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Abstract
Objective

The circadian rhythm of clinical symptoms in rheumatoid arthritis (RA) has been primarily attributed to circadian variations 
in humoral factors and hormones. In this study, we investigated circadian rhythms of cellular immunity in RA (CiRA study). 

Methods
Peripheral blood of female postmenopausal patients with active RA (DAS 28 ≥ 4.2) (n=5) and female postmenopausal  

non-RA controls (n=5) was collected every 2 hours for 24 hours and analysed by flow cytometry, cytokine multiplex suspension 
array and quantitative RT-PCR of clock gene expression in isolated CD14+ monocytes. Endogenous circadian rhythms of 
macrophages were investigated by BMAL1-luciferase bioluminescence. Significance of circadian rhythms was tested by 

Cosinor analysis. 

Results
We found (i) circadian rhythms in the relative frequency of peripheral blood cell populations that were present in          

postmenopausal non-RA controls but absent in patients with active RA, (ii) circadian rhythms that were absent in non-RA 
controls but present in patients with RA and (iii) circadian rhythms that were present in both groups but with differences in 
peak phase or amplitude or amplitude/magnitude. The circadian rhythm in expression of the clock genes PER2 and PER3 

in CD14+ monocytes was lost in patients with RA. The amplitude of BMAL1-luciferase bioluminescence tended to be lower 
in patients with RA than in non-RA controls. 

Conclusion
We conclude that (i) in RA some immune cell populations lose their normal circadian rhythms whereas others establish new 

“inflammatory” circadian rhythms and (ii) these findings provide a good basis for further identifying pathophysiological 
aspects of RA chronobiology with potential therapeutic implications.
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Introduction
In rheumatoid arthritis (RA), disease-
related symptoms follow a circadian 
rhythm with the highest severity in the 
night and early morning (1-5). Morn-
ing stiffness is strongly associated with 
pain and functional disability and pre-
dictive of shortened working ability 
(6). The circadian variation of symp-
toms in RA has so far primarily been 
explained by an underlying circadian 
variation in pro-inflammatory cytokine 
and hormone levels, mainly the over-
night rise of interleukin (IL)-6 preced-
ing the morning rise of cortisol (2, 7-9). 
These observations have led to the suc-
cessful application of chronotherapy 
with modified-release prednisone (10). 
Modified-release prednisone, if taken 
at 10 PM, is effective at around 2 AM 
and prevents the nocturnal rise of IL-6 
in RA patients. It was demonstrated that 
chronotherapy with prednisone pro-
duces a sustained reduction of morning 
stiffness and IL-6 levels, in addition to 
all known therapeutic effects of con-
ventional prednisone (10-12).
In contrast to clinical and humoral 
findings, much less is known about cel-
lular circadian rhythms in RA. Under 
physiological conditions in rodents and 
healthy humans numerous cellular im-
mune functions and parameters have 
been described to be time-of-day de-
pendent, for example lymphocyte pro-
liferation and natural killer cell activity, 
as well as rhythms in absolute and rela-
tive numbers of circulating white blood 
cells and T cell subsets (7, 13-18). Im-
mune cells, such as macrophages, have 
cellular circadian clocks that modulate 
inflammatory immune responses (19). 
We hypothesised that cellular circadian 
rhythms may contribute to the circa-
dian variation in clinical symptoms in 
RA. Therefore, the aim of this pilot 
study was to investigate molecular, 
cellular and humoral circadian param-
eters of peripheral blood cells in five 
postmenopausal female RA patients in 
comparison to five age-matched post-
menopausal control subjects.

Materials and methods
Study design and patients 
Eligible subjects were females aged 45–
75 years. The restriction to postmeno-

pausal women was to minimise the im-
pact of hormonal factors. Participants 
had to have good vein conditions. Mid-
sleep (midpoint between sleep onset 
and wake up) in Munich Chrono Type 
Questionnaire (MCTQ) (20) had to be 
at 4:00±2:00 hours. The control group 
(n=5) comprised age-matched non-RA 
postmenopausal female subjects. Pa-
tients had to have active RA (21) with a 
modified 28-joint disease activity score 
(DAS28) (22) ≥4.2 measured in the 
morning. Therapy with glucocorticoids 
(≤10 mg/d prednisolone equivalent) 
and/or non-steroidal anti-inflammatory 
drugs had to be at stable doses for ≥4 
weeks prior to the study day. Disease-
modifying anti-rheumatic drugs were 
unrestricted. Subjects were excluded 
if they had intra-articular glucocorti-
coid therapy ≤4 weeks before screen-
ing (b.s.), biological drugs ≤a period 
of 5 half-lives b.s., other autoimmune 
diseases, chronic infections, acute in-
fections ≤4 weeks b.s., diseases leading 
to haematologic/serologic blood chang-
es, diseases affecting the circadian or 
sleep-wake-rhythm (e.g. neurologic 
or psychiatric diseases, uncontrolled 
hypertension, chronic obstructive pul-
monary disease, sleep apnoea, fever), 
opiate drug intake, alcohol/drug abuse, 
history of malignancy or anaemia (hae-
moglobin concentration ≤12.0 g/dl), 
and if they had flown through ≥3 time 
zones ≤2 weeks b.s. or were night shift 
workers. The study protocol was ap-
proved by the responsible local admin-
istrative body and ethics committee. All 
participants provided written informed 
consent before enrolment.

Study procedures
At screening (day -28 to -8) eligible 
participants were physically exam-
ined and standard blood and urine tests 
were performed, including erythrocyte 
sedimentation rate (ESR) and plasma 
concentrations of C-reactive protein 
(CRP). Participants rated pain and 
stiffness using a visual analogue scale 
(maximum 100 mm), estimated dura-
tion of morning stiffness (minutes) and 
completed different questionnaires (20, 
23-27). DAS28 was calculated based 
on 3 variables (DAS28-3): 28-tender 
joint count (TJC28), 28-swollen joint 
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count (SJC28) and ESR; DAS28-
3=[0.56*√(TJC28)+0.28*√(SJC28)+0.
70ln(ESR)] 1.08+0.16 (22).
At baseline (day -7) blood was ob-
tained for bioluminescence-analysis of 
the circadian clock in monocytes. In or-
der to harmonise sleep-wake-rhythms, 
participants were provided with dia-
ries and instructed to sleep for at least 
6 hours between 22:00 hours and 9:00 
hours on days -4 to 0, take food at regu-
lar intervals and drink sufficient fluid. 
On the 24-hour study day (day 1), par-
ticipants arrived before 9:00 am; after 
a rest, permanent peripheral vein cath-
eters were placed and blood was taken 
for analysis of the circadian clock in 
monocytes. From 10:00 am onwards, 
blood was taken every 2 hours until 
10:00 hours the following day. DAS28 
was assessed on arrival and at intervals 
but not during the night (10:00 hours,  
14:00 hours, 18:00 hours, 22:00 hours 
and 10:00 hours). Participants were 
provided regular meals, permitted to 
eat snacks ad libitum, carry out passive 
activities and sleep during the night in 
the dark.

Flow cytometric analysis
Peripheral blood samples were col-
lected in heparinised tubes. After cen-
trifugation and plasma separation, the 
pellets were re-suspended and incu-
bated in erythrocyte lysis buffer (0.01 
M KHCO3, 0.155 M NH4Cl, 0.1 mM 
EDTA, pH 7.5) for 6 min at 4° C. Sub-
sequently, samples were washed with 
PBS/BSA (137 mM NaCl+2.7 mM 
KCl+1.5 mM KH2PO4+7.9 mM Na2H-
PO4xH20, pH 7.2+30 mM bovine serum 
albumin). Obtained leukocytes were fil-
tered through a MACS pre-separation 
filter (30 μm, Miltenyi Biotec) and treat-
ed with human IgG (Flebogamma®) to 
block unspecific binding. Subsequently, 
stainings were performed with the fol-
lowing antibodies: anti-CD3 (UCHT1), 
anti-CD4 (RPA-T4), anti-CD45 (HI30), 
anti-CD69 (FN50), anti-CD14 (M5E2), 
anti-CD16 (3G8), anti-CD19 (HIB19), 
anti-CD20 (2H7), anti-CD56 (B159), 
anti-CD25 (M-A251), anti-CD127 
(hIL-7R-M21), anti-CD181 (5A12), an-
ti-CXCR4 (12G5), anti-CCR7 (3D12) 
(all BD Biosciences, Heidelberg, Ger-
many); anti-CD8 (3B5), anti-CD45RA 

(MEM-56), anti-CD27 (CLB-27/1) 
(all Caltag Laboratories, Hamburg, 
Germany); anti-CD62L (DREG-56) 
(BioLegend, Fell, Germany); anti-
CD126 (B-R6) (Diaclone, Besancon 
Cedex, France); anti-HLADR (L243), 
anti-CD45RO (UCHL-1) (both DRFZ, 
Berlin, Germany) for 10 min at 4°C. 
The antibodies were conjugated to dif-
ferent dyes: Pacific blue, PE-Cy7, PE, 
PE-Cy5, APC-Cy7, APC, FITC, APC-
Alexa750 and Pacific orange. Acquisi-
tion and analysis were performed using 
a LSR II cytometer (BD Biosciences) 
and FlowJo software (Tree Star, Ash-
land, OR, USA).

Quantification of plasma cytokine 
concentration
Plasma of the peripheral blood samples 
was immediately frozen and stored at 
-80° C for batch analysis. The con-
centrations of IL-1β, IL-1 receptor 
antagonist (IL-1ra), IL-2, IL-4, IL-5, 
IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 
(p70), IL-13, IL-15, IL-17A, interfer-
on-gamma (IFN-γ), interferon-gamma 
induced protein 10 kD (IP-10), tumour 
necrosis factor-alpha (TNF-α), mono-
cyte chemotactic protein-1 (MCP-1), 
macrophage inflammatory protein-1α 
(MIP-1α), MIP-1β, regulated upon ac-
tivation normal T-cell expressed and 
secreted (RANTES), eotaxin, basic 
fibroblast growth factor (FGF basic), 
platelet-derived growth factor (PDGF), 
vascular endothelial growth factor 
121/165 (VEGF), granulocyte colony-
stimulating factor (G-CSF), granulo-
cyte macrophage colony-stimulating 
factor (GM-CSF) and macrophage 
migration inhibitory factor (MIF) were 
quantified by multiplex suspension ar-
ray (Bio-Rad) according to the manu-
facturer’s instructions. Data acquisi-
tion was conducted using the Bio-Plex 
suspension system.

Clock gene expression
Five ml of heparinised whole blood 
was taken every 2 hours from patients 
and controls and immediately placed 
on ice. CD14+ blood monocytes were 
collected by MACS sort using whole 
blood CD14-microbeads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany) and 
the Auto-MACS-Pro device. All steps 

were performed at 4°C according to the 
manufacturer’s instructions. CD14+ cell 
fraction was pelleted by centrifugation 
and frozen at -80° C. After completion 
of the entire time series, total RNA was 
isolated using RNeasy Mini Kit (Qia-
gen, Hilden, Germany) and reverse 
transcribed (Fermentas, St. Leon-Rot, 
Germany). RT-PCR was performed 
on the clock genes REV-ERBα, PER2, 
PER3, BMAL1, CRY2 and GAPDH as 
housekeeping gene using QuantiTect 
Primer assay (Qiagen) and SYBR-
Green MasterMix (Invitrogen, Darm-
stadt, Germany) on an ABI7000 System 
(Applied Biosystems, Darmstadt, Ger-
many). Gene expression of individual 
samples were normalised to individual 
GAPDH levels and finally to the mean 
gene expression of control subjects.

Real-time bioluminescence recordings
Ten ml of heparinised whole blood was 
taken on day -8 and day 1 and mono-
nuclear cells (PBMCs) were sorted by 
density gradient centrifugation (LSM 
1077 Lymphocyte, PAA Laboratories, 
Coelbe, Germany). CD14+ monocytes 
were isolated via MACS sort using 
CD14-microbeads (Miltenyi) per-
formed according to the company’s 
protocol. Cells of each subject (1.2 x 
106 cells) were placed in Petri dishes 
and cultured in RPMI 1640 contain-
ing M-CSF. Medium was replaced 
every third day. After 7 days cells were 
transduced with a BMAL1:luc-reporter 
virus (first described by (28)), synchro-
nised with forskolin (40μM, removed 
after synchronisation and replaced by 
fresh media) and cultured in DMEM 
supplemented with 10% FCS and 0.1 
mM luciferin (Promega, Mannheim, 
Germany). Dishes were placed in light-
tight boxes with single photomultiplier 
tubes (Hamamatsu Photonics, Herrsch-
ing, Germany). Bioluminescence was 
recorded in 5 min bins at 37°C.

Statistical analysis
Differences in baseline characteristics 
between the groups were analysed using 
the Mann-Whitney or Fisher test (IBM 
SPSS Statistics version 19, Armonk, 
NY, USA), for comparison of two dif-
ferent time-points the Wilcoxon test 
for paired samples was used. For time 
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series analysis, chronograms were con-
structed for each single raw data series 
in order to assess the data for patterns, 
trends and outliers. To determine cir-
cadian variations of the groups, the pa-
rameters were analysed using the group 
(population) mean analysis of the time 
series analysis software Cosinor 6.3 
(Expert Soft Technologie, Richelieu, 
France). Cosinor analysis uses the least 
squares method to fit a sine wave to a 
time series. The fitted Cosinor curves 
were calculated with a 24 hour rhythm 
and are represented by the following 
function: C(t)=magnitude+amplitude 
*cos[((2π*t)/24h)-rad(peak phase)], 
where magnitude (MESOR) (i.e. the 
mean of the oscillation), amplitude (i.e. 
half the difference between the highest 
and the lowest values), and peak phase 
(acrophase) (i.e. the timing of the co-
sine maximum given in degrees, where 
360° corresponded to a 24-hour cycle). 
Group differences between the magni-
tudes of the time series were determined 
using the Brunner-Test, a non-paramet-
ric repeated measures analysis of vari-
ance (ANOVA) (SAS V. 8.2, SAS Insti-
tute, Cary, NC, USA). For analysis of 
cytokine concentrations, values out of 
range were substituted with zero. Prob-
ability values of p<0.05 were consid-
ered to be statistically significant.

Results
Circadian variation of clinical 
parameters
The characteristics of postmenopausal 
RA patients and non-RA controls are 
summarised in Table I. The non-rheu-
matic medication allowed in the study 
comprised antihypertensive drugs, li-
pid-lowering drugs, antiplatelet drugs, 
osteoporosis medications and antide-
pressant drugs. In the 24-hour time 
course of clinical variables in patients 
with RA, measured at 6 time points ex-
cluding the night, stiffness was greatest 
at 9:00 hours, tender joint count was 
highest at 10:00 hours, and swollen 
joint count was also highest at 10:00 
hours, whereas pain was most severe at 
14:00 hours (data not shown). ESR did 
not show a clear oscillation. DAS 28-3 
was stable over 24 hours. In Cosinor 
analysis none of these variations was 
significantly circadian.

Circadian rhythms of peripheral 
blood cell populations and cytokines
In the 24-hour analysis of 2-hourly col-
lected blood samples we found signifi-
cant circadian rhythms in the relative 
frequency of peripheral blood cell pop-
ulations that were present in postmen-
opausal non-RA controls but absent 
in patients with RA (Fig. 1, Table II). 
This was the case for: effector CD4+ T 
helper cells, effector CD8+ cytotoxic 
T cells, naïve CD8+ T cells, CD45RA- 
CD45RO- CD4+ T cells, natural killer 

T cells, IL-2 receptor expressing CD4+ 
T cells, IL-6 receptor expressing CD4+ 
and CD8+ T cells, “homing recep-
tor” CD62L expressing CD8+ T cells, 
and the plasma concentration of the 
chemokine MCP-1.
We also found circadian rhythms that 
were absent in non-RA controls but pre-
sent in patients with RA (Fig. 2, Table 
II). This was the case for: IL-8 receptor 
expressing CD14+ monocytes, CD20+ 

CD27+ memory B cells, CD20+ HLA-
DR+ activated B cells, “homing recep-

Table I. Characteristics of patients with RA and non-RA controls at screening visit.

Characteristic RA patients Non-RA controls  
 (n=5) (n=5)

Female  5 (100%) 5 (100%)
Postmenopausal  5 (100%) 5 (100%)
Age (years) 58.2 (6.1) 59.0 (11.1)
Mid sleep working days 2:55 h (0:00 h)*# 3:06 h (0:42 h)
Mid sleep non-working days 3:44 h (0:45 h) 3:50 h (0:58 h)
Concomitant osteoarthritis 2 (40%) 2 (40%)
Duration of RA (years) 3.3 (3.1)** 0 (0)
RF positive 5 (100%)** 0 (0%)
ACPA positive 4 (80%)* 0 (0%)
DMARDs 5 (100%)** 0 (0%)
Glucocorticoid treatment 2 (40%) 0 (0%)
Dose prednisone equivalent (mg) 2.5 (3.5) 0 (0)
NSAIDs 4 (80%)* 0 (0%)
Non-rheumatic medications  
  Anti-hypertensive drugs 3 (60%) 1 (20%)
  Lipid-lowering drugs 1 (20%) 1 (20%)
  Anti-platelet drugs 0 (0%) 1 (20%)
  Osteoporosis medications 2 (40%) 0 (0%)
  Anti-depressant drugs 1 (20%) 0 (0%)
DAS 28-3 4.8 (0.3)** 1.6 (1.0)
TJC28 9.8 (5.9)* 1.6 (3.6)
SJC28 5.6 (2.1)** 0 (0)
ESR (mm/h) 21.0 (6.8)** 6.0 (2.8)
CRP (mg/dl) (<0.5 mg/ml) 0.14 (0.12)  0.15 (0.11)
VAS pain (mm) 47.2 (17.5)  10.0 (22.4)
VAS stiffness (mm) 41.0 (27.5) 14.0 (31.3)
Duration of morning stiffness (min) 39.0 (25.1) 9.0 (20.1)
HAQ (functional status) 1.0 (0.3)** 0.1 (0.1)
SF-36 (quality of life)  
  Physical component summary  38.3  54.7
  Mental component summary  40.9  49.4
MFI-20 (fatigue)  
General fatigue 12.0 (3.6)  9.0 (4.3)
Physical fatigue 13.4 (2.3)* 6.8 (3.6)
Reduced activity 11.8 (5.2) 6.8 (4.1)
Reduced motivation 11.0 (3.7) 6.6 (4.2)
Mental fatigue 10.8 (4.2)  7.2 (3.8)
PD-Q Score (neuropathic pain) 17.6 (5.0)** 2.6 (5.8)

Data are mean (SD) or number (%); p-values as determined by Mann-Whitney U test or Fisher test for 
frequencies; *p<0.05; **p<0.01; #only one RA patient was working; ACPA: anti-citrullinated peptide 
antibodies; CRP: C-reactive protein; DAS28: disease activity score of 28 joints; DMARDs: disease 
modifying antirheumatic drugs; ESR: erythrocyte sedimentation rate; HAQ: health assessment ques-
tionnaire; MFI: multidimensional fatigue inventory; NSAIDs: non-steroidal anti-inflammatory drugs; 
PD-Q, painDETECT questionnaire; RA, rheumatoid arthritis; RF, rheumatoid factor; SF-36, short-
form 36; SJC28: swollen joint count of 28 joints; TJC28: tender joint count of 28 joints; VAS: visual 
analogue scale.
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tor” CD62L expressing CD4+ T cells, 
effector memory CD4+ T cells, central 
memory CD8+ T cells, CD45ROhigh 
expressing CD45RA- T cells, CD3+ T 
cells, and CD4+ T helper cells.
Finally, we found circadian rhythms 
that were present in both non-RA con-
trols and in patients with RA, but with 
differences in either peak phase, ampli-
tude or both amplitude and magnitude 
(relative difference of >10%; there were 
no identical circadian rhythms) (Fig. 
3, Table II): in comparison to non-RA 
controls peak phase was earlier in RA 
patients in CD62L expressing B cells; 
amplitude was higher in RA patients in 
chemokine receptor CXCR4 express-
ing CD4+ T cells and CD8+ T cells; both 
magnitude and amplitude were higher 
in RA patients in CD45RA- CD45RO- 
CD8+ T cells, natural killer cells, and 
IL-8 receptor expressing CD4+ and 
CD8+ T cells.
No significant circadian rhythm in 
postmenopausal non-RA controls and 
RA patients was detectable in the fol-
lowing populations: lymphocytes, 
granulocytes, monocytes, HLA-DR+ 
monocytes, B cells, CD8+ T cells, 
CD69+ CD4+ and CD8+ T cells, 
CD45RA+ CD45RO- naive CD4+ T 
cells, CD45ROdim CD45RA- CD4+ and 
CD8+ T cells, CD45ROhigh CD45RA+ 
CD4+ and CD8+ T cells, CD45ROhigh 
CD45RA- CD8+ T cells, CD45RA+ 

CD62L+ naive CD4+ and CD8+ T cells, 
central memory CD4+ T cells, effector 
memory CD8+ T cells, CD25+ CD127- 
T reg cells, IL-2 receptor expressing 
CD8+ T cells, IL-6 receptor expressing 
B cells and monocytes, IL-7 receptor 
expressing CD4+ and CD8+ T cells, IL-8 
receptor expressing B cells, and CCR7+ 
CD4+ and CD8+ T cells; all cytokines/
chemokines measured except for MCP-
1, including IL-6 (Fig. 1, lowest row).

Circadian clock gene expression in 
monocytes
In order to identify underlying mecha-
nisms, clock gene expressions were 
assessed in CD14+ monocytes isolated 
from peripheral blood of postmenopau-
sal RA patients and non-RA controls 
over 24 hours. REV-ERBα showed a 
significant circadian expression pattern 
in both RA patients and controls (Fig. 

Fig. 1. Circadian rhythms of peripheral blood cell populations and cytokines that are present in post-
menopausal non-RA controls but absent in RA patients.
Relative frequency of effector CD8+ T cells, effector CD4+ T cells, IL-6 receptor expressing CD8+ T 
cells, and concentration of the cytokines MCP-1 and IL-6 in monocytes of postmenopausal non-RA 
controls (left) and RA patients (right). Shown are means/SEM (n=5) and Cosinor curves (blue), show-
ing peak phase, magnitude±amplitude, and p-value of Cosinor analysis.
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4). In contrast, the clock genes PER2 
and PER3 were expressed in a circa-
dian manner with significant amplitude 
in the control group only, indicating 
that the circadian rhythm in RA sub-
jects is disrupted (Fig. 4). For the clock 
genes CRY1 and BMAL1 no significant 
circadian rhythm was detectable (data 
not shown).

BMAL1-bioluminescence recording in 
macrophages
The BMAL1-luc-bioluminescence, 
reflecting the endogenous circadian 
rhythm of the respective cells, was 
measured over 5 days in macrophages 
obtained from peripheral blood sam-
ples at day -8 and day 1, respectively. 
A rhythm was detectable in six of ten 
subjects only. The amplitude of the de-
tected rhythms appeared to be lower 
and damping to be higher in the post-

menopausal RA group than in non-
RA controls (mean±SD: 0.066±0.038 
(n=3) vs. 0.184±0.077 (n=3), p=0.2 
(Mann-Whitney U-test) and 34.3±11.3 
vs. 19.7±2.3, p=0.1, respectively), 
whereas period and phase were not 
altered (23.5±0.6 vs. 24.2±2.0, p=1.0, 
and 15.5±1.0 vs. 15.5±1.0, p=0.7, re-
spectively) (Fig. 4). 

Discussion
It is currently thought that the circadian 
rhythms of clinical symptoms in RA are 
primarily driven by underlying varia-
tions in cytokines and hormones (2, 8, 
9). In this study, we show for the first 
time that immune cellular rhythms are 
also altered in postmenopausal patients 
with RA, compared to postmenopausal 
non-RA controls. The study was con-
ceived of as a hypothesis generating 
study, in order to identify previously 

unknown target cell types which are 
especially active in RA. We were able 
to detect significant circadian rhythms 
in the relative frequency of circulating 
peripheral blood cell populations, al-
though (because of the high technical 
effort) we examined only 5 participants 
per group. However, we have found no 
circadian rhythm of serum IL-6, though 
we know, that this particular rhythm ex-
ists (9). The variability in both patients 
and controls was substantial. Therefore, 
the robustness of data needs to be con-
firmed by examining a larger replication 
group of individuals. The RA group was 
heterogenous with regard to treatment, 
as glucocorticoid therapy was taken by 
two of the RA patients at low and stable 
dosages, a factor we would improve in 
further studies.
The circadian clock drives daily physi-
ological rhythms that are necessary to 

Table II.  Cosinor data for peripheral blood cell populations and cytokines.

 Cosinor non-RA controls Cosinor RA patients ANOVA
   group
Parameter Mag. Ampl. Peak Ph. p-value Mag. Ampl. Peak Ph. p-value p-value

Circadian rhythm present in postmenopausal non-RA controls but absent in RA patients

CD45RA- CD45RO- CD4+ T cells [% of CD4+ T cells] 9.71 4.11 6:16 0.036 8.85 3.70 6:04 0.051 0.730
CD45RA+ CD62L- effector CD4+ T cells [% of CD4+ T cells] 3.51 0.79 6:38 0.016 2.31 0.88 6:18 0.100 0.472
CD45RA+ CD45RO- naive CD8+ T cells [% of CD8+ T cells] 54.10 3.69 6:18 0.044 50.90 5.84 7:40 0.109 0.475
CD45RA+ CD62L- effector CD8+ T cells [% of CD8+ T cells] 24.30 4.84 7:52 0.049 30.30 4.01 10:28 0.388 0.451
CD3+CD56+ NK T cells [% of lymphocytes] 2.80 0.74 14:52 0.008 5.10 0.87 14:04 0.108 0.061
IL-6R+ CD4+ T cells [% of CD4+ T cells] 0.85 0.35 15:12 0.008 0.55 0.25 14:52 0.136 0.037
IL-6R+ CD8+ T cells [% of CD8+ T cells] 1.29 0.47 17:40 0.005 0.90 0.24 15:40 0.173 0.174
IL-2R+ CD4+ T cells [% of CD4+ T cells] 3.71 1.52 20:12 0.026 4.73 1.35 17:12 0.143 0.190
CD62L+ CD8+ T cells [% of CD8+ T cells] 42.30 3.24 19:40 0.014 43.00 2.68 20:12 0.197 0.794
MCP-1 [pg/ml] 38.90 8.11 23:00 0.042 63.20 15.00 22:32 0.138 0.395

Circadian rhythm absent in postmenopausal non-RA controls but present in RA patients

CD45RA- CD62L- effector memory CD4+ T cells [% of CD4+ T cells] 18.30 2.79 5:24 0.064 18.70 2.15 1:54 0.036 0.983
CD62L+ CD4+ T cells [% of CD4+ T cells] 77.00 4.79 18:36 0.058 78.70 3.73 14:48 0.005 0.980
IL-8R+ monocytes [% of CD14+ monocytes] 63.30 4.85 16:52 0.384 66.60 11.40 16:12 0.016 0.678
CD45ROhigh CD45RA- CD4+ T cells [% of CD4+ T cells] 34.50 5.88 18:52 0.260 38.20 8.72 18:52 0.025 0.004
CD20+ CD27+ memory B cells [% of CD19+ B cells] 43.80 0.87 17:44 0.368 38.10 4.36 19:52 0.035 0.318
HLA-DR+ CD20+ activated B cells [% of CD19+ B cells] 72.70 0.52 22:08 0.845 66.90 5.88 20:08 0.006 0.335
CD45RA- CD62L+ central memory CD8+ T cells [% of CD8+ T cells] 14.00 1.99 21:40 0.056 17.20 1.91 21:28 0.037 0.962
CD3+ T cells [% of lymphocytes] 70.40 0.92 23:20 0.691 76.10 2.96 22:32 0.004 0.261
CD3+ CD4+ T cells [% of lymphocytes] 53.60 2.28 23:08 0.154 59.40 4.17 23:32 0.027 0.212

Circadian rhythm present in both postmenopausal non-RA controls and RA patients

CD45RA- CD45RO- CD8+ T cells [% of CD8+ T cells] 6.37 2.95 5:39 0.046 8.97 3.92 5:48 0.017 0.319
CD3- CD56+ NK cells [% of lymphocytes] 3.59 1.12 11:52 0.005 4.55 1.64 12:04 0.029 0.716
IL-8R+ CD4+ T cells [% of CD4+ T cells] 41.10 6.41 16:24 0.013 54.70 10.40 15:00 0.012 0.002
CXCR4+ CD4+ T cells [% of CD4+ T cells] 55.90 8.04 14:48 0.046 50.20 10.30 15:00 0.012 0.522
CXCR4+ CD8+ T cells [% of  CD8+ T cells] 39.90 7.22 15:36 0.001 41.20 11.10 16:00 0.020 0.792
CD62L+ B cells [% of CD19+ B cells] 83.70 5.75 18:28 0.037 84.40 5.99 16:12 0.009 0.914
IL-8R+ CD8+ T cells [% of CD8+ T cells] 14.60 2.96 17:04 0.024 31.70 5.81 17:12 0.045 0.000

Sorted for peak phase of RA patients; Mag: magnitude; Ampl: amplitude; Peak Ph: peak phase.
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synchronise the functions of the organ-
ism with the 24-hour environment (29). 
The major activities of the immune 
system occur during sleep, because 
during the day energy-rich fuel is al-
located primarily to brain and muscles 
(30). In accordance with the literature, 
we found cells of the adaptive immune 
system (e.g. B cells and CD4+ T cells) to 
be most prominent in peripheral blood 
during the evening and night, whereas 

cells of the innate immune system (e.g. 
NK cells and effector cells) were most 
prominent during morning and noon 
(30-32). Expression of chemokine and 
homing receptors peaked during the 
afternoon, possibly preceding redistri-
bution of cells of the adaptive immune 
system to the bone marrow or inflam-
matory tissue. However, we also have to 
keep in mind that the composition and 
concentration of blood constituents are 

dependent on body position, which can 
cause up to 10% changes. One cause is 
leakage through the vascular wall, a fac-
tor which could differ between patients 
with RA and controls. 
Cellular immune rhythms are synchro-
nised by the mammalian master clock 
located in the hypothalamic supra-
chiasmatic nucleus (SCN), impacting 
on sympathetic nervous system and 
regulatory hormones, mainly the pro-
inflammatory hormones growth hor-
mone, prolactin and melatonin (peak-
ing at night), and anti-inflammatory 
cortisol (peaking in the morning) (31). 
We found circadian rhythms present in 
postmenopausal non-RA controls, but 
absent in postmenopausal patients with 
RA, e.g. for several effector cell popu-
lations, e.g. effector CD4+ or CD8+ T 
cells and natural killer T cells, which 
may be relevant for ongoing inflamma-
tion in RA. Loss of rhythm may be con-
sequence or cause of dysregulation in 
RA. It has previously been shown that 
circadian rhythms could be lost in RA. 
In RA patients with high disease ac-
tivity, the circadian rhythm of cortisol 
secretion is abolished and the response 
of the hypothalamic-pituitary adrenal 
(HPA) axis is inadequately low in re-
lation to ongoing inflammation (2, 15, 
33-35). Two recent studies have demon-
strated disruption or alteration, respec-
tively, of cellular rhythms of molecular 
clocks in synovial fibroblast cells of 
patients with RA and osteoarthritis (36, 
37). We also observed rhythm loss in 
RA at the molecular level. Expression 
of the clock genes PER2 and PER3 was 
disrupted in monocytes of patients with 
RA. PER is central in the transcription/
translation feedback loop of the mo-
lecular machinery required to enable a 
cell to oscillate: the encoded proteins 
of the clock genes CLOCK and BMAL 
dimerise (CLOCK/BMAL) and acti-
vate transcription of PERIOD (PER), 
CRYPTOCHROME (CRY), REV-ERB 
and ROR (29). As negative feedback, 
the dimeric complex of PER/CRY in-
hibits CLOCK/BMAL transactivation 
(29). Degradation of PER/CRY during 
the night allows CLOCK/BMAL to start 
a new cycle of transcriptional activa-
tion (29). The disruption of PER2 gene 
expression may be due to inflammatory 

Fig. 2. Circadian rhythms of peripheral blood cell populations that are absent in postmenopausal non-
RA controls but present in RA patients.
Relative frequency of IL-8 receptor expressing CD14+ monocytes, CD20+ CD27+ B cells, CD20+ 

HLA-DR+ B cells, and CD62L expressing CD4+ T cells of postmenopausal non-RA controls (left) 
and RA patients (right). Shown are means/SEM (n=5) and Cosinor curves (red), showing peak phase, 
magnitude±amplitude, and p-value of Cosinor analysis.
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TNF-α expression (38). Conversely, 
rhythm loss can aggravate arthritis 
(39). We also found lower amplitudes 
of the endogenous circadian rhythm of 
BMAL1 expression in macrophages in 
RA patients. This may be associated 
with the rhythm loss of MCP-1 in RA 
patients, as BMAL1 regulates MCP-
1 expression in mouse macrophages 
(40).
Furthermore, we identified circadian 
rhythms that were not detectable (i.e. 

apparently not necessary) in post-
menopausal non-RA controls but es-
tablished in RA patients, for example 
in memory and activated B cells, and 
several chemokine or homing receptor 
expressing populations (e.g. receptors 
for IL-8 and CD62L). Gain of rhythm 
may facilitate inflammation. Examples 
for establishment of circadian rhythms 
are expression of IL-6 in human RA pa-
tients (8, 35) or serum-amyloid A and 
TNF-α after the onset of murine arthri-

tis (41, 42). IL-6 differentially regulates 
leucocyte recruitment, explaining why 
expression of many cell populations 
can be affected (43). It is not clear, 
whether the differences found suggest 
some mechanism related perhaps to IL-
6. The changes are rather not consist-
ent with known effects of cytokines. 
Recent studies of the pathogenesis of 
RA have revealed that both synovial fi-
broblasts and T cells participate in the 
perpetuation of joint inflammation as 
dynamic partners in a mutual activa-
tion feedback, via secretion of cytokines 
and chemokines that stimulate each 
other (44). We hypothesise that in RA 
circadian rhythms of the expression of 
chemokine and homing receptors (e.g. 
receptors for IL-8 and CD62L) may be 
established, which facilitate recruitment 
of inflammatory cells to the inflamma-
tory tissue.
We have found no circadian rhythm 
in the variation of clinical parameters, 
probably because here only six time 
points were measured, not separated 
by identical intervals. The disease was 
moderately active in all of the RA pa-
tients despite of any glucocorticoid 
therapy, only taken by two of the RA 
patients at low and stable dosages. The 
DAS28 was more driven by tender and 
swollen joints, as ESR was only mildly 
increased and CRP concentrations nor-
mal. In several populations we found 
no circadian rhythms in our postmeno-
pausal RA patients and controls, though 
rhythms are known to be present in 
young healthy persons (16, 45, 46).
To date there is only scattered knowl-
edge on cellular circadian rhythms in 
RA (29). Previous investigations with 
clinical impact in RA have concen-
trated on cytokines and humoral fac-
tors (2, 7, 9). However, cellular cir-
cadian rhythms have the potential to 
represent novel therapeutic targets if 
there are differences in between RA 
patients/healthy subjects, or between 
patients with active/inactive disease or 
responders/non-responders to therapy. 
We think, for example, of depleting 
therapy at peak phases of target cells, 
which are especially active in RA pa-
tients. There has been limited success 
with a “biomarker approach” to iden-
tify factors associated with poor re-

Fig. 3. Circadian rhythms that are present in both postmenopausal non-RA controls and in RA pa-
tients, but with differences in either peak phase, amplitude or both amplitude and magnitude.
Left: Cosinor curves of CD62L+ B cells, CXCR4+ CD8+ T cells, IL-8 receptor expressing CD8+ T cells, 
and CD3- CD56+ natural killer (NK) cells in postmenopausal non-RA controls (blue curves) and RA 
patients (red curves), showing peak phases, magnitudes ± amplitudes, p-values of Cosinor analysis, 
and p-values of ANOVA test for difference between groups. Right: Relative differences in amplitude, 
magnitude and peak phase.  
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sponse to treatment. We hypothesise 
that a “circadian pattern approach” 
could be more successful in this regard.
There is a current and challenging clini-
cal need to understand the reasons for 
lack of treatment efficacy, due to the fact 
that a considerable proportion of patients 
with RA are (partial) non-responders 
(47-50). The circadian rhythms of the 
humoral factors TNF-alpha and IL-6 are 
important, and indeed they have been 
successfully targeted by glucocorticoid 
chronotherapy (10). For this reason, we 
need a target search, which does not 

look at humoral factors only, but also 
at cellular circadian rhythms. Chrono-
therapy with methotrexate could be a 
successful approach (42).

Conclusion
In summary, we conclude that immune 
cells in RA may lose their normal cir-
cadian rhythms and establish new “in-
flammatory” circadian rhythms. These 
findings provide new aspects of RA 
chronobiology which need further in-
vestigation and may have pathophysi-
ological and therapeutic implications.
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