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Abstract: T-cells play an important role in host immunity against invading pathogens. Determining the underlying 
regulatory mechanisms will provide a better understanding of T-cell-derived immune responses. In this study, we 
have shown the differential regulation of IL-6 and CXCL8 by NF-κB and NFAT in Jurkat T-cells, in response to PMA, 
heat killed Escherichia coli and calcium. CXCL8 was closely associated with the activation pattern of NFAT, while 
IL-6 expression was associated with NF-κB. Furthermore, increasing the intracellular Ca2+ concentration by calcium 
ionophore treatment of the cells resulted in NFAT induction without affecting the NF-κB activity. Interestingly, NF-κB 
activation by heat killed E. coli, as well as CXCL8 and IL-6 expression was significantly suppressed following addition 
of the calcium ionophore. This indicates that calcium plays an important role in regulating protein trafficking and 
T-cell signalling, and the subsequent inflammatory gene expression infers an involvement of NFAT in CXCL8 regula-
tion. Understanding these regulatory patterns provide clarification of conditions that involve altered intracellular 
signalling leading to T-cell-derived cytokine expression.
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Introduction

T-cells play a key role by acting as a link between 
innate and acquired immunity. It is therefore 
important to map the different regulatory 
mechanisms involved in T-cell activation. 
Nuclear factor (NF)-κB plays a prominent role in 
T-cells by regulating and initiating an inflamma-
tory response [1], leading to cell proliferation, 
differentiation and survival of T-cells [2]. 
Furthermore, cytokine and chemokine expres-
sion also requires activator protein (AP)-1 and 
nuclear factor of activated T-cells (NFAT) for 
optimal expression. Analysis of these intracel-
lular regulatory mechanisms will help under-
stand the role of T-cells in the initiation of an 
acquired immune response, following engage-
ment of different antigens.

Studies of the complexity of signal transduction 
pathways in T-cells have identified a protein 
complex consisting of CARMA1 (caspase 
recruitment domain-containing membrane-
associated guanylate kinase protein-1), Bcl10 
(B-cell lymphoma 10) and MALT1 (mucosa-

associated lymphoid tissue lymphoma translo-
cation protein 1) in the induction of NF-κB. 
Bcl10 is a critical regulator of NF-κB activity 
through signals transduced via the T-cell recep-
tor (TCR)/CD28 and protein kinase C (PKC) [3]. 
It has been suggested that Bcl10 is initially acti-
vated by TCR/PKC and that prolonged activa-
tion (>1 h) promotes its degradation. 
Furthermore, deletion of any of the three pro-
teins, CARMA1, Bcl10 and MALT1, has been 
shown to modulate antigen-receptor dependent 
activation of NF-κB [4]. NF-κB activation via Akt, 
which is located upstream of NF-κB, requires 
CARMA1 that acts in cooperation with PKC fol-
lowing short-term exposure of Jurkat T-cells 
with phorbol myristate acetate (PMA). Akt can 
also phosphorylate and activate Bcl10. Thus, 
CARMA1, Bcl10 and MALT1 play key roles in 
this signalling process. PMA, an analogue to 
diacylglycerol, diffuses into the cytosol where it 
directly activates PKC [5]. Inhibition of PKC 
blocks both NF-κB and AP-1 activity, suggesting 
a direct regulation of these transcription factors 
by PKC [6, 7]. However, the activation of NFAT is 
strictly controlled by the Ca2+-dependent phos-
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Figure 1. Heat killed E. coli activates NF-κB in a dose-
dependent manner. NF-κB activity was determined 
in Jurkat T-cells transfected with NF-κB-luciferase 
reporter plasmid after stimulation with increasing 
concentrations of heat killed E. coli MG1655 for 24 
h. Data shown are the mean ± SEM, n=4. Values 
were normalized against the internal Renilla control. 
Statistically significant differences were determined 
by one-way ANOVA followed by Bonferroni’s multiple 
comparison test (**p<0.01; ***p<0.001).

phatase, calcineurin [8]. It has been shown pre-
viously that this transcription factor forms com-
plexes with Jun and Fos [9], which are essential 
for optimal gene expression, including IL-2 
transcription.

Since its discovery, NF-κB has been shown to 
be an essential regulator of proliferation, differ-
entiation and induction of inflammatory 
responses. The central role of NF-κB in these 
processes is therefore of particular interest as 
any modification in its signalling pathway may 
lead to an altered cellular response. We have 
shown earlier that PMA primarily acts through 
AP-1 to regulate CXCL8 and observed that there 
was a reduction of NF-κB activity following 
extended culturing and exposure to PMA [10]. 
The aim of the present study was to further 
analyse the effects of PMA and heat killed 
Escherichia coli on NF-κB and NFAT activation 
as well as the subsequent cytokine expression 
in Jurkat T-cells.

Materials and method

Cell culture conditions

Jurkat T-cells were maintained in 90% RPMI 
1640 medium (PAA laboratories, Austria) with 
1.5 mM L-glutamine (Invitrogen, USA) and 10% 
fetal bovine serum (Invitrogen) and incubated 

in a stable environment at 95% air, 5% CO2 and 
37°C.

Heat killed Escherichia coli MG1655

E. coli MG1655 were grown on Luria-Bertani 
(LB) agar plates and incubated at 37°C over-
night. One colony was inoculated into 10 ml LB 
broth and the tube was incubated on shaker 
set at 200 rpm at 37°C overnight. The bacteria 
were then harvested by centrifugation for 10 
min at 3000 ×g, washed with 3 ml phosphate 
buffered saline (PBS) and re-suspended in 50 
µl PBS. The bacteria were heated for 1 h at 
70°C. To ensure that the bacteria were killed; 
10 µl of the heat killed suspension was spread 
onto a LB plate and incubated overnight at 
37°C. Colony forming units were determined 
prior to heating by serially diluting the culture in 
PBS and spread-plating onto LB agar. Bacterial 
concentrations of heat killed bacteria are 
reported as equivalent to CFU/ml.

Transfection and stimulation

The cells were centrifuged at 1000 ×g for 8 min 
and resuspended in fresh RPMI media to a final 
cell density of 5×106 cells/ml in a 24-well plate. 
Reporter plasmids NFAT-SEAP or pNF-κB-Luc, 
internal control plasmid Renilla (pRL; Promega, 
USA) and lipofectamine 2000 (Invitrogen) were 
added to each well at 0.54 µg/well, 0.06 µg/
well and 1.5 µl/well, respectively. Initially, 
reporter plasmid and pRL were mixed separate-
ly with OptiMEM (Gibco, USA). After 5 min of 
incubation at room temperature, lipofectamine 
2000 was added and the mixture was incubat-
ed for a further 20 min at room temperature. 
The cells were transfected for 24 h at 37°C. 
Following transfection, the cells were centri-
fuged and fresh pre-warmed media was added. 
Stimulation was performed following the addi-
tion of PMA (Sigma, USA) or heat killed E. coli 
MG1655, in the presence or absence of the 
calcium ionophore A23187 (Sigma C4159, 
USA).

Luciferase activity (NF-κB) was measured using 
Dual-Luciferase® reporter assay system 
(Promega) according to the manufacturer’s 
instructions using a TD 20/20 luminometer 
(Turner Designs, Sunnyvale, CA). Secreted alka-
line phosphatase (NFAT-SEAP) levels were mea-
sured using GreatEscAPeTM SEAP Detection Kit 
(Clonetech, USA). All the values were normal-
ized to the internal Renilla control.



Regulation of CXCL8 and IL-6 expression in Jurkat T-cells

152 Int J Biochem Mol Biol 2013;4(3):150-156

Figure 2. PMA suppresses NF-κB and activates NFAT. 
Jurkat T-cells were transfected with NF-κB-luciferase 
or NFAT-SEAP reporter plasmids and the regulation of 
these transcription factors was determined following 
stimulation with 160 nM PMA after 1, 6 and 24 h. A. 
NF-κB, but not B. NFAT activity was suppressed by 
PMA. C. NFAT activity was increased in response to 
calcium Ionophore treatment (0.95 mM). Data shown 
are the mean ± SEM, n=4. Controls at each time 
point were arbitrarily set to 1. Values were normal-
ized against the internal Renilla control. Statistically 
significant differences were determined by one-way 
ANOVA followed by Bonferroni’s multiple comparison 
test (*p<0.05; **p<0.01; ***p<0.001).

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed on supernatants from 
challenged Jurkat T-cells to quantify IL-6 and 
CXCL8 (BD OptEIA Human IL-6 Elisa Set and BD 

OptEIA Human CXCL8 Elisa Set, Biosciences, 
USA) according to the manufacturer’s instruc-
tions. Briefly, Jurkat T-cells were stimulated 
with PMA or heat killed E. coli for the indicated 
periods of time, centrifuged (1000 ×g, 8 min) 
and the supernatants were collected and 
stored at -80°C until use.

Statistical analysis

Statistically significant differences were deter-
mined by one-way ANOVA followed by 
Bonferroni’s multiple comparison test (*p<0.05; 
**p<0.01; ***p<0.001).

Results

Differential transcription factor activation and 
cytokine regulation

Cytokines and chemokines are regulated 
through distinct signalling pathways in response 
to foreign antigens. Analysis of these regulatory 
mechanisms is important to improve our under-
standing of diseases with altered cytokine and 
chemokine levels. In this study, we have deter-
mined IL-6 and CXCL8 regulation by NF-κB and 
NFAT in Jurkat T-cells in response to PMA and 
heat killed E. coli.

NF-κB activity in response to heat killed E. coli 
treatment resulted in a dose-dependent activa-
tion after 24 h of exposure (Figure 1). NF-κB 
activity increased ~1.5 fold at a relative bacte-
rial concentration equivalent to 1×107 CFU/ml 
and continued to increase by ~5 fold following 
treatment with equivalent to 1×108 CFU/ml of 
heat killed E. coli. Furthermore, NF-κB and NFAT 
activities in Jurkat T-cells were analysed follow-
ing exposure to PMA. We observed that PMA 
caused a significant reduction in NF-κB activity 
after 6 h, which returned to basal levels after 
24 h (Figure 2A). In contrast, NFAT activity was 
significantly increased at 6 h, after which its 
activity was reduced to basal levels following 
24 h of treatment (Figure 2B). Increased intra-
cellular calcium has been reported to be a 
potent inducer of NFAT activation, through the 
calmodulin-calcineurin complex [11]. We there-
fore tested whether the introduction of a calci-
um ionophore would result in a time dependent 
NFAT activation. Stimulation of Jurkat T-cells 
with calcium ionophore A23187 resulted in a 
significant activation of NFAT after 1 h, which 
reached its maximum after 6 h and dropped 
thereafter to basal levels by 24 h (Figure 2C).
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Figure 4. Calcium ionophore suppresses the heat 
killed E. coli-induced NF-κB activation. Relative NF-
κB activity was determined in Jurkat T-cells trans-
fected with NF-κB-luciferase reporter plasmid after 
treatment with the indicated equivalent concentra-
tions of heat killed (HK) E. coli MG1655, with or 
without calcium ionophore (CaI) for 24 h. Values 
were normalized against the internal Renilla control. 
Data shown are the mean ± SEM, n=4. Statistically 
significant differences were determined by one-way 
ANOVA followed by Bonferroni’s multiple comparison 
test (*/#p<0.05; ***/###p<0.001). #- significance 
from their respective negative control, HK E. coli 
stimulated groups were compared to the unstimu-
lated control group (-), HK E. coli stimulated groups 
with addition of calcium ionophore were compared 
to the calcium ionophore control (+).

Optimal cytokine and chemokine expression is 
regulated by a cooperative induction of NF-κB, 
NFAT and other transcription factors including 
AP-1. The time-dependent differential activa-

tion of NF-κB and NFAT by PMA prompted us to 
evaluate the expression levels of IL-6 and 
CXCL8 following exposure to PMA. Stimulation 
of Jurkat T-cells with PMA resulted in a signifi-
cant elevation of CXCL8 levels after 6 h with a 
further increase at 24 h (Figure 3A). In response 
to the same treatment the IL-6 levels remained 
at basal levels at 6 h but then increased by 24 
h (Figure 3B). The CXCL8 and IL-6 levels were 
stable in the controls during the same times. 
These results show a differential regulation of 
cytokines by NF-κB and NFAT, which suggests a 
role for NFAT in CXCL8 expression.

Calcium suppresses the induced NF-κB activa-
tion and cytokine expression

We analysed NF-κB regulation in response to 
increased intracellular calcium levels following 
treatment with heat killed E. coli. Jurkat T-cells 
were stimulated with two concentrations of 
heat killed E. coli, equivalent to 5×107 and 
1×108 CFU/ml. The induction of NF-κB activa-
tion by heat killed E. coli was significantly 
reduced following addition of the calcium iono-
phore A23187 (Figure 4). Calcium ionophore 
treatment alone did not alter the basal level of 
NF-κB activity. This regulatory pattern prompt-
ed us to determine the cytokine and chemokine 
expression in response to heat killed E. coli 
treatment, following addition of the calcium 
ionophore. Treatment of Jurkat T-cells with 
equivalent to 5×107 CFU/ml of heat killed E. coli 
caused a significant induction of CXCL8 (Figure 

Figure 3. Cytokines are differentially regulated in Jurkat T-cells. Cytokine and chemokine release from Jurkat T-cells 
was determined after stimulation with 160 nM PMA. A. CXCL8 levels increased after 6 h and even further after 24 
h, and B. IL-6 increased after 24 h. Data shown are the mean ± SEM, n=4. Statistically significant differences were 
determined by one-way ANOVA followed by Bonferroni’s multiple comparison test (**p<0.01; ***p<0.001).
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Figure 5. Calcium ionophore suppresses cytokine and chemokine expression. Jurkat T-cells were stimulated with 
heat killed E. coli MG1655 equivalent to 5×107 CFU/ml, with or without the calcium ionophore (CaI), for 24 h fol-
lowed by analysis of CXCL8 (A) and IL-6 (B) levels. Data shown are the mean ± SEM, n=4. Statistically significant dif-
ferences were determined by one-way ANOVA followed by Bonferroni’s multiple comparison test (***/###p<0.001). 
#- significance from their respective negative control, HK E. coli stimulated groups were compared to the control 
group (-), HK E. coli stimulated groups with addition of calcium ionophore cells were compared to the calcium iono-
phore control (+).

5A) and IL-6 (Figure 5B), while exposure of cells 
to the calcium ionophore alone did not alter the 
levels of these inflammatory mediators. 
Increasing the intracellular calcium levels 
resulted in a significant reduction of both 
CXCL8 and IL-6 levels, to 60% and 68%, respec-
tively. However, while the CXCL8 levels 
remained elevated above basal level, the IL-6 
was suppressed to basal level. These results 
suggest that calcium is an important regulator 
of intracellular signalling and suggest that 
CXCL8 and IL-6 are differentially regulated in 
T-cells.

Discussion

NF-κB is a transcription factor specialized to 
respond to numerous diverse signals, including 
pathogens, environmental stress and endoge-
nous signals [12, 13]. Stimuli such as bacterial 
toxins, PMA or TNF result in an early and rapid 
activation of NF-κB in Jurkat T-cells followed by 
a drastic transcription of its inhibitory protein 
IκB [14]. NFAT activation is strictly regulated by 
the phosphatase calcineurin, which in turn is 
dependent on a sustained calcium influx [11]. 
In the present study we showed that CXCL8 and 
IL-6 are differentially regulated by NFAT and 
NF-κB and that the CXCL8 expression is closely 
associated with NFAT activity. NF-κB and NFAT 
activation, and subsequent CXCL8 and IL-6 
expression, clarify these regulatory patterns in 
T-cells.

The involvement of NF-κB in human diseases, 
such as asthma, atherosclerosis and neurologi-
cal disorders [15-17] has lead to the sugges-
tion that it may be a potential therapeutic tar-
get [18, 19]. Unravelling the mechanisms by 
which NF-κB induces inflammation, cell prolif-
eration and cell survival has revealed complex 
signalling mechanisms that require further 
investigation. We found that NF-κB was sup-
pressed by PMA after 6 h of exposure, while 
NFAT activity was significantly enhanced. This 
regulatory pattern of NF-κB has previously been 
shown to correspond for an early activation in 
response to PMA [12]. Since PMA is a potent 
activator of AP-1 [10] this may contribute to the 
observed NF-κB inhibition following long-term 
exposure to PMA in Jurkat T-cells. Previous 
studies aimed at investigating AP-1 and NF-κB 
regulation have shown that activated c-Jun acts 
as a negative regulator of NF-κB (p65) [20]. 
Suppression of PMA induced NF-κB activation 
may be mediated through PKC-dependent deg-
radation of IKKβ and γ [12].

We observed that increased intracellular calci-
um induced NFAT activation without affecting 
NF-κB activity. Calcium is an important signal-
ling molecule involved in the regulation of sev-
eral intracellular pathways [21]. A second regu-
lator of NF-κB activation is the Ca2+-dependent 
protein calmodulin, which inhibits c-Rel but 
allows RelA to translocate into the nucleus fol-
lowing activation [22]. The balance between 
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apoptosis and survival is dependent on the lev-
els of c-Rel and RelA. Chen and colleagues [23] 
showed that cytokine-induced apoptosis was 
elevated when RelA was depleted in embryonic 
fibroblasts, while depletion of c-Rel blocked 
apoptosis.

Induction of inflammatory mediators, including 
CXCL8, IL-6 and TNF is important for activation 
and differentiation of normal cells. These cyto-
kines are also implicated in the pathogenesis 
of cancer cells by modulating growth conditions 
and angiogenesis [24]. The IL-6 release corre-
lated well with the NF-κB activation pattern. 
The IL-6 levels were not elevated at 6 h, at 
which time NF-κB was suppressed by PMA, 
while NFAT activity was significantly induced. 
Secretion of IL-6 was enhanced after 24 h of 
exposure with PMA and NF-κB was re-activat-
ed, while NFAT activity dropped to basal levels. 
Furthermore, as CXCL8 levels remained stable 
in the controls over time, PMA exposure result-
ed in an elevation at 6 h, at which time NF-κB 
activity dropped to its lowest levels, while NFAT 
activity was enhanced. This expression pattern 
does not resemble that observed for NF-κB 
activity but rather presents a similar trend to 
NFAT activity and to our previous observations 
with AP-1 activity [10]. It has previously been 
shown that NFAT forms complexes with differ-
ent subunits of the AP-1 family of transcription 
factors, and thus act synergistically to induce 
the expression of a wide range of inflammatory 
genes, including IL-2 and CXCL8 [25].

In the present study we showed that CXCL8 
expression, but not IL-6, is closely associated 
with NFAT. These results indicate that there is 
an overlap between signalling pathways and 
thus reveal the complexity of intracellular com-
munication systems that are directly connected 
to cellular responses. Evaluation of the links 
between these signalling cascades and deter-
mination of the regulatory pathways by which 
inflammatory genes are expressed is needed to 
improve our understanding of T-cell regulation 
in health and disease.
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