse IgG1 immunoprecipitation experiments of Jurkat-EV and Jurkat-miR-21 cells. MiR-21
expression was normalized to RNU48, and the level detected in the total cell lysate of Jurkat-EV was set
to 1. MiR-21 expression was enriched in the α-Ago2 IP fractions of Jurkat-EV and Jurkat-miR-21, and
was 86 fold higher in IP fraction of Jurkat-miR-21 as compared to IP fraction of Jurkat-EV.

IP fractions of both Jurkat cell types, with 86 times higher levels detected in the
Jurkat-miR-21 IP fraction (Fig. 2D). Enrichments of genes in the IP fractions in
comparison to the total cell lysates were assessed by gene expression arrays. 20,312
probes, corresponding to 14,514 unique protein coding genes, were expressed in
at least 2 out of 4 conditions (Jurkat-EV Total and IP, Jurkat-miR-21 Total and
IP). Among these 14,514 unique genes we identified 209 predicted miR-21 targets.
As a control we also determined the number of predicted targets of the highly
abundant miR-17 (n=929) and of miR-146a (n=162). There was a marked overlap
between the predicted miR-21 and miR-17 target genes, i.e. 62 shared targets,
whereas the overlap with the predicted miR-146a targets included only seven genes.
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6

Figure 3. MiR-21 overexpression influences the expression of miR-21 predicted target genes in
Jurkat T-cells. A Bland-Altman plots comparing the expression levels of miR-21, miR-146a and miR-17
predicted target genes in total cell lysates of Jurkat-EV and Jurkat-miR-21. The expression difference of
each gene is plotted against its mean expression. Red lines represent the best fit to the data. B Percentage
of predicted miR-21, miR-146a, and miR-17 target genes among all 14,514 expressed genes, and among
genes enriched at least 2 fold in the IP fraction of Jurkat-EV and Jurkat-miR-21.

Comparison of the expression levels of miR-21 predicted target genes in the total
cell lysate of Jurkat-EV and Jurkat-miR-21 revealed decreased levels in JurkatmiR-21, indicating that several genes were affected by miR-21 overexpression at
the transcript level. No difference was observed for the predicted miR-146a target
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Table 2. Gene set enrichment analysis
Gene set

Position in GSEA
EV

miR-21

GCACTTT,MIR-17-5P,MIR-20A,MIR-106A,MIR-106B,MIR-20B,MIR-519D

1

3

AGCACTT,MIR-93,MIR-302A,MIR-302B,MIR-302C,MIR-302D,MIR-372,
MIR-373,MIR-520E,MIR-520A,MIR-526B,MIR-520B,MIR-520C,MIR-520D

2

1

BROCKE_APOPTOSIS_REVERSED_BY_IL6

3

258

ACACTAC,MIR-142-3P

4

5

ACTTTAT,MIR-142-5P

5

17

GTGCAAT,MIR-25,MIR-32,MIR-92,MIR-363,MIR-367

6

6

TGCACTT,MIR-519C,MIR-519B,MIR-519A

7

7

TTTGCAC,MIR-19A,MIR-19B

8

4

TGAATGT,MIR-181A,MIR-181B,MIR-181C,MIR-181D

9

2

TTGCACT,MIR-130A,MIR-301,MIR-130B

10

8

HAMAI_APOPTOSIS_VIA_TRAIL_UP

1237

9

SENGUPTA_NASOPHARYNGEAL_CARCINOMA_WITH_LMP1_UP

106

10

ATAAGCT,MIR-21

46

28

genes, while a small difference was detected for predicted miR-17 target genes
(Fig. 3A). This latter observation can be explained by the marked overlap between
the miR-21 and miR-17 predicted target genes.
To investigate the overall miRNA-targetome of Jurkat T-cells, we selected
genes enriched in the IP fraction, as determined by the IP/Total ratio. Approximately
1800 genes showed a ratio of more than 2 fold in Jurkat-EV and were considered
to be regulated by miRNAs. To assess which miRNAs contributed the most to the
general targetome of Jurkat T-cells, we performed a gene set enrichment analysis
(GSEA) [11]. Among the top ten most enriched gene sets in Jurkat-EV, we found
binding motifs for, among others, miR-17, miR-93, miR-142-3p and miR-181a family
members (Table 2), indicating that target genes of these miRNAs are most prominently
regulated in Jurkat T-cells. A similar analysis was performed for Jurkat-miR-21 cells,
and a clear overlap was found between the top 10 most enriched gene sets (Table 2).
Interestingly we found marked differences in the position of 2 gene sets involved in
the apoptosis regulation. A set of genes induced upon IL-6 treatment was among top
10 most enriched gene sets in Jurkat-EV but not in Jurkat-miR-21. In contrast, a set
of genes involved in the apoptosis induction upon treatment with TRAIL was found
among the top 10 most enriched in Jurkat-miR-21 but not in Jurkat-EV. In parallel,
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we observed that expression of the latter gene set was downregulated in the total
cell lysate of Jurkat-miR-21 (Supplementary Figure 1). These observations might be
explained by either direct or indirect effects of miR-21 and fit with the observed antiapoptotic role of miR-21 in the Jurkat cells. The miR-21-binding motif was at the
46th position of most enriched gene sets in Jurkat-EV (false discovery rate (FDR) =
0.0013), and at the 28th position in Jurkat-miR-21 (FDR<0.001).
In line with these observations we indeed noted a specific enrichment
of predicted miR-21 target genes among the top 1800 genes enriched in the IP of
Jurkat-miR-21 (n=84) as compared to Jurkat-EV (n=57). The enrichment was most
pronounced among the top 250 IP/Total enriched genes (Fig 3B). As a control, we also
analyzed enrichment of the predicted target genes of miR-146a and miR-17, which
revealed no differences between Jurkat-EV and Jurkat-miR-21 (Fig. 3B). Together
these data show that miR-21 overexpression in Jurkat T-cells led to an increased posttranscriptional regulation of its predicted target genes.
We next set out to determine which of the predicted miR-21 target genes
from our analysis might be relevant for the observed effect on apoptosis in Jurkat
T-cells. 45 of the predicted miR-21 targets were enriched in the IP of Jurkat-EV
and Jurkat-miR-21, 12 were only enriched in the Jurkat-EV IP fraction and 39 only
enriched in the Jurkat-miR-21 IP fraction (Fig. 4A). Out of these 96 predicted miR21 target genes, 71 genes were enriched at least 2-fold more in the Jurkat-miR-21
IP (Fig. 4A) as compared to Jurkat-EV, and as such could be true miR-21 targets.
Of these, 32 genes were present in both Jurkat-EV and Jurkat-miR-21, and 39 genes
were unique for Jurkat-miR-21. Using the gene ontology databases, we indicated
the annotation of these 71 genes (Table 3) and identified which genes were related
to “apoptosis regulation (positive)” (4 genes), “cell cycle” (6 genes), and “immune”
(6 genes). Eight genes showed a >5 fold enrichment in Jurkat-miR-21 over JurkatEV (Fig. 4B). For programmed cell death 4 (PDCD4), a known miR-21 target gene
involved in the regulation of apoptosis [2,9] (Fig. 4B), we confirmed upregulation
of PDCD4 protein upon miR-21 inhibition in Jurkat T-cells (Fig. 4C). We next
selected PAG1, and PIK3R1for a further validation. Phosphoprotein associated with
glycosphingolipid-enriched microdomains (PAG1) encodes a lipid raft-associated
transmembrane adaptor protein, also known as Cbp, which is involved in negative
regulation of TCR signaling [12]. PIK3R1 (phosphoinositide-3-kinase, regulatory
subunit 1) encodes p85α, p55α, and p50α regulatory subunits of PI3 kinase (PI3K),
which regulates multiple aspects of T-cell biology including cell survival, and
proliferation [13]. Co-transfection of a dual luciferase reporter constructs harboring
the 3’UTR of PIK3R1 and PAG1 together with miR-21 precursor molecules resulted
in a significant decrease of the relative luciferase levels of the construct containing
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the 3’UTR of PIK3R1 but not of PAG1. This indicates that PIK3R1 is indeed a direct
target of miR-21 (Fig.4D). P85α, the most studied isoform of PIK3R1, regulates PI3K
signaling by interaction with the catalytic subunit of PI3K as well as with phosphatase
and tensin homolog (PTEN) [14]. Interestingly, PTEN, a negative regulator of PI3K
signaling, is a known direct target of miR-21 [15]. Thus, miR-21 seems to regulate
PI3K signaling at multiple levels. Jurkat T-cells are PTEN deficient [16], therefore we
were not able to assess PTEN regulation in our analysis.
In summary, we show that Jurkat is a suitable model cell line to study miR-21
function in T cells and we present preliminary results indicating that miR-21 regulates
PI3K signaling, via targeting of p85α regulatory subunit.

Figure 4. Identification of miR-21 target genes relevant for the apoptosis induction observed in
Jurkat T-cells upon miR-21 inhibition. A Venn diagram showing the overlap between predicted miR21 target genes enriched in the IP of Jurkat-EV and Jurkat-miR-21. 71 genes enriched at least 2 fold
more in IP of Jurkat-miR-21 as compared to Jurkat-EV were selected for functional analysis (miR-21/
EV=(IP/T)Jurkat-miR-21 / (IP/T)Jurkat-EV). B List of the most strongly enriched genes within the 3 selected
functional categories ( >5 fold more in miR-21/EV. C Western blot depicting PDCD4 protein expression
in Jurkat T-cells transduced with control or miR-21 inhibitor. Two independent miR-21 inhibition
experiments are depicted. PDCD4 to β-actin ratio in wild type, non-transduced cells was set to one. D
Schematic indication of the miR-21 binding site in the 3’UTR of PIK3R1, and PAG1 genes, and the ratio
of Renilla luciferase (RL) to firefly luciferase (FL) signal detected in lysates of Cos-7 cells transfected
with psiCHECK-2 construct harboring PIK3R1, and PAG1 3’UTR and co-transfected with synthetic
miR-21 precursor or negative precursor. Transfection was performed in triplicate (n=1, error bars are
derived from triplicate transfection/measurment, data are represented as mean +/- SD).
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Table 3. Functional annotation of 71 predicted miR-21 target genes enriched ≥ 2 fold in miR-21 IP
GeneSymbol

EV IP/T

miR-21 IP/T miR-21/EV

PDCD4
0,9
5,3
RHOB
1,9
4,8
MAP3K1
1,5
3,4
PRKCE
2,1
4,1
RASA1
1,6
6,2
LATS1
4,8
126,9
CDK6
0,8
7,8
STAG2
0,9
6,5
PBRM1
0,7
3,7
FRS2
5,4
20,6
MSL1
0,9
5,3
FAM3C
4,7
20,3
CHIC1
3,2
13,5
PLEKHA1
6,0
31,3
PAG1
0,9
7,0
PIK3R1
1,3
9,3
NFAT5
2,0
12,7
RASGRP1
1,0
4,6
BCL11A
2,8
12,2
CHD7
1,0
3,6
PPP1R3B
2,0
4,8
RAB22A
0,8
6,4
AP4E1
1,0
5,1
PIKFYVE
0,8
3,9
AP3M1
1,4
3,6
SLC10A7
2,5
10,2
PAN3
4,1
23,5
ZFP36L2
2,5
6,0
KLHL15
3,4
17,8
C17orf39
2,7
6,3
SLC7A6
1,8
3,7
TET1
1,7
13,4
FAM63B
1,2
19,3
BMPR2
2,5
19,8
FAM126B
2,4
17,2
UBN2
1,7
11,8
C10orf12
0,8
3,5
SECISBP2L
1,7
6,4
YOD1
2,8
19,6
FBXO28
3,0
18,1
ZYG11B
0,8
4,1
FBXO11
1,2
5,6
WWP1
2,0
9,0
TOPORS
0,9
3,8
MARCH5
2,9
7,5
ATPAF1
2,1
5,2
KBTBD6
1,9
4,7
MBNL1
2,2
34,7
CPEB3
4,2
20,9
PRPF4B
1,0
4,8
RPS6KA3
0,6
4,1
PLAG1
7,8
61,2
LCORL
1,3
7,7
SATB1
1,5
7,3
PURB
1,5
6,9
KLF12
1,0
4,1
TRIM33
1,0
3,9
ZNF217
3,3
12,0
NFIA
1,1
3,9
SKI
2,5
8,1
C5orf41
7,5
24,5
ZNF367
13,7
38,5
BCL7A
2,7
6,5
CNOT6
1,8
4,2
KLF3
2,1
4,4
EIF2C4
1,1
4,2
EIF4EBP2
3,3
9,3
TNRC6B
1,4
3,6
CD69
31,9
72,6
TRPM7
1,9
21,8
RECK
2,7
7,5
genes enriched ≥2 fold in IP/T of EV and miR-21

5,7
2,5
2,3
2,0
3,9
26,6
9,7
7,4
5,2
3,8
5,6
4,3
4,2
5,3
7,8
6,9
6,4
4,7
4,3
3,5
2,4
7,9
5,3
4,9
2,5
4,1
5,7
2,4
5,3
2,3
2,0
7,8
16,5
7,8
7,2
7,0
4,3
3,9
6,9
6,1
5,1
4,6
4,4
4,4
2,6
2,5
2,5
15,8
5,0
5,0
6,5
7,8
6,1
4,8
4,6
4,3
3,7
3,6
3,4
3,3
3,3
2,8
2,4
2,3
2,1
3,7
2,8
2,6
2,3
11,3
2,8

Annotation
apoptosis regulation (positive), cell cycle regulation (negative), negative regulation of kinase activity
apoptosis regulation (positive), cell cycle regulation (negative), GTPase activity
apoptosis regulation (positive), stress-activated protein kinase signaling pathway, MAPK signaling pathway
apoptosis regulation (positive), calcium-independent protein kinase C activity
apoptosis regulation (negative), GTPase activator activity, MAPK signaling pathway
cell cycle regulation (negative), serine/threonine kinase activity
cell cycle regulation, cyclin-dependent protein kinase activity, p53 signaling pathway
cell cycle regulation, chromosome segregation, mitosis, meiosis
cell cycle regulation, chromatin regulator
cell-cell signaling, phosphorylation regulation, phosphatase regulator activity
chromatin organization
cytokine activity
cytoplasmic membrane-bounded vesicle
enzyme linked receptor protein signaling pathway
immune system, lymphocyte activation (negative), molecular adaptor activity
immune system development, lymphocyte activation, kinase regulator activity, T cell receptor signaling
immune system, transcription regulation (positive), transcription factor activity, T cell receptor signaling
immune system, intracellular signaling cascade, T cell receptor signaling pathway
immune system development, lymphocyte activation, transcription repressor activity
immune system development, lymphocyte activation, helicase activity
insulin signaling pathway, glucose metabolic process
intracellular signaling cascade, GTPase activity
intracellular protein transport
intracellular signaling cascade, phosphatidylinositol signaling system
intracellular protein transport
ion transport, organic acid:sodium symporter activity
mRNA catabolic process, protein kinase activity
mRNA stability regulation, transcription factor activity
na
na
organic acid transport, amino acid transmembrane transporter activity
oxidoreductase activity
phosphoprotein
phosphorylation regulation (positive), serine/threonine kinase activity, TGF-beta signaling pathway
phosphoprotein
phosphoprotein
phosphoprotein
phosphoprotein
proteolysis, peptidase activity
proteolysis
proteolysis
proteolysis, ubiquitin ligase complex
proteolysis, ubiquitin ligase complex
proteolysis, response to DNA damage stimulus
proteolysis
protein complex assembly, mitochondrion
proteolysis
RNA splicing regulation
RNA binding
RNA processing, serine/threonine kinase activity
serine/threonine kinase activity, MAPK signaling pathway
transcription regulation, transcription factor activity
transcription regulation
transcription regulation (negative), chromatin organization
transcription regulation (negative), transcription factor activity
transcription regulation, transcription factor activity
transcription regulation (negative)
transcription regulation, transcription factor activity
transcription regulation, transcription factor activity
transcription regulation (negative), transcription factor activity
transcription regulation, transcription factor activity
transcription regulation, transcription factor activity
transcription regulation (negative)
transcription regulation, nuclease activity
transcription regulation, transcription factor activity
translation regulation (negative), ribonucleoprotein complex
translation regulation (negative)
translation regulation (negative), ribonucleoprotein complex
transmembrane protein
transmembrane protein, cation channel activity
vasculature development, peptidase inhibitor activity
genes enriched ≥2 fold in IP/T of miR-21 but not in IP/T of EV

6
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Materials and Methods
Cell lines
Jurkat (a human acute leukemic T-cell line) was cultured in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS), 200mM L-glutamine, 100mM Na-pyruvate,
10mg/ml gentamycin (Lonza), 0.05M β-mercapto-ethanol (Merck, Darmstadt,
Germany) at 37°C in 5% CO2 (complete media). HEK293T cells (SV40 Large
T-antigen-transformed human embryonic kidney cell line), and Phoenix-Ampho
(Swift) were cultured in Dulbecco modified Eagle medium (DMEM) supplemented
with 10% FBS, 200mM L-glutamine and 10mg/ml gentamycin (Lonza) at 37°C in 5%
CO2. Cell lines were obtained from ATCC.
T-cell activation with αCD3/CD28 mAbs
TCR stimulation of Jurkat T-cells was performed with plate-bound anti-human-CD3
and soluble anti-human-CD28 mAbs. Briefly, culture plates were incubated with
goat-anti-mouse-IgG2a Ab (Cat. No. 1080-01, Southern Biotechnology) overnight
at 4°C, followed by washing with PBS and 1h incubation with hybridoma-culture
supernatant, containing anti-human-CD3 IgG2a mAb (clone WT32, approx. conc.
1µg IgG/mL) at RT. Unbound anti-CD3 antibody was removed by washing 4 times
with excess PBS. Cells were seeded at the density of 0.25x106 cells/mL in complete
medium supplemented with 5% V/V hybridoma-culture supernatant containing
anti-human CD28 IgG1 mAb (clone 20-4669), giving about 0.1µg IgG/mL end
concentration. At the indicated time points, cells were harvested, lysed with the
Qiazol reagent (Qiagen) and stored at -20°C until RNA extraction procedure.
FACS analysis of CCR7 expression
Expression of CCR7 was assessed by FACS using anti-human-CCR7-PE-Cy7 (3D12)
monoclonal antibody (mAb). Rat-IgG2a-PE-Cy7 (R35-9, both from BD Biosciences)
was used as isotype control. Cells were incubated with mAb for 30min at RT, and
measured on a BD LSR-II Flow Cytometer using Diva software (BD Biosciences).
Data were analyzed using Kaluza Flow Analysis Software (Beckman Coulter).
Viral constructs
To stably overexpress miR-21, the pre-miR-21, and ~150nt flanking sequences
were amplified from genomic DNA using Taq polymerase and primers: forward
5’gtcagaatagaatagaattgggg 3’, and reverse 5’gctgcattatggcacaaaag 3’. A NheI and Xho1
restriction sites were added to the forward primer and an EcoRI site was added
110

Identification of functional miR-21 target genes in Jurkat T-cells
to the reverse primer to allow directional cloning into the retroviral MXW-PGKIRES-GFP vector (Mao and Chen, 2007) using standard laboratory procedures. The
MXW-PGK-IRES-GFP vector was a kind gift from C. Z. Chen (Stanford University,
CA, USA). To stably inhibit miR-21 function we used the pmiRZip-21, a lentiviral
miR-21 inhibition vector (miR-21 inhibitor) (Cat. Nr: MZIP21-PA-1), or pmiRZipscrambled hairpin, a lentiviral control inhibitor vector (control-inhibitor) (Cat. Nr:
MZIP000-PA-1, both from Systems Biosciences, Mountain View, USA).
Viral transduction
Lentiviral particles were produced by calcium phosphate (CaPO4)-mediated
transfection of HEK293T packaging cells with pmiRZip-21 (miR-21 inhibitor), or
pmiRZip-scrambled hairpin (control-inhibitor) (Systems Biosciences) together with
pCMV-Δ8.91 and pMD2.G expression vectors in ratio of 4:4:1. Lentiviral particles
were collected 48h after transfection and passed through a 0.45µm Millex-HV filter
(Millipore, Billerica, USA). Lentiviral transduction of Jurkat T-cells was carried out
for 24h in the presence of 4µg/ml polybrene (Sigma-Aldrich, St. Louis, USA).
Retroviral particles were produced by calcium phosphate (CaPO4)-mediated
transfection of Phoenix-Ampho packaging cells with 10µg p633-miR-21 (miR-21
overexpression) or p633-EV (control) and 0,63µg of pSuper-DGCR8 in T25 flask.
Retroviral particles were collected 48h after transfection, passed through a 0.45µm
Millex-HV filter (Millipore) and concentrated with Retro-X concentrator (Clontech,
Saint-Germain-en-Laye, France) according to the manufacturer’s protocol. Jurkat
T-cells were transduced with the virus by spinning at 2,000rpm for 2hrs. Transduced
cells were sorted based on the green fluorescent protein (GFP) expression using
MoFlo sorter (Beckman Coulter).
Apoptosis measurement
Jurkat T-cells were transduced with miR-21 or control inhibitor to an efficiency of
at least 95%. Percentage of apoptotic cells was assessed at the indicated time points
after transduction by FACS-based measurement of mitochondrial transmembrane
potential loss. Briefly, cells were stained for 20min at 37°C in cell culture medium
containing 50nM DilC1(5) compound (Enzo Life Sciences, NY,USA), followed by
washing with PBS. Cells were kept on ice and measured directly at the FACS Calibur
flow cytometer using Cell Quest software (BD Biosciences). Data were analyzed
using Kaluza Flow Analysis Software (Beckman Coulter).
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Quantitative RT-PCR
Total cellular RNA was extracted using the miRNeasy Mini Kit (Qiagen, Venlo,
The Netherlands) following the manufacturer’s instructions. The RNA quantity was
measured on a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE). Gene expression levels were analyzed by quantitative reversetranscription-polymerase chain reaction (qRT-PCR). RNA was reverse transcribed
using the Taqman MicroRNA Reverse Transcription kit in combination with
multiplexed reverse transcription primers of TaqMan microRNA assays (Life
Technologies, Carlsbad, USA): for miR-21 (ID: 000397) and RNU48 (ID: 001006).
The qPCR reaction was performed using qPCR MasterMix Plus (Eurogentec, Liege,
Belgium), and Taqman Gene expression assays. RNU48 served as endogenous control
for miR-21. Mean cycle threshold (Ct) values were quantified with the Sequence
Detection Software (SDS, version 2.3, Life Technologies), using ABI7900HT thermo
cycler (Life Technologies). Relative expression levels were determined using the 2-ΔCt
formula, where ΔCt = Ctgene – Ctref.gene.
Ago2-RIP-Chip procedure
Immunoprecipitation of Ago2-containing RISC complexes was performed as
described previously by Tan et al. [10], and Slezak-Prochazka et.al. Briefly, cleared
lysates of 40 million cells were incubated with protein G Sepharose beads (GE
Healthcare) coated with anti-Ago2 antibody (Clone 2E12-1C9, Abnova, Taiwan)
at 4°C overnight. Anti-IgG antibody was used as a negative control (Millipore BV,
Amsterdam, The Netherlands). After washing the beads, RNA was harvested for
microarray and qRT-PCR analysis and protein lysates were made for Western blot.
Western blot for Ago2 was performed as described previously [17]. RNA from total
(sample taken before start of the IP procedure), flow through (sample taken of the
supernatant after collection of the IP fraction) and IP fractions were isolated with
miRNeasy Mini kit (Qiagen) according to manufacturer’s protocol. RNA from total
and Ago2-IP fractions of Jurkat-miR-21 and Jurkat-EV cells was used for microarray
analysis. Labeling and hybridization was performed using two-color Low Input
Quick Amp Labeling Kit, according to manufacturer’s protocol (Agilent, Santa Clara,
USA). Briefly, 40-100ng of RNA from total cell lysate and Ago2-IP samples was used
for cDNA synthesis, followed by cRNA amplification and Cy-3 and Cy-5 labeling.
cRNA was purified with RNeasy Kit (Qiagen) and quantified on NanoDropTM 1000
Spectrophotometer (Thermo Fisher Scientific Inc.). Equal amounts of cRNA Cy-3
and Cy-5-labelled samples were combined and hybridized at 65°C for 17hrs on the
60k SurePrint G3Human Whole Genome Oligo Microarray (Agilent). Next, slides
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were washed and scanned with SureScan Dx Microarray Scanner (Agilent). Scanned
images were used for Agilent Feature Extraction software version 10.5., converted
into Linear and Lowess normalized data. Quality control report was generated for
each array. Using GeneSpring GX version 12.5 (Agilent), quantile normalization
of the signals was performed. Next, probes not detected in more than half of the
samples and probes that are inconsistent (more than 2 fold different) in Cy-3 and
Cy-5 replicates of the same sample were filtered out. The averaged signals for Cy-3
and Cy-5 replicates were used to calculate the IP/T ratio for each sample.
Western blotting
Cells were lysed in RIPA lysis buffer (Millipore) supplemented with protease inhibitor
cocktail (PIC, Sigma-Aldrich). Lysates were sonicated twice on ice for 5 sec. (Bandelin
sonopuls HD, Berlin, Germany), centrifuged at 12.000rpm for 15min at 4°C, and
supernatant was collected. Protein concentration was determined using DC Protein
Assay following the manufacturer’s instructions (Bio-Rad Laboratories, Hercules,
USA). Samples were separated on 10% polyacrylamide gels and transferred onto
nitrocellulose membranes. Membranes were blocked using Odyssey blocking buffer
(LI-COR Biosciences, Nebraska, USA). Rabbit polyclonal anti-human-PDCD4
antibody (ab51495, Abcam, Cambridge, UK) and mouse anti-human-β-actin antibody
(C4, Santa Cruz Biotechnology, Santa Cruz, USA) were diluted 1000x in Odyssey
blocking buffer supplemented with 0.1% Tween-20. Immunoblots were incubated with
primary antibodies at 4ºC overnight. Secondary polyclonal goat anti-mouse antibody
conjugated with IRdye 680, and polyclonal goat anti-rabbit antibody conjugated with
IRdye 800 (both from LI-COR Biosciences) were used. Signal was detected with the
Odyssey Infrared Imaging System, Odyssey CLx, and protein bands were visualized and
quantified with Image studio software version 2.0.38 (both from LI-COR Biosciences).
Western blot for Ago2 was performed as described previously [10].
Cloning of 3’-UTRs in reporter constructs, transient transfection and luciferase
assays
The 3’UTR sequences harboring the putative miR-21 binding sites and a part of the
open reading frame of the human PIK3R1, and PAG1 transcripts were PCR-amplified
from genomic DNA using primers harboring an XhoI (5’) or NotI (3’) restriction
site. Primers for PIK3R1 5’- TTGCTCGAGAAGAACTGGTGCTACATTAC-3’
(forward) and 5’- TGGCGGCCGCCATTGTTGGACTCAGCAATA -3’ (reverse),
PAG1 5’- TTGCTCGAGCAGTGTGGCATCTCATAAGT -3’ (forward) and 5’TGGCGGCCGCCCTGTGCTACCATCTATTCT-3’ (reverse) and cloned into
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psiCHECK2 vector (Promega, Madison, USA), as described previously (Gibcus).
The inserts were sequence verified (BaseClear, Leiden, The Netherlands). 1,2 x104
Cos-7 cells were transfected with 125ng of the psiCHECK2 construct and 50nM PremiR-21 miRNA Precursor Molecule ID: PM10206 or Pre-miR miRNA Precursor
Negative Control #1 (Life Technologies), using the Saint-MIX compound (Synvolux
Therapeutics B.V., Groningen, The Netherlands), in 250µl serum-free medium. Four
hours following the transfection, 500µl of medium supplemented with 10% FBS
was added. Cells were lysed 24h after transfection and Renilla and Firefly luciferase
activity was measured using the Dual-Luciferase Reporter Assay System (Promega)
according to manufacturer’s instructions. For each transfection, luciferase activity
was measured in duplicate with the Luminoskan Ascent Microplate Luminometer
(Thermo Scientific). The Renilla over Firefly (RL/FF) luciferase ratio for miR-21
precursor was calculated. The RL/FF ratio of negative control was set to value of one.
Transfections were performed in triplicate and standard deviations were calculated.
Prediction of miRNA target genes
The miRNA target prediction program TargetScan (http://www.targetscan.org/,
Garcia) was used to determine predicted target genes of miR-21 (307 conserved
genes), miR-146a (224 conserved genes), and miR-17 (1.220 conserved genes). Only
part of these predicted target genes were expressed in at least 2 out of 4 conditions
(see above).
Functional annotation analysis
The functional annotation of genes was performed using the DAVID Bioinformatic
Resources 6.7 (http://david.abcc.ncifcrf.gov/home.jsp, Huang), based on the
following GO categories: GOTERM_BP_FAT, GOTERM_CC_FAT, GOTERM_MF_
FAT, KEGG_PATHWAY, SP_PIR_KEYWORDS. One to 4 GO terms were chosen for
description of each gene.
Gene set enrichment analysis
Gene sets significantly enriched in the αAgo2-IP in comparison to total cell lysate
fraction of Jurkat-EV and Jurkat-miR-21 were determined by the Gene Set Enrichment
Analysis using The Molecular Signatures Database (GSEA; http://www.broad.mit.
edu/gsea, [18]. Lists containing the expression values of 14,415 genes detected in IP
and Total fractions of Jurkat-EV or Jurkat-miR-21 were uploaded for the analysis.
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6
Supplementary Figure 1. Bland-Altman plots comparing the expression levels of apoptosis related gene
sets in total cell lysates of Jurkat-EV and Jurkat-miR-21. The expression difference of each gene is plotted
against its mean expression. Red lines represent the best fit to the data.
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Summary and discussion
The central role played by CD4+ T-cells in the development of the adaptive immunity
has been well established in the last decades [1,2]. However, the molecular cues
involved in CD4+ T-cell development and function, such as miRNAs, are still
a subject of intensive investigation. Studies employing conditional Dicer deletions at
defined stages of T-cell development have clearly demonstrated that maturation and
function of T-cells, and Tregs in particular, strongly depends on miRNA regulation
[3,4]. Indeed, inhibition of miRNA biogenesis in Tregs leads to break of peripheral
tolerance and ultimately the development of a lethal autoimmune condition [5,6].
Due to the significant role of Tregs in the prevention of excessive immunity, their
malfunction has been suspected to underlie the development of autoimmune
conditions such as Rheumatoid Arthritis (RA). At the same time, growing evidence
showed involvement of deregulated miRNA expression patterns in T-cells in the
pathogenesis of multiple sclerosis and systemic lupus erythematosus (SLE) [7-10].
Based on this knowledge, the overall aim of this thesis was to characterize the miRNA
expression patterns of T-cells and Treg cells derived from RA patients (Chapter 2
and 5), and to elucidate the (patho)physiological role of selected miRNAs in T-cell
biology (Chapter 3, 4, and 6).
miRNAs in T-cells of RA patients
Several studies have reported altered miRNA expression in T-cells derived from
patients suffering from autoimmune conditions such as SLE, ankylosing spondylitis
or multiple sclerosis [9,11,12]. However, there are no studies that have assessed the
miRNA expression patterns in Tregs derived from RA patients. In Chapter 2 we
isolated naive and memory Tregs and Tconvs from RA patients and healthy controls,
and assessed the miRNA expression profile using a microarray approach. We found
that the general miRNA signature of specific T-cell subsets is not different in RA
patients versus healthy controls, nor is it affected by RA treatment. The expression
of one miRNA, miR-451, correlated with the disease activity score. Thus, our
data indicate that, in contrast to SLE [9,10,13,14], CD4+ T-cells derived from RA
patients are not characterized by significantly altered miRNA signatures. Due to
the low number of patients used for miRNA profiling in our study (6 RA patients,
and 2 healthy controls) we cannot exclude the existence of additional subtle changes
between RA patients and healthy controls. Li et al. recently showed an increased
expression of miR-146a in CD4+ T-cells isolated from the inflamed joint of RA
patients in comparison to CD4+ T-cells isolated from peripheral blood of healthy
controls [15]. We found that synovial fluid T-cells are almost exclusively composed
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of memory T-cells, and contain significant numbers of memory Tregs (Chapter 5).
In Chapter 2 we found that both memory T-cells and memory Tregs are characterized by
higher miR-146a levels than naive T-cells [16,17]. Moreover, chronic T cell activation
as generally observed in the synovium and synovial fluid leads to upregulation of
miR-146a ([16] and Chapter 3). Thus, it is debatable whether an increased expression
of miR-146a in synovial fluid T-cells is an intrinsic T-cell defect or a consequence
of a local predominance of T-cells with an activated memory phenotype. Thus, the
analysis of defined T-cell subsets is essential to reliably study miRNA expression in
relation to inflammatory conditions. Another study by Fulci et al. reported elevated
levels of miR-223 in peripheral blood CD4+ T-cells of RA patients [18]. We did not
confirm this finding in our study, possibly due to inter-donor variation.
Physiological expression of miRNAs in naive and memory Treg and Tconv cells
Tregs are particularly dependent on miRNA expression. Disrupted miRNA biogenesis
during Treg development has been shown to cause lethal autoimmunity, comparable
to lack of the Foxp3 transcription factor expression [6]. Moreover, it has been
shown that knockout of miR-146a in mice seriously hampers the capability of Tregs
to suppress a Th1 response and results in the development of autoimmunity [19].
Several studies have analyzed Treg specific miRNA expression profiles [4,17,20,21].
However, the isolation of Tregs based on the bright expression of CD25 results in
a selective enrichment of memory Tregs (defined by CD25bright staining), and depletion
of naive Tregs (defined by CD25int staining). In Chapter 2 we used a recently described
gating strategy (Figure 1A) [22] to isolate naive and memory Tregs separately,
followed by an assessment of their miRNA expression profiles. We found that similar
to conventional naive and memory T-cells, naive and memory Tregs are characterized
by specific miRNA expression patterns. Several miRNAs associated previously with
a Treg phenotype, i.e. miR-21, miR-24 and miR-155, were highly expressed in
memory Tconv and memory Tregs, but not in naive Tregs, indicating their association
with a memory phenotype rather than a Treg phenotype. Importantly, we identified
miRNAs specifically expressed in both Treg subsets, and as such associated with
a true Treg phenotype. Among these, miR-146a was the most abundantly expressed
miRNA, indicating its crucial involvement in human Treg function.
In Chapter 3, we specifically focused on four miRNAs differentially
expressed between naive and memory T-cells, i.e. miR-146a, miR-21, miR-155, and
miR-31, and examined their expression during activation of naive T-cells. We found
that activation of naive T-cells results in pronounced miRNA expression changes.
Moreover, we found that the activation induced changes in expression of each of
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these miRNAs follow different kinetics. Based on these data, we propose that the
differential timing of miRNA induction and/or inhibition during T-cell activation
is tightly regulated and programmed to control specific aspects of T-cell activation
in time. Importantly, levels of miRNAs upregulated during naive T-cell activation
i.e. miR-146a, miR-155, miR-21, remain high in memory T-cells, while miRNAs
downregulated during the activation i.e. miR-31 remain low in memory T-cells. Thus
it becomes clear that activation of naive T-cells introduces a global re-programming
of the miRNA expression profile, which parallels the acquisition of a memory
phenotype. Consistent with this, Grigoryev et.al. reported that T-cell activation
introduces changes in the expression of 71 different miRNAs, of which 51 were
upregulated [23]. Bronevetsky et.al. reported partly contradictory results, i.e. that
T-cell activation introduces a global downregulation of miRNAs due to degradation
of Ago2 proteins [24]. Interestingly, we found that a single miRNA may have different
functions based on the differentiation state of the T-cell [25]. MiR-21 fine tunes the
level of CCR7 protein in activated naive T-cells, and inhibits apoptosis in activated
memory T-cells (Chapter 4). This shows that the cellular context affects the outcome
of miRNA-based regulation. Therefore, the selection of a biologically relevant cellular
system is crucial to reliably study the physiological function of specific miRNAs.

Figure 1. Purification
strategy and IRAK1
expression
analysis
in naive and memory
Tregs.
A Gating strategy used
to purify naive and
memory Tregs. B QRTPCR analysis of IRAK1
transcript expression
in naive and memory
Treg and Tconv cells.
IRAK1 expression has
been normalized to
the average of TBP and
RPII reference genes.
Data derived from 14
donors described in
Chapter 2. Wilcoxon
matched pairs test
was used to determine
statistical significance.
* p<0.05, ** p<0.01
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Identification of new, functionally relevant target genes in a given cell type,
is the main challenge in the study of miRNAs. The significant numbers of predicted
target genes and the time-consuming luciferase reporter based validation experiments
make the identification of new target genes highly inefficient. In order to find miR-21
targets responsible for its anti-apoptotic function observed in primary memory
CD4+ T-cells and Jurkat T-cells, we used a high throughput Ribonucleoprotein
ImmunoPrecipitation – gene Chip (RIP-Chip) approach (Chapter 6). We used Jurkat
T-cells as a model to study miR-21 function, since Jurkat T-cells have been extensively
employed to determine molecular cues following T-cell receptor triggering, and
apoptosis induction [26]. We used antibodies directed against endogenous Ago2
protein to immunoprecipitate RNA induced silencing complexes from wild type
Jurkat T-cells and Jurkat T-cells overexpressing miR-21, followed by target genes
analysis using gene expression arrays. This approach allowed us to determine target
genes specifically regulated upon miR-21 overexpression. Among those transcripts
we found several genes involved in apoptosis regulation as well as immune-related
genes. Further work is in progress in order to validate these preliminary findings.
In conclusion, miRNAs are now implicated in virtually all biological processes
related to CD4+ T-cell development, differentiation and apoptosis. Moreover, it is
evident that specialized T-cell subsets, such as naive, memory, Th1, Th2, Th17 or Treg
cells are characterized by distinct miRNA signatures (this thesis [17]). Several studies
have underlined the degree of plasticity among T-cell subsets. Specific transcriptional
circuits can either promote stability of a given subset or induce plasticity between
subsets [27-29]. An example of this is the finding that a single T-cell may share
characteristics of two or more functionally distinct subsets, such as Treg and Th17
[30-32]. MiRNAs are emerging as novel regulators of T-cell differentiation. It appears
that dynamic expression of miRNAs provides an additional layer regulating the
stability and/or plasticity between specific T-cell subsets (reviewed in [33,34]). The
data presented in this thesis add to this perspective by showing that miR-146a is
the most abundantly expressed miRNA in Tregs irrespective of their maturation
state, indicating its involvement in stabilizing the Treg lineage, and by showing
that a single miRNA, i.e. miR-21 might provide different functions based on the
differentiation state of the T-cell. Moreover, the data presented in this thesis underlies
the necessity to analyze defined T-cell subsets when studying miRNA expression in
relation to autoimmunity, since the composition of peripheral blood CD4+ T-cells
significantly influences miRNA expression readout. Therefore, the fluctuations in the
naive:memory T-cell ratio due to infections or disease activity should be taken into
account when analyzing miRNA expression in T-cells.
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Future perspectives
Although the understanding of miRNA function in human T-cells has significantly
improved, the majority of the data is still derived from animal studies [19,35,36].
It is important to acknowledge that expression and function of T-cell specific miRNAs
might differ between mice and man. An example is the expression of miR-155 in
Tregs. Stahl et. al. have shown that, in contrary to mice Tregs, human resting Tregs do
not express higher miR-155 levels than Tconv cells [37]. Moreover, in this thesis we
have experimentally proven that CCR7 is a direct target of miR-21 in primary human
naive T-cells [25], whereas the miR-21 binding site is not present in the 3’UTR of
the mice CCR7 gene, and as such CCR7 is not a miR-21 target gene in mice. These
examples indicate that a direct extrapolation of results obtained in mice models to
human cells is not always appropriate, and additional studies in human T-cells are
needed to validate findings from mice models.
It is especially important to determine miR-146a function in human Tregs.
Lu et.al. have shown that miR-146a regulates suppressive capacity of mice Tregs
by direct repression of STAT1 [19]. We have observed that miR-146a is the most
abundant Treg-specific miRNA (Chapter 2), confirming its involvement in human
Treg functioning. Moreover, miR-146a has been shown to target proteins involved
in the positive regulation of the NF-κB pathway in mice T-cells, i.e. IL-1 receptor
associated kinase 1 (IRAK1) and tumor necrosis factor receptor-associated factor 6
(TRAF6) [38,39]. IRAK1 and STAT1 are interesting candidates for further analysis,
due to their involvement in regulation of Treg function. IRAK1 negative mice are
characterized by higher numbers of Tregs, and decreased expression of IL-17 upon
stimulation with IL-6 and TGFβ, which together leads to dampened inflammatory
responses in acute and chronic inflammatory mice models [40]. Similarly, STAT1
deficiency enhanced proliferation and reduced the apoptosis of mice Tregs [41].
Using qRT-PCR, we determined that both naive and memory Tregs express lower
IRAK1 transcript level than their respective Tconv counterparts (Figure 1B). Whether
the same trend is observed at the protein level, and whether the observed difference
is a consequence of the high miR-146a expression in Tregs remains to be investigated.
Therefore, a functional study, validating miR-146a function in the maintenance
of human Tregs lineage is warranted.
Identification of functional, T-cell specific, miRNA target genes is crucial
to determine miRNA function in T-cell biology. In Chapter 6 we have applied
a high throughput technique to determine miR-21 target genes in the human
Jurkat T-cell line. Performing such high throughput identification of miRNA target
genes in primary human T-cells would be ideal. Such an approach, however, is
technically challenging. Successful Ago2 immunoprecipitation requires a large
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number of cells, which is a limiting factor in the study involving specific primary
human T-cell subsets. Moreover, lentiviral modulation of miRNA expression,
as performed in Chapters 4 and 6, requires activation of naive T-cells in order to
achieve sufficiently high transduction efficiency. To study miRNA target genes in
resting T-cells, a different strategy to modulate miRNA expression, e.g. transfection
with miRNA precursors, could be used. In chapter 6, we used a gene expression
array to determine miRNA target genes co-immunoprecipitated with Ago2 protein.
Application of RNA-sequencing, instead of gene expression arrays, would allow for
a more effective identification of miRNA target genes, including alternative splice
isoforms. Application of RNA sequencing could be also considered in future miRNA
profiling studies. In this thesis, we have used microarray and qRT-PCR approach to
study miRNA expression. The microarray technique allows the analysis of a broad
range of miRNAs, while qRT-PCR enables assessment of miRNA in minute RNA
samples, derived from FACS isolated T-cell subsets. However, these approaches do
not allow identification of novel T-cell subset-specific miRNAs species. The value
of small-RNA sequencing lies in the fact that it allows detection of both known and
novel miRNAs. In addition, it also provides information on the exact miRNA length
and sequence [42]. The drawback of this technique, however, is that it still requires
a relatively high amount of RNA which cannot be obtained from less abundant,
specific T cell subsets. However, improvements in the sample preparation, allowing
the analysis of minute amounts of RNA [43], will make small RNA sequencing the
method of choice to study miRNA expression in defined T-cell subsets in the future.
An alternative to RNA sequencing, allowing miRNA and mRNA profiling analysis of
a single cell, is the high-throughput microfluidic qRT-PCR technique [44].
Differentiation of effector T-cells is regulated by multiple transcriptional
and epigenetic factors. Changes in epigenetic makeup, introduced by polarizing
cytokines, include chromatin structure changes, histone and DNA modifications and
expression of miRNAs, which together enable the acquisition of T-cell subset-specific
gene expression programs [33,45]. In addition to these molecular mechanisms, long
non-coding RNAs (lncRNAs) are emerging as a new epigenetic layer controlling T-cell
development and differentiation. Pang et al. has demonstrated that CD8+ T-cells
express a defined set of lncRNAs, which are dynamically regulated during T-cell
activation and the transition from a naive to a memory phenotype [46]. LncRNAs
might function in multiple ways, including cis or trans regulation of expression,
epigenetic regulators, transcriptional regulators, or endogenous miRNA sponges
[47], adding another layer to the epigenetic landscape shaping the T-cell phenotype.
Therefore the global analysis of protein coding as well as non-coding miRNAs and
lncRNAs is crucial to comprehensively study T-cell biology.
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Deregulated expression of miRNAs has recently also been found in the T-cell
compartment of elderly people ([48] and Teteloshvili et.al manuscript in preparation).
Taking into account the important role played by miRNAs, such as miR-21
or miR-146a in T-cell function, their (de)regulated expression might significantly
influence functioning of aged T-cells, leading to changes in T-cell homeostasis and
autoimmunity. Therefore, proper understanding of physiological miRNA function
in aging T-cells and analysis of age-matched controls is essential to find diseaseassociated changes.
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CD4+ T-cellen spelen een centrale rol in de immuunrespons. De moleculaire
mechanismen die verantwoordelijk zijn voor de ontwikkeling en functie van de
CD4+ T cellen zelf worden nog steeds intensief onderzocht. Dit geldt zeker ook voor
de rol die zgn microRNAs (miRNAs) in dit proces spelen.
MiRNAs zijn kleine, ongeveer 22 nucleotiden lange RNA moleculen.
In tegenstelling tot boodschapper RNAs (messengerRNAs, mRNAs) coderen miRNAs
zelf niet voor een eiwit. MiRNAs binden aan de eiwit coderende mRNA moleculen
en moduleren (remmen) daarmee de translatie van mRNA naar eiwit. Op deze wijze
zijn miRNAs betrokken bij de regulatie van praktisch alle cel biologische processen
en daarmee de fysiologische balans in ons lichaam [1]. Om al die verschillende cel
biologische processen te kunnen reguleren beschikt de mens over ongeveer 2500
miRNAs [2]. In analogie met de verschillende functies die door verschillende
celtypen in ons lichaam worden uitgevoerd, worden de verschillende celtypen in ons
lichaam gekarakteriseerd door een verschillende samenstelling van deze miRNAs [3].
Als de cellulaire miRNA samenstelling verandert, kan dit grote gevolgen hebben voor
het gedrag van de cel. Het is dan ook niet verwonderlijk dat ziektes die gebaseerd
zijn op veranderde cellulaire eigenschappen, zoals kanker, gekenmerkt worden door
veranderingen in de cellulaire samenstelling van miRNAs [4].
Ook het uiterlijk en het gedrag van immuuncellen zijn afhankelijk van de
cellulaire samenstelling van miRNAs. Het Immuunsysteem wordt gekenmerkt door
veel verschillende soorten immuuncellen die elk een karakteristieke rol spelen in
de immuunrespons. Bovendien kunnen elk van deze immuuncel soorten in meer
of mindere mate geactiveerd raken waardoor het gedrag van de immuuncel enorm
verandert. Recent onderzoek, waaronder de studies beschreven in dit proefschrift,
tonen aan dat elk van de verschillende immuuncel soorten worden gekarakteriseerd
door een specifieke miRNA samenstelling [5,6]. Deze kenmerkende miRNA
samenstellingen worden miRNA profielen genoemd. Uit experimentele modelsystemen
is gebleken dat verstoringen in de expressie van miRNAs in het algemeen en een
aantal miRNAs in het bijzonder, kan leiden tot een verstoorde immuunregulatie en
het ontwikkelen van autoimmuniteit [7-10]. Hierbij speelt een specifieke CD4+ T-cel
subpopulatie, de regulatoire T-cel (Treg) een belangrijke rol. Tregs onderdrukken
de immuunrespons en voorkomen daarmee dat de immuunrespons ontspoort en
autoimmuniteit ontwikkelt [11]. De functie van Tregs is in grote mate afhankelijk van
miRNAs. Het uitschakelen van miRNA expressie of het moduleren van de expressie
van een aantal specifieke miRNAs in Tregs veroorzaakt ernstige autoimmuniteit die
wordt veroorzaakt door excessieve chronische immuunactivatie [10,12-14]. Recent
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werden ook bij een aantal autoimmuunziekten in de mens, multiple sclerose (MS) en
systemische lupus erythematosis (SLE), afwijkingen in de expressie van miRNAs in
T-cellen beschreven [15,16]. Het doel van het onderzoek beschreven in dit proefschrift
was om de miRNA expressie profielen van verschillende T-cel subpopulaties, in
het bijzonder Tregs, van patienten met reumatoide artritis (RA) vast te stellen. De
resultaten hiervan zijn beschreven in de hoofdstukken 2 en 5. Een tweede, hier direct
aan verbonden doel was om de (patho)fysiologische rol van een aantal relevante
miRNAs voor het functioneren van T-cellen vast te stellen. De resultaten hiervan zijn
beschreven in de hoofdstukken 3, 4 en 6.
miRNA expressie in T cellen van RA patienten
In een aantal recente studies is beschreven dat T-cellen van autoimmuun patienten
gekarakteriseerd worden door een veranderd miRNA expressie patroon [16-18].
Echter, hierbij is niet altijd gekeken naar de expressie van miRNAs in afzonderlijke
T-cel populaties, en de expressie van miRNAs in T-cellen van RA patienten is nog
niet beschreven. Dat het relevant is om de expressie van miRNAs niet in de T-cel
populatie als geheel maar in afzonderlijke T-cel subpopulatie te bestuderen volgt uit
het feit dat het bekend is dat de miRNA expressie profielen per T-cel subpopulatie
significant kunnen verschillen. Relevante verschillen in de expressie van specifieke
miRNAs tussen gezonde personen en RA patienten in relatief kleine maar zeer
relevante T-cel subpopulaties, zijn dus mogelijk alleen zichtbaar wanneer de miRNA
expressie per subpopulatie wordt vastgesteld. Daarom kozen wij er voor de expressie
van miRNAs te bestuderen in geisoleerde T-cel subpopulaties. Hierbij werd gebruik
gemaakt van een recent beschreven strategie om twee verschillende Treg populaties,
zogenaamde naieve Tregs en memory Tregs, los van elkaar te kunnen bestuderen [19].
In hoofdstuk 2 staan de resultaten beschreven van een studie waarbij we de miRNA
expressie in deze naieve Tregs en memory Tregs in RA patienten hebben gemeten
en vergeleken met gezonde controle personen. Hiervoor werd gebruik gemaakt van
een zogenaamde microarray-profiling, waarmee een indruk wordt gekregen welke
miRNAs tot expressie komen en hoe hoog deze expressie is. Om de resultaten te
valideren is vervolgens middels kwantitatieve real-time PCR (qRT-PCR) de expressie
van een aantal geselecteerde miRNAs nauwkeurig semi-kwantitatief bepaald.
We vonden dat de miRNA expressie van de geanalyseerde Treg populaties in algemene
zin niet verschilde tussen patienten en controle personen. Dat zelfde gold voor de
niet-Treg populaties (conventionele T-cellen, Tconvs), die ook in deze analyse waren
meegenomen. Een miRNA, miR-451, vormde hierop een uitzondering: de expressie
van dit miRNA correleerde met ziekte activiteit.
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Dat het belangrijk is om dit soort analyses in geisoleerde en goed
gedefinieerde T-cel populaties uit te voeren blijkt uit het feit dat de expressie van
verschillende miRNAs met verschillende kinetiek verandert als de T-cellen worden
geactiveerd. Resultaten hiervan staan beschreven in hoofdstuk 3. Geisoleerde
naieve T-cellen werden experimenteel geactiveerd waarna de expressie van een
aantal relevante miRNAs werd geanalyseerd. Een aantal van deze miRNAs, te weten
miR-21, miR-146a, miR-155, kwamen na activatie met een duidelijk verschillende
kinetiek verhoogd tot expressie. Dit duidt erop dat elk van deze miRNAs specifieke
functies in verschillende fasen van het T-cel activatie proces hebben. Eén van de
miRNAs, te weten miR-31, kwam verlaagd tot expressie als gevolg van de activatie.
Een ander voorbeeld waaruit blijkt dat de interpretatie van resultaten beinvloed
wordt door opmaak van de T-cel subpopulaties is beschreven in hoofdstuk 5. Recent
is beschreven dat T-cellen in de ontstoken gewrichten van RA patienten miR-146a
verhoogd tot expressie brengen in vergelijking met T-cellen in het perifere bloed [20].
Uit onze resultaten, beschreven in hoofdstuk 5, blijkt dat T-cellen in de ontstoken
gewrichten voornamelijk een geactiveerd memory fenotype hebben. In hoofdstuk 2
lieten we al zien dat juist deze T-cel populaties, ook in gezonde personen, gekenmerkt
worden door een hoge expressie van miR-146a. Bovendien is miR-146a één van de
miRNAs die bij chronische T-cel activatie verhoogd tot expressie wordt gebracht.
De betekenis van miRNAs in T-cellen
Het is bekend dat de, middels oppervlakte merkers en flowcytometrie gedefinieerde
T-cel populaties, gekenmerkt worden door onderling verschillende miRNA profielen
[6]. In onze studies werd met name gekeken naar naieve Tregs, memory Tregs,
naieve Tconvs en memory T-convs, gedefinieerd door de differentiele expressie van
CD45RO (memory marker), CCR7 (migratie marker), en CD25 (activatie en Treg
marker). Door op deze manier naar de bovengenoemde specifieke T-cel populaties te
kijken kon worden vastgesteld welke miRNAs geassocieerd zijn met de verschillende,
klassiek gedefinieerde, T-cel subpopulaties. Uit deze analyse, beschreven in hoofdstuk
2, bleek ook dat een aantal miRNAs die in de literatuur in het verleden beschreven
zijn als geassocieerd met een memory fenotype, in feite geassocieerd zijn met een
Treg fenotype en vice versa.
Een van de miRNAs waar we in het bijzonder aandacht aan gegeven hebben
is miR-21. miR-21 is bekend in de oncologie als een zogenaamd “onco-miR”, dat wil
zeggen een miRNA dat er voor kan zorgen dat cellen delen en niet doodgaan [21].
Ook in het immuunsysteem blijkt miR-21 vaak verhoogd tot expressie te komen in
delende (geactiveerde) T-cellen en lang levende (memory) T-cellen. Echter, hoewel
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sterk verhoogd in memory T-cellen, is de expressie van miR-21 ook in naieve
T-cellen duidelijk aantoonbaar. In een studie beschreven in hoofdstuk 4 konden we
aantonen dat de betekenis van miR-21 in naieve cellen fundamenteel verschilt van
die in memory T-cellen. In memory T-cellen is miR-21 belangrijk bij het voorkomen
van vroegtijdige dood van de T-cel door apoptose. Op deze manier lijkt de verhoogde
expressie van miR-21 in memory T-cellen betrokken te zijn bij het in stand houden
van een lang levende memory T-cel pool. In recent geactiveerde naieve T-cellen,
daarentegen, is miR-21 in staat de expressie van de chemokine receptor CCR7 te
reguleren. De expressie van CCR7 is in belangrijke mate bepalend voor de migratie
van naieve T-cellen naar de lymfeklieren, waar ze in contact komen met antigen
presenterende cellen [22]. Middels dit contact wordt de T-cel respons gestart waarna
de expressie van CCR7 verlaagt en de recent geactiveerde T-cellen uit de lymfeklieren
kunnen ontsnappen. De regulatie van CCR7 door miR-21 in recent geactiveerde
T-cellen, zoals door ons beschreven, past goed in dit concept. Deze studie laat zien
dat afhankelijk van de differentiatie-staat van de (T)cel, een miRNA fundamenteel
verschillende functies in hetzelfde celtype kan hebben. Mogelijk hangt dit samen met
de differentiatie afhankelijke aanwezigheid of bereikbaarheid van mRNAs die door
het specifieke miRNA kunnen worden gebonden.
Het vinden van de mRNAs die door de miRNAs worden gebonden (de
zogenaamde targetgenen) is lastig. Op basis van complementariteit tussen het
miRNA en mRNA is het mogelijk de targetgenen te voorspellen. Echter, het aantal
vals-positieve targetgenen en de kans dat relevante targetgenen worden gemist in
deze analyses is significant. Om de mogelijke miRNA bindende mRNA moleculen
in T-cellen beter (direct) in kaart te kunnen brengen werd een zogenaamde
Ribonucleoproteine-Chromatine-ImmunoPrecipitatie (RIP-Chip) uitgevoerd [23].
Bij deze methode wordt in een relevante cellulaire context (T-cellen) rechtstreeks
de miRNA-mRNA binding aangetoond door de miRNA-mRNA complexen te
precipiteren en de op deze wijze verrijkte mRNAs te identificeren. In onze studie,
beschreven in hoofdstuk 6, werd hiervoor gebruik gemaakt van Jurkat T-cellen
waarin het voor T-cellen relevante miR-21 tot overexpressie was gebracht. Bij deze
analyse werden naast immuun-regulerende genen, met name genen geidentificeerd
die betrokken zijn bij de regulatie van apoptose.
Uit de boven beschreven studies kunnen een aantal belangrijke conclusies
worden getrokken. MiRNAs zijn van cruciaal belang voor het op een juiste wijze
functioneren van het immuunsysteem. Specifieke immuuncel subpopulaties worden
gekenmerkt door expressie van specifieke miRNAs. De expressie van specifieke
miRNAs in klassiek gedefinieerde immuuncel subpopulaties geven daarmee een
nieuw inzicht in de verbondenheid en dynamiek van deze immuuncel subpopulaties.
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Experimentele in vitro en in vivo modelsystemen laten zien dat een verstoorde
expressie van miRNAs grote gevolgen heeft voor het functioneren van immuuncellen
en daarmee de balans in het immuunsysteem. Echter, er is nog weinig kennis of een
dergelijke verstoorde expressie van miRNAs in immuuncellen daadwerkelijk ten
grondslag ligt aan auto-immuun ziektes zoals RA. Beschreven veranderingen in de
expressie van miRNAs kunnen hierbij soms verklaard worden door een verschuiving
in de relatieve hoeveelheid van bepaalde specifieke immuuncel subpopulaties die
gekarakteriseerd worden door de expressie van specifieke miRNAs. Daarnaast zijn
experimentele bevindingen, gevonden in muis model systemen, niet zonder meer te
vertalen naar de mens. Dit geldt zowel voor de expressie als de functie van miRNAs.
Een aantal miRNAs, ook bestudeerd en beschreven in dit proefschrift, zoals
miR-21, miR-146a en miR-155, vervullen een sleutelfunctie in de regulatie van de
immuunrespons, met name in Tregs. Echter, ons inzicht mbt de rol die deze miRNAs
in de regulatie van de T-cel respons spelen is onvolledig en de betekenis van deze
miRNAs bij verschillende autoimmuunziektes zal in toekomstig onderzoek verder
moeten worden opgehelderd.
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Streszczenie

STRESZCZENIE
Limfocyty T CD4+ odgrywają kluczową rolę w odpowiedzi immunologicznej,
jednak molekularne mechanizmy odpowiedzialne za ich rozwój i funkcję pozostają
nadal w sferze intensywnych badań. Istotną rolę w tych procesach odgrywają
microRNA (miRNA).
MiRNA są małymi, około 22 nukleotydowymi cząsteczkami RNA, które
w przeciwieństwie do mRNA, nie kodują białek. MiRNA wiążą się z cząsteczkami
mRNA kodującymi białka, indukując ich degradację, lub blokując proces translacji,
co skutkuje obniżoną produkcją białka. W ten sposób miRNA modulują poziom
ekspresji białek w komórce. Poprzez swoją funkcję miRNA biorą udział w regulacji
wielu procesów biologicznych, zapewniając równowagę fizjologiczną zarówno
na poziomie komórki jak i organizmu [1]. U człowieka odkryto do tej pory około
2500 różnych miRNA [2]. Wyróżniamy miRNA powszechnie występujące w wielu
typach komórek, jak i miRNA specyficzne dla danego typu tkanki [3]. Zmiany w puli
komórkowego miRNA, dotyczące zarówno ilości jak i rodzaju miRNA mogą prowadzić
do poważnych zaburzeń w funkcjonowaniu komórki. Nie jest zatem zaskakujące,
że choroby związane z zaburzeniami na poziomie komórkowym, takie jak np. choroby
nowotworowe charakteryzują się znacznie zmienionym składem miRNA [4].
Układ odpornościowy charakteryzuje się różnorodnością komórek
pełniących swoiste funkcje w procesie odpowiedzi immunologicznej. Ponadto,
wiele typów komórek układu odpornościowego ulega aktywacji w trakcie kontaktu
z patogenami, co wywołuje w nich znaczne zmiany morfologiczne jak i funkcjonalne.
Przykładem takich zmian jest aktywacja limfocytów T na skutek napotkania antygenu
(np. białek bakteryjnych lub wirusowych). Przed rozpoznaniem antygenu, limfocyty
T charakteryzują się fenotypem naiwnym, tj. małymi rozmiarami, dużym jądrem
komórkowym oraz brakiem zdolności do produkcji cytokin. Rozpoznanie antygenu
indukuje proces aktywacji i przemianę w limfocyty efektorowe o większych rozmiarach.
Komórki te nabywają zdolność do produkcji cytokin, wspomagają odpowiedź
immunologiczną oraz wspierają limfocyty B przy produkcji przeciwciał [5]. Po okresie
efektorowym trwającym ok. 1-2 tygodni, większość komórek efektorowych ginie
pozostawiając w obiegu jedynie pulę komórek pamięci, które zapewniają tzw. „pamięć
immunologiczną” i umożliwiają szybszą odpowiedź przy powtórnym kontakcie
z antygenem [6]. Ostatnie badania, łącznie z badaniami opisanymi w tej pracy
pokazują, że każdy z różnych typów komórek układu odpornościowego charakteryzuje
się odmiennym składem miRNA. Ten charakterystyczny zestaw miRNA, specyficzny
dla danej populacji komórek nazywany jest profilem miRNA. Niektóre miRNA, obecne
w wielu typach komórek immunologicznych na średnim poziomie, są wyjątkowo
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wysoko ekspresjonowane w jednym szczególnym typie komórek. Takie miRNA
nazywamy specyficznymi dla danego rodzaju komórek [7]. Rola wielu miRNA jest nadal
nieznana i wymaga dalszych badań. Dzięki badaniom z udziałem modeli zwierzęcych
wiadomo natomiast, że zarówno całkowite zahamowanie produkcji miRNA [8],
jak i zahamowanie produkcji poszczególnych miRNA (np. miR-146a) w komórkach
układu odpornościowego prowadzi do poważnych zaburzeń w regulacji odpowiedzi
immunologicznej, a w konsekwencji do rozwoju chorób autoimmunologicznych [9-11].
W dotychczasowych badaniach zaobserwowano korelację pomiędzy zaburzeniami
ekspresji miRNA w limfocytach T, a chorobami o podłożu autoimmunologicznym
takimi jak stwardnienie rozsiane czy toczeń rumieniowaty układowy [12,13].
Niedawne badania wykazały szczególną wrażliwość na zaburzenia ekspresji miRNA
w populacji limfocytów T CD4+ regulatorowych (Treg) [14-16], które charakteryzują
się wysoką ekspresją podjednostki α receptora IL-2 (CD25), co odróżnia je od większości
pozostałych limfocytów T (Tconv). Populacja ta jest stosunkowo mała i stanowi
ok. 2-5% limfocytów T. Limfocyty Treg odgrywają ważną rolę w hamowaniu nadmiernej
odpowiedzi immunologicznej, zabezpieczając tym samym organizm przed rozwojem
autoagresji [17]. Niedawne badania wykazały, że limfocyty Treg, tak jak limfocyty
Tconv, występują zarówno w fenotypie naiwnym jak i w fenotypie pamięci [18].
Jednakże profil miRNA charakteryzujący te subpopulacje limfocytów Treg nie jest
do tej pory znany.
Reumatoidalne zapalenie stawów (RZS) jest chorobą autoimmunologiczną,
która dotyka stawy i może prowadzić do ich nieodwracalnej degeneracji. Etiologia
RZS jest złożona i wciąż daleka od wyjaśnienia. Ból i obrzęki stawów, będące objawami
choroby, są konsekwencją procesu zapalnego toczącego się w ich błonie maziowej.
Komórki układu odpornościowego, naciekające miejsce zapalenia, wzmagają
proces zapalny poprzez niekontrolowaną produkcję prozapalnych mediatorów.
Takie środowisko sprzyja aktywacji synowiocytów, makrofagów oraz różnicowaniu
osteoklastów, które razem pośredniczą w procesie niszczenia chrząstki i resorpcji
kości [19,20]. Pomimo obecności wielu limfocytów Treg w obrębie błony maziowej
stawu, stan zapalny utrzymuje się, sugerując nieprawidłowe funkcjonowaniu tych
komórek [21]. Liczne badania wykazały wadliwe funkcjonowanie limfocytów Treg
u pacjentów z RZS. Jednocześnie wyniki innych badań wskazują, iż prozapalne
środowisko obecne w stawie moduluje zachowanie limfocytów Tconv i zmniejsza
ich wrażliwość na supresorowe działanie limfocytów Treg [22-24]. Nieprawidłowa
ekspresja miRNA została niedawno wykryta w tkance maziowej, w płynie maziowym
i limfocytach T wyizolowanych z płynu maziowego pacjentów z RZS sugerując,
że rozregulowana ekspresja miRNA może być związana z przebiegiem tej choroby [25-28].
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Celem badań opisanych w niniejszej pracy było zbadanie profilu miRNA
w różnych subpopulacjach komórek T, a w szczególności w limfocytach Treg
pobranych od pacjentów z RZS. Badania te są opisane w rozdziałach 2 i 5. Drugim
celem niniejszej pracy było zbadanie roli poszczególnych miRNA w fizjologicznym
i patologicznym funkcjonowaniu limfocytów T CD4+. Badania te są przedstawione
w rozdziałach 3, 4 i 6.
Rozdział 1 zawiera ogólne informacje na temat biogenezy i funkcji miRNA, roli
miRNA w limfocytach T, jak również informacje dotyczące RZS.
Celem badań opisanych w rozdziale 2 było a) zbadanie profilu ekspresji miRNA
w limfocytach CD4+ Treg i limfocytach konwencjonalnych (Tconv), uzyskanych
od zdrowych dawców i pacjentów z RZS; b) analiza profilu miRNA w czterech
populacjach limfocytów, tj. limfocytach Treg i Tconv z uwzględnieniem fenotypu
naiwnego i fenotypu pamięci. Komórki użyte w eksperymentach oczyszczono z krwi
obwodowej korzystając z metody sortowania FACS. Profil miRNA oznaczono stosując
metodę mikromacierzy. Ekspresję wybranych miRNA zweryfikowano u niezależnej
grupie pacjentów i zdrowych dawców za pomocą metody qRT-PCR. Stężenie cytokin
prozapalnych (IL-6 i TNFα) oznaczano w surowicy dawców stosując multipleksowy
test ELISA. Wyniki wykazały, że ekspresja miRNA, w analizowanych populacjach
limfocytów, nie różni się znacząco pomiędzy pacjentami z RZS, a zdrowymi dawcami.
Ekspresja jednego miRNA, miR-451, była skorelowana z aktywnością RZS, a także
z poziomem IL-6 oznaczonym w surowicy. Analiza czterech subpopulacji limfocytów
T wykazała, iż każda subpopulacja charakteryzuje się odmiennym profilem miRNA.
Analiza miRNA oznaczonych w limfocytach Treg o fenotypie naiwnym i pamięci
wykazała, że miRNA uznawane do tej pory za specyficzne dla limfocytów Treg,
tj. miR-21 lub miR-155, są specyficzne jedynie dla Treg o fenotypie pamięci. Badanie
to umożliwiło oznaczenie miRNA prawdziwie specyficznych dla limfocytów Treg,
np. miR-146a. Wyniki te są podstawą do dalszych badań mających na celu weryfikację
roli poszczególnych miRNA w funkcjonowaniu limfocytów Treg. Wyniki te wskazują
ponadto, iż niezmiernie ważne jest wykonywanie analizy w oczyszczonej i dobrze
określonej populacji komórek T. W sytuacji, gdy miRNA analizowane są w całkowitej
populacji limfocytów T, istotny jest odpowiedni dobór zdrowych dawców, gdyż zmiana
składu populacji limfocytów T, np. w wyniku przebytej infekcji skutkującej wzrostem
populacji limfocytów pamięci, może istotnie wpływać na odczyt ekspresji miRNA.
W rozdziale 3 zanalizowano kinetykę ekspresji czterech wybranych miRNA; miR-21,
miR-146a, miR-155 i miR-31, podczas aktywacji limfocytów T CD4+, o fenotype
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naiwnym. MiR-21, miR-146a i miR-155, zostały wybrane ze względu na znacząco
wyższą ekspresję w komórkach pamięci, podczas gdy miR-31 został uwzględniony
ze względu na znacząco niższą ekspresję w tych komórkach. Komórki użyte
w eksperymentach oczyszczono z krwi obwodowej zdrowych dawców korzystając
z metody sortowania FACS a następnie aktywowano stosując przeciwciała
monoklonalne skierowane przeciwko receptorom CD3 i CD28. Ekspresja trzech
z czterech miRNA; miR-21, miR-146a i miR-155 uległa znacznej indukcji w czasie
trwania aktywacji, podczas gdy ekspresja miR-31 uległa zmniejszeniu. Wyniki te
ukazują, że aktywacja limfocytów T znacząco wpływa na zmianę ekspresji miRNA.
Wyniki sugerują również, że wyżej wymienione miRNA są zaangażowane w proces
aktywacji limfocytów T. MiR-21 jest szczególnie interesujący ze względu na swoją
funkcję znaną z onkologii, gdzie jest on określany jako „Onco-miR”, gdyż promuje
proliferację i hamuje apoptozę komórek nowotworowych [29]. Indukcja ekspresji
miR-21 podczas aktywacji limfocytów T może więc wpływać na ich przeżywalność.
W rozdziale 4 przeanalizowano wpływ indukowanej ekspresji miR-21 na funkcję
aktywowanych limfocytów T. Komórki o fenotypie naiwnym oraz komórki o fenotypie
pamięci oczyszczono z krwi obwodowej zdrowych dawców korzystając z metody
sortowania FACS a następnie aktywowano stosując przeciwciała monoklonalne
skierowane przeciwko receptorom CD3 i CD28 w obecności lub braku inhibitora
miR-21. W trakcie doświadczenia analizowano przeżywalność komórek a także
poziom ekspresji genów związanych ze stanem aktywacji, w obecności lub przy braku
inhibitora miR-21. Otrzymane wyniki wskazują, iż funkcja miR-21 różni się znacząco w
zależności od fenotypu limfocytu T. W aktywowanych limfocytach T pamięci, miR-21
zapobiega przedwczesnej śmierci komórki na drodze apoptozy. W aktywowanych,
naiwnych limfocytach T, miR-21 obniża ekspresję receptora chemokin - CCR7.
Receptor ten jest odpowiedzialny za migrację naiwnych limfocytów T do węzłów
chłonnych, gdzie mają możliwość kontaktu z komórkami prezentującymi antygen
[30]. Obniżenie ekspresji CCR7 u aktywowanych limfocytów T umożliwia opuszczenie
przez nie węzła chłonnego i poszukiwanie antygenu w tkankach obwodowych.
Badania opisane w rozdziale 4 ukazują, iż miR-21 może pełnić fundamentalnie różne
funkcje w zależności od stanu zróżnicowania limfocytu T.
W rozdziale 5 powracamy do analizy zachowania limfocytów Treg u pacjentów z RZS.
Celem badań była analiza przyczyn akumulacji limfocytów Treg w płynie maziowym
pacjentów z RZS. W tym celu przeanalizowano skład populacji limfocytów Treg
i Tconv pod kątem fenotypu naiwnego i fenotypu pamięci w materiale pobranym
z krwi obwodowej oraz z płynu maziowego pacjentów z RZS, stosując technikę
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cytometrii przepływowej. Ponadto, oceniono poziom ekspresji receptorów
chemokin (CXCR3, CCR4 i CCR6), odpowiedzialnych za kierunkową migrację
limfocytów Treg i Tconv w kierunku tkanek obwodowych. Przeanalizowano również
ekspresję wybranych miRNA w limfocytach Treg i Tconv pochodzących z płynu
stawowego. Zaobserwowano, że limfocyty Treg o fenotypie pamięci (MTreg), ale nie
o fenotypie naiwnym, migrują do płynu stawowego wykorzystując ten sam zestaw
receptorów dla chemokin co limfocyty Tconv. Limfocyty MTreg proliferują ponadto
w płynie stawowym, nie ulegając przy tym apoptozie, co skutkuje ich akumulacją.
Równocześnie komórki te ekspresjonują zwiększoną ilość takich antyapoptotycznych
czynników jak Bcl-2 i miR-21. Badania opisane w tym rozdziale wnoszą zatem
dodatkowe informację na temat przyczyn akumulacji limfocytów Treg w płynie
maziowym pacjentów z RZS. Ponadto, uzyskane wyniki pokazują, że limfocyty T
w stanach zapalnych stawów prezentują głównie aktywowany fenotyp pamięci.
W rozdziale 6 powracamy do analizy roli miR-21 w funkcjonowaniu limfocytów
T. Celem badań było odkrycie genów regulowanych przez miR-21, związanych
ze ścieżką apoptozy. Informacja taka umożliwi zrozumienie molekularnych
podstaw funkcjonowania miR-21 w warunkach fizjologicznych, jak również
w m.in. procesach nowotworowych. Komputerowa analiza komplementarności
sekwencji nukleotydowych, pomiędzy miRNA a mRNA umożliwia ocenę
prawdopodobieństwa interakcji pomiędzy tymi cząsteczkami. Niemniej jednak,
analiza in silico obarczona jest wieloma fałszywie pozytywnymi wynikami
wymagającymi praco- i czasochłonnej weryfikacji. W celu wiarygodnego
określenia genów regulowanych przez miR-21 w limfocytach T, zastosowano więc
podejście eksperymentalne, tzw. technikę RIP-Chip [31]. Technika ta opiera się
na immunoprecypitacji kompleksów rybonukleoproteinowych, zawierających miRNA
i mRNA, przy zastosowaniu przeciwciała monoklonalnego skierowanego przeciwko
endogennemu białku Ago2. mRNA wzbogacone w immunoprecypitowanej frakcji
oznaczono korzystając z techniki mikromacierzy. Technika ta umożliwia wydajną
analizę genów modulowanych przez dane miRNA w określonym modelu komórkowym.
Doświadczenie przeprowadzono w komórkach linii limfocytarnej Jurkat o normalnej
ekspresji miR-21 oraz w komórkach o obniżonej ekspresji miR-21. Wyniki zanalizowano
pod kątem genów zaangażowanych w procesy immunologiczne oraz w ścieżkę apoptozy.
Badania mające na celu weryfikację otrzymanych wyników są w toku.
Rozdział 7 podsumowuje wyniki opisane w rozdziałach poprzedzających
oraz przedstawia perspektywy przyszłych badań. Dane zostały omówione w świetle
aktualnej wiedzy dotyczącej wpływu miRNA na funkcję limfocytów T.
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Badania opisane powyżej są podstawą do wyciągnięcia szeregu ważnych
wniosków. Dowodzą one, iż poszczególne subpopulacje limfocytów T charakteryzują
się specyficznymi profilami miRNA. Dotyczy to w znacznym stopniu limfocytów
T naiwnych oraz pamięci, jak również limfocytów Treg. Wiadomo, iż kompozycja
limfocytów T zmienia się z wiekiem (przesunięcie w kierunku zwiększonej ilości
limfocytów T pamięci), jak również w wyniku przebytych chorób i infekcji. Dlatego
bardzo istotnym jest, aby analiza ekspresji miRNA u chorych i zdrowych dawców
przeprowadzana była w oczyszczonych subpopulacjach limfocytów T. Doświadczenia
przeprowadzone in vitro i in vivo pokazują, że zaburzona ekspresja miRNA ma
poważne konsekwencje dla funkcjonowania komórek odpornościowych, a tym
samym dla równowagi całego układu immunologicznego. Wiedza na temat wpływu
poszczególnych miRNA na morfologię i funkcję danej subpopulacji limfocytów
pozostaje jednak znikoma. Dane opisane w tej pracy dostarczają nowych informacji
na temat wpływu miR-21 na funkcjonowanie limfocytów T oraz na temat genów
regulowanych przez to miRNA. Ponadto, doświadczenia opisane w niniejszej pracy
pokazują, iż limfocyty T uzyskane z krwi obwodowej pacjentów z RZS nie różnią
się znacznie profilem miRNA od limfocytów zdrowych dawców. Niemniej jednak,
wzmożona ekspresja poszczególnych miRNA, np. miR-21, może wpływać na
przeżywalność i akumulację limfocytów Treg w płynie maziowym pacjentów z RZS.
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