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Abstract: Background and aims: The mechanism of dysfunction of regulatory B cells is unclear. The circadian loco-
motor output cycles kaput (CLK) regulates immune responses. CLK expression can be increased by alteration of 
the circadian rhythm. This study tests a hypothesis that alteration of the circadian rhythm, such as engaging the 
day-night shift rotation (DNSR), interferes with the expression of transforming growth factor (TGF)-β in B cells (TGFbB 
cell). Methods: Peripheral blood samples were collected from DNSR nurses and persons with the regular circadian 
clock life style (RC). The frequency of TGFbB cells in the blood samples was assessed by flow cytometry. The expres-
sion of TGF-beta in B cells was assessed with real time RT-PCR. Results: We observed that the frequency of periph-
eral TGFbB cells was less in DNSR nurses as compared to RC subjects. The expression of CLK and histone deacety-
lase 11 in peripheral B cells was higher, the TGF-β expression was lower, in peripheral B cells of DNSR nurses. 
Over-expression of CLK repressed the expression of TGF-β in B cells, which was mediated by HDAC11. Conclusions: 
The CLK expression in peripheral B cells is higher in DNSR nurses, which suppresses the expression of TGF-β in B 
cells. To regulate the expression of CLK during the circadian clock alteration needs to be further investigated.
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Introduction

The transforming growth factor (TGF)-β-produ- 
cing regulatory T cells (Treg) and B cells (TGFbB 
cells) or interleukin (IL)-10-producing B cells 
play an important role in the maintenance of 
the immune homeostasis in the body [1, 2]. By 
releasing the anti-inflammatory cytokine TGF- 
β, Tregs and TGFbB cells suppress other im- 
mune cells’ activities and inhibit inflammation 
in the body [3]. The immune regulatory func-
tions of TGFbB cells have been described in 
allergic diseases [4]. Yet, the mechanism un- 
derlying the dysfunction of TGFbB cells has  
not been fully understood.

Recent reports indicate that the circadian pro-
tein, Circadian Locomotor Output Cycles Kaput 
(CLK), plays a role in the suppression of TGF-β 

expression [5]. CLK can be up regulated by the 
alternation of circadian rhythm [6], such as in 
jet lag or engaging day-night work shift rotation 
(DNSR). CLK is involved in the development of 
natural killer cells and CD8α+ dendritic cells, 
macrophage activation and aberrant CD4+ T 
cell polarization [7]. Several lines indicate that 
CLK regulates the expression of immunoglobu-
lin (Ig)E [8, 9]. IgE is produced by B cells and  
is a key mediator in allergic diseases. The re- 
gulation of IgE expression has not been fully 
understood yet. Our previous work indicates 
that the frequency of TGFbB cells is decrea- 
sed in mice with allergic inflammation [4]. Yet, 
the mechanism underlying the suppression  
of TGF-β in B cells remains to be further inves- 
tigated. Based on the information above, we 
hypothesize that circadian protein CLK may be 
one of the factors interferes with the TGF-β 
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expression in B cells. In this study, we observed 
that the CLK levels in peripheral B cells were 
higher in DNSR nurses than the subjects with 
regular circadian life style (RC subjects). In vitro 
study showed that overexpression of CLK inhib-
ited the expression of TGF-β in B cells.  

Materials and methods

Human subjects

Twenty nurses (age: 25-27 years old) engaging 
with regular day-night shift rotation (DNSR) for 
1-2 years were randomly recruited into this 
study in the First Hospital of Shanxi Medical 
University from January of 2015 to May of 
2016. DNSR nurses with one of the following 
conditions were excluded from this study: Al- 
lergic diseases; autoimmune diseases; severe 
organ diseases; using immune suppressors 
and cancer. In addition, 20 healthy, non-DNSR 
subjects (age: 25-27 years old) were also re- 
cruited into this study to be a control group.  
The using human tissue in the present study 
was approved by the Human Ethic Committee 
at Shanxi Medical University.

Isolation of peripheral blood mononuclear 
cells (PBMC)

The blood samples (30 ml per subject) were 
collected from each human subject at 9 am by 
ulnar vein puncture. The PBMCs were isolated 
from the blood samples by gradient density 
centrifugation.

Isolation of B cells

CD19+ B cells were isolated from the PBMCs by 
magnetic cell sorting (MACS) with a purchased 
B cell isolation reagent kit (Miltenyi Biotech) 
according to the producer’s instructions. The 
purity of the isolated B cells was greater than 
98% as checked by flow cytometry.

Cell culture

The B cells were cultured in RPMI1640 medi-
um. The medium was supplemented with 2 mM 
L-glutamine, 0.1 mg/ml streptomycin, 100 U/
ml penicillin and 10% fetal bovine serum. The 
medium was changed in 2 to 3 days. Before 
using for further experiments, the viability of 
the B cells was assessed by Trypan blue ex- 
clusion assay; it was greater than 99%.

Flow cytometry

The B cells were stained with FITC-labeled anti-
CD19 mAb or isotype IgG (BD Bioscience) for 
30 min at 4°C, washed with phosphate-buff-
ered saline (PBS), fixed with 1% paraformalde-
hyde for 30 min, incubated with 0.5% saponin 
(Sigma Aldrich), washed with PBS, incubated 
with APC-labeled anti-TGF-β mAb or isotype  
IgG (BD Bioscience) for 30 min at 4°C, washed 
with PBS and analyzed with a flow cytometer 
(FACSCanto II, BD Bioscience). The frequency of 
TGF-β+ B cells (TGFbB cells) in the PBMCs was 
calculated with Flowjo (TreeStar) with the data 
of isotype IgG staining as a gating reference.

Real time quantitative RT-PCR (RT-qPCR)

Total RNA was extracted from the harvested  
B cells using TRIzol (Invitrogen) and reverse- 
ly transcribed into cDNA using a reverse tran-
scription reagent kit (Invitrogen) following the 
manufacturer’s instructions. The cDNA was 
then used for PCR assay of CLK and TGF-β 
mRNA expression. PCR assay was carried out 
on the CFX96 Real-time PCR Detection Sys- 
tem (Bio-Rad) with the SYBR Green Master  
Mix (Invitrogen). The results were calculated 
with the 2-ΔΔCt method and presented as fold 
change against the control group. The primers 
used in the present study include: GTGTTA-
CATCGCGCCATCAT and CATTAGGAGGGCTGAG- 
AGGG (CLK); GCAGCTGTCCAACATGATCG and 
GAGATCCGCAGTCCTCTCTC (TGF-β); GTCTTGC- 
CTGTTCAGTGCAA and TGCATCCCTGATTTCCAC- 
CT (HDAC11); CGCAAAGACCTGTATGCCAA and 
CACACAGAGTACTTGCGCTC (β-actin).

Western blotting

The total proteins were extracted from the B 
cells used in the present study. The proteins 
were fractioned by SDS-PAGE (sodium dodecyl 
sulfate polyacrylamide gel electrophoresis) and 
transferred onto a PVDF (Polyvinylidene difluo-
ride) membrane. The membrane was treated 
with 5% skim milk for 30 min at room tempera-
ture, followed by incubation with the anti- 
CLK mAb or anti-HDAC11 mAb or isotype IgG 
(Santa Cruz Biotech) overnight at 4°C, wash- 
ed with Tris-buffered saline-Tween 20 (TBST) 
for 3 times, incubated with peroxidase-label- 
ed second antibodies for 1 h at room tempera-
ture, developed by ECL (enhanced chemilumi-
nescence). The results were recorded by photo-
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graphing with an image station (UVI, Cambridge, 
UK).

Chromatin immunoprecipitation assay (ChIP)

ChIP assay was performed on B cells with a pur-
chased ChIP reagent kit (Sigma Aldrich) follow-
ing the manufacturer’s instructions. Briefly, B 
cells were harvested from the culture and fixed 
with 1% formalin for 15 min to cross link the 
chromatin and the around proteins. After soni-
cation to shear the DNA into small pieces 
(around 200-500 bps), the samples were pre-
cleared by incubation with protein G-agarose 
beads for 2 h at 4°C. The samples were centri-
fuged at 13,000 rpm for 10 min at 4°C to col-
lect the supernatant to be incubated with anti-
HDAC11 mAb, or anti-Foxp3 mAb, or isotype 
IgG, overnight at 4°C. The immune complexes 
in the samples were precipitated by incubation 
with protein G-agarose beads for 2 h at 4°C. 
The agarose beads were collected by centrifu-
gation, and then washed; the immune complex-
es on the beads were eluted in elution buffer. 
DNA in the immune complex was recovered by 
reverse crosslinking at 65°C for 4 h. The sam-
ples were digested with proteinase K for 1 h  
at 45°C to remove proteins. The DNA was re- 
covered by phenol/chloroform extraction and 
ethanol precipitation. The DNA or input (10%, 
collected before antibody precipitation) was 
analyzed by qPCR with primers of the TGF-β 
promoter: CGAAGGAGGTCACTGTGAGT and TG- 
TTCACACAAGCGTCAGTG. The results were pre-
sented as fold change against the input.

Over expression of CLK in B cells

CD19+ B cells were prepared and transfect- 
ed with the CLK-plasmids or control plasmids 
(Sangon Biotech, Taiyuan, China) and lipotec-
femine following the manufacturer’s instruc-
tions. The results of the transfection were che- 
cked by Western blotting.

RNA interference (RNAi)

CD19+ B cells were collected from healthy sub-
jects and transduced with HDAC11 shRNA or 
control shRNA (Santa Cruz Biotech) following 
the manufacturer’s instructions. The effects of 
RNAi were checked by Western blotting.

Induction of TGF-β expression in B cells

CD19+ B cells were isolated from PBMCs by 
MACS with commercial reagent kits (Miltenyi 
Biotech) following the manufacturer’s instruc-
tions. The purity of the isolated B cells was 
greater than 98% as checked by flow cyto- 
metry. Following published procedures [10], B 
cells were cultured in the presence of LPS (20 
µg/ml) for 48 h. The B cells were harvested  
at the end of culture and analyzed by RT-qPCR 
as described above.

Statistics

All the data are presented as mean ± SD. The 
differences between two groups were deter-
mined by Student t test or two-way analysis of 
variance (ANOVA) along with the Bonferroni cor-

Figure 1. Frequency of TGFbB cells in DNSR nurses and RC subjects. A: The representative flow cytometry dot plots 
show the frequency of TGFbB cells in the peripheral blood of RC subjects and DNSR nurses. B: The scatter dot plots 
show the individual datum of TGFbB cell frequency of RC subjects and DNSR nurses.
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rection. P<0.05 was set as the criterion of 
significance. 

Results

Lower frequency of TGFbB cell is detected in 
DNSR nurses

Based on published data that circadian disrup-
tion disturbs the immune homeostasis [11] and 

The CLK is one of the circadian proteins [14], 
which can regulate the expression of TGF-β [5]. 
Thus, we checked the levels of the CLK in 
peripheral B cells in DNSR nurses. The results 
showed that the levels of CLK mRNA were high-
er in peripheral B cells of DNSR nurses than 
that in RC subjects (Figure 2A). Considering 
that CLK might modulate the expression of 
TGF-β in B cells, we also assessed the expres-
sion of TGF-β in the B cells. The results showed 

Figure 2. CLK negatively corre-
lates with TGF-beta expression 
in B cells. (A, B) The scatter dot 
plots show the levels of CLK 
mRNA (A) and TGF-beta mRNA 
(B) in peripheral B cells of RC 
subjects and DNRS nurses. (C) 
The curves show the relation-
ship between TGF-β and CLK 
expression in B cells.

Figure 3. CLK suppresses TGF-β expression in B cells. A: The immune blots 
show the CLK levels in B cells after treating with the agents denoted on the X 
axis. B: The scatter dot plots show the TGF-beta mRNA levels in B cells after 
treating with the agents on the X axis. Samples were analyzed in triplicate 
in each experiment. The experiments were repeated 3 times. Each dot pres-
ents an individual datum.

associates with autoimmune 
diseases [12], we hypothesize 
that circadian disruption may 
affect the immune regulatory 
system. Thus, we assessed 
the frequency of peripheral 
TGFbB cells, one of the major 
cell populations of immune 
regulation [13], in DNSR nur- 
ses. The results showed that 
the frequency of TGFbB cell 
was lower in the peripheral 
blood samples of DNSR nurs-
es than that in RC subjects 
(Figure 1). The results impli-
cate that the generation of 
TGFbB cells in DNSR nurses  
is compromised.

High levels of the CLK in 
peripheral B cells of DNSR 
nurses
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that the TGF-β levels in peripheral B cells were 
much lower in DNSR nurses than that in RC 
subjects (Figure 2B). We then performed a cor-
relation assay with the data of CLK and TGF-β 
of B cells; the results showed a negative corre-
lation (r = -0.7665, P<0.0001) between CLK 
and TGF-β in the B cells (Figure 2C). The re- 
sults suggest that CLK may compromise the 
generation of TGFbB cells in DNSR nurses.

Over-expression of CLK suppresses TGF-β ex-
pression in B cells

Data reported above implicate that CLK sup-
presses TGF-β expression in B cells. To test 
this, we over-expressed CLK in B cells by trans-
fecting B cells with CLK gene carrying plasmids 
(Figure 3A). The CLK-over-expressing B cells 
were stimulated with LPS in the culture. As ana-
lyzed by RT-qPCR, the over-expression of CLK 
markedly inhibited the expression of TGF-β in  
B cells (Figure 3B). The results support our hy- 
pothesis that CLK is one of the factors down 
regulation of TGF-β in peripheral B cells.

HDAC11 mediates the effects of CLK on the 
suppression of TGF-beta in B cells

Published data indicate that HDAC11 sup-
presses the immune regulatory molecule, IL-10, 
in B cells [15]. We were wondering if HDAC11 

was also involved in the suppression of TGF-β, 
another important immune regulatory mol-
ecule, in B cells. To test this, we also assessed 
the levels of HDAC11 at the TGF-β promoter 
locus of wild B cells and B cells with CLK-over-
expression after exposing to LPS in the culture. 
As shown by the ChIP results, over-expression 
of CLK markedly increased the HDAC11 levels 
(Figure 4A) as well as decreased the Foxp3 (the 
transcription factor of TGF-β) levels (Figure 4B) 
at the TGF-β promoter locus. To corroborate the 
results, in separate experiments, we knocked 
down the gene of HDAC11 in B cells by RNAi, 
which resulted in about 10 folds down of the 
expression of HDAC11 in the B cells (Figure 
4C). The HDAC11-deficient B cells were then 
transfected with CLK plasmids and cultured in 
the presence or absence of LPS for 48 h. The 
results showed that the deficiency of HDAC11 
abolished the CLK-suppressed TGF-β expres-
sion in B cells (Figure 4B). The data suggest 
that HDAC11 is a critical factor in the CLK-
suppressed TGF-β expression in peripheral B 
cells. 

Discussion

A large number of people work at DNRS, such 
as doctors, nurses, emergency medical staff, 
pilots and police, which represent a signifi- 
cant part of the population. The present data 

Figure 4. HDAC11 mediates the effects of CLK on suppression of TGF-beta gene transcription in B cells. A: The scat-
ter dot plots show the levels of HDAC11 at the TGF-β promoter locus of B cells after the treatment denoted on the X 
axis. CLK-plasmid: B cells were transfected with CLK-carrying plasmids to over express CLK. Control plasmid: B cells 
were transfected with empty plasmids used as controls. B: The scatter dot plots show the levels of Foxp3 (TGF-beta 
gene transcription factor) at the TGF-beta promoter locus in B cells after treatment in the culture as denoted on the 
X axis. *, HDAC11-deficient B cells. #, B cells were transduced with control shRNA used as controls. C: The immune 
blots show the results of HDAC11 RNAi. LPS: The presence of LPS in the culture.
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showed that CLK levels were higher in periph-
eral B cells of DNRS nurses. The CLK was nega-
tively correlated with the expression of TGF-β in 
the B cells. Over expression of the CLK in B 
cells markedly suppressed the expression of 
TGF-β. Since TGF-β is an important molecule in 
the regulatory T cells and TGFbB cells, which 
are the major immune regulatory cells in the 
body and are the major components of the 
immune regulatory system, the data suggest 
that CLK may be one of the causative factors of 
the immune tolerance dysfunction.

The most symptoms of DNRS are fatigue and 
the related safety issues. In addition, increased 
risk of breast cancer has been noted in those 
engaging works of shift rotation [16], which  
has a potential link to clock gene polymorph-
isms [17] or melatonin expression suppression 
caused by exposing to light at night [18]. It is 
also reported that shift work and long-term 
exposure to light at night are associated with 
cardiovascular disorders [19] and metabolic 
syndrome and obesity [20]. The present data 
show a novel aspect of the study about circad-
ian rhythm. The CLK levels were found higher in 
peripheral B cells of DNSR nurses, which sup-
pressed the expression of TGF-β in B cells.

TGFbB cells are a fraction of immune regulatory 
cells and play important roles in the mainten-
ance of the immune homeostasis in the body. 
Our previous work showed that the TGFbB cells 
had an immune suppressor function by show-
ing inhibitory effects on CD4+ T cell proliferation 
[21]. Others also found that TGFbB cells inhib-
ited Th1 cells [10]. Yet, how TGFbB cells get 
dysfunction is less clear. The present study has 
revealed a previously unknown phenomenon 
that CLK plays a role in compromising the TGF- 
β expression in B cells. We observed this phe-
nomenon in DNSR nurses, in which the fre-
quency of peripheral TGFbB cell was decreas- 
ed and the expression of TGF-β was impaired.

The CLK is an essential activator of elements in 
the pathway of circadian rhythms [22]. Besides, 
the CLK is also an immune regulator, such as 
increases 3T3-L1 cell (a fibrocyte-like cell line) 
proliferation via up regulating the Wnt signaling 
[23]; regulates muscle insulin sensitivity [24] 
and regulates bone reabsorption [25]. The 
present data have added novel information to 
the understanding of the CLK by showing that 
the CLK can suppress the expression of TGF-β 
in B cells.

Nakamura et al reported that another circadian 
protein PER2 was higher in mast cells of mice 
with allergic disorders; using an antagonist of 
PER2 could stabilize the sensitized mast cells 
to attenuate allergic inflammation [26]. Our 
data show that the CLK, another circadian pro-
tein, suppresses TGF-β expression in B cells. 
Whether the suppression of TGF-β in B cells 
has the causal relationship with the decrease 
in TGFbB cell in the peripheral blood system  
of DNSR nurses is to be further investigated. 
Our recent study also found that the circadian 
protein NFIL3 was associated with the initi- 
ation of food allergy (un-published data). These 
data suggest that circadian alteration may be  
a facilitating factor in the initiation of some 
immune diseases, such as allergy.

In summary, the present data show that the 
CLK levels were higher in DNSR nurses that 
were negatively correlated with the frequency 
of peripheral TGFbB cells. In vitro study show- 
ed that over expression of CLK suppressed  
the expression of TGF-β in B cells. Therefore, 
the regulation of CLK expression during DNSR 
period needs to be further investigated. 
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