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Abstract

How to evaluate status of the immune system is extremely critical for clinical immunosuppressive
treatment. In this study, we tested the secretion of cytokines in undiluted whole blood samples stimu-
lated with Phorbol 12-myristate 13-acetate (PMA) and ionomycin (IONO), and compared the effects of
dexamethasone (DEX), cyclosporine A (CsA) or mycophenolic acid (MPA), either alone or in combi-
nation, on cytokine profiles. The results showed that both DEX and CsA dose-dependently inhibited the
production of eleven cytokines: interleukin (IL)-2, IL-4, IL-5, IL-6, IL-13, IL-17, interferon y (IFN-y),
tumor necrosis factor o. (TNF-a.), granulocyte-macrophage colony-stimulating factor (GM-CSF) and
granulocyte colony-stimulating factor (G-CSF). Unexpectedly, MPA showed no obvious influences ex-
cept for the mild inhibition on GM-CSF production. In combination treatment, cytokine profiles reflect
not only the synergistic effects among drugs, but also the specific effect of the individual drug. Thus, the
effects of different immunosuppressants could be reflected through their specific cytokine signatures,
which can be applied to maximize immunosuppressive effects, while to minimize risk of infections and

help physicians to reasonably apply immunosuppressants.
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Introduction

Although immunosuppressants have been applied for
a half century in patients with autoimmune diseases, aller-
gic disorders or transplant rejection, there are currently no
reliable methods to evaluate how much the immune sys-
tem is suppressed [1, 2]. Excessive immunosuppression
destroys the immune system and leads to severe, even
fatal, infections, whereas insufficient immunosuppression
does not effectively block progression of autoimmune dis-
eases, allergic disorders or graft rejections. In fact, efforts
have been taken for decades in order to define functions of
immune cells of patients. However, except for the blood
immune cell counts, lymphocyte proliferation, cytotoxic
T lymphocyte (CTL), serum antibody titers, etc. [3-5],
methods able to reliably monitor clinical immunological
functions are still lacking. Consequently, physicians have
to depend on other non-immunological examinations, such
as symptoms or signs, ultrasound or CT scan, biopsy or
blood concentrations of drugs to adjust the type and dose
of immunosuppressants.

Cytokines are important players during the functioning
of immune cells, in both intracellular signal transduction

(Centr Eur J Immunol 2014; 39 (3): 271-278)

and intercellular communications [6-8]. Luminex xMAP
technology makes it possible to simultaneously detect up
to a hundred of cytokines in a single 12 pl sample [9-11].
The technique makes us believe that the detection of mul-
tiple cytokine profiles of whole blood with a short-term
in vitro stimulation may be one of best candidate meth-
ods for monitoring clinical immune function [12]. In this
study, we investigated profiles of seventeen cytokines in
undiluted whole blood samples stimulated in vitro with
Phorbol 12-myristate 13-acetate (PMA) and ionomycin
(IONO) (PMA/IONO) for 6 h and compared the effects
of different immunosuppressants on immunity. The results
showed that different immunosuppressants displayed dis-
tinctive effects on cytokine secretion that may be used to
evaluate the function of immune cells and to determine the
specific impact of an individual immunosuppressant. We
believe that this novel technique is able to help physicians
to decide whether the immune system is undesirably inhib-
ited and which immunosuppressant should be adjusted to
maximize the therapeutic effects while to minimize the risk
of infection in patients with autoimmune diseases, allergic
disorders or transplant rejection [13-17].

Correspondence: Erwei Sun, Department of Rheumatology and Immunology, Experimental Medical Center, Third Affiliated Hospital,
Southern Medical University, Guangzhou, China, 183 Zhongshan Ave, Guangzhou 510630, China, tel. +86-20-627-84421,

fax +86-20-616-42703, e-mail: ewsun@263.net

Central European Journal of Immunology 2014; 39(3)

271



Yi He et al.

Material and methods

Subjects

Peripheral venous blood samples were obtained with
informed consent from twenty three healthy volunteers at
20-30 years of age and collected in vacuum tubes contain-
ing dried lithium heparin. The blood samples were added
into 96-well plate for in vitro stimulation.

Stimulating reagents and immunosuppressive
drugs

PMA (Sigma, USA), IONO (Sigma, USA), and phytohem-
agglutinin (PHA) (Sigma, USA) were used to stimulate im-
mune cells. PMA and PHA were diluted with PBS and IONO
was diluted with RPMI-1640. Three immunosuppressive drugs,
dexamethasone (DEX) (Sigma, USA), cyclosporine A (CsA)
(Huadong Pharmaceutical Co., Ltd, China) and mycophenolic
acid (MPA) (Alexis, USA) were diluted in PBS and stored at
4°C. In this in vitro study, we chose DEX, CsA and MPA as
testing drugs because they are the immunosuppressants fre-
quently used in clinical settings. Although CsA is metabolized
in the liver if it is administrated orally, most of CsA is present
in the blood, and blood CsA concentration is correlated to its
clinical efficacy. Dexamethasone is usually used in an injection
form. Mycophenolic acid is the bioactive metabolite of its origi-
nal drug, Mycophenolate mofetil (MMF). And a previous study
indicated that DEX, CsA and MPA can be used directly for the
study in vitro [18-20]. Bio-Plex human cytokine multi-plex kits
were purchased from Bio-Rad Laboratories (CA, USA).

Whole blood stimulation

Heparinized undiluted whole blood (200 pl) was
co-cultured with or without immunosuppressive drugs for
6 h and then stimulated with PMA/IONO or PHA for 6 h at
37°C with 5% CO,. Then, the blood was centrifuged, and
supernatants collected and stored at —20°C.

Cytokine detection by the multi-plex technology

Seventeen cytokines including interleukin (IL)-1f,
IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13,
IL-17, interferon y (IFN-y), tumor necrosis factor o
(TNF-a), granulocyte colony-stimulating factor (G-CSF),
granulocyte-macrophage colony-stimulating factor (GM-
CSF), MCP-1 and MIP-1f were detected simultaneously
with Bio-Plex kit (Bio-Rad Laboratories, USA) as previ-
ously described and the data analyzed with the Bio-Plex
manager software (version 4.0) [12].

Data analyses

The results were statistically analyzed using one-way
ANOVA with SPSS 10.0 software. Newman-Keuls anal-
ysis was used to compare the differences between groups.
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Results

In vitro induction of cytokines in undiluted whole
blood stimulated with PMA/IONO

Although peripheral blood mononuclear cells (PB-
MCs) or blood samples diluted with complete culture
medium have been frequently used in experimental and
clinical studies, we believe that undiluted whole blood
may be best for evaluating immune functions in patients
with immunosuppressive treatments. The preparation pro-
cedures for PBMC:s or diluted blood not only elongate the
detection time, but also, more importantly, artificially alter
the microenvironment necessary for the function of im-
mune cells, either by washing out some essential factors,
or by introducing artificial factors contained in fetal calf
serum [21, 22]. Previously, we tested the effect of PHA,
lipopolysaccharides (LPS) and concanavalin A (ConA) on
the production of cytokine profiles, and found that PHA
was the best among them [12]. As a 12 h stimulation pe-
riod with PHA was essential for most cytokines to reach
their plateau level, we tried to find more powerful stimuli
that can boost cytokine production with even shorter-term
stimulation. It has been known that PMA/IONO bypass-
es the membrane receptors by directly activating protein
kinase C (PKC) as well as increasing intracellular calci-
um concentration, so that they synergistically stimulate
lymphocytes to secret a large amount of cytokines within
4-6 h [23]. To verify that in human undiluted whole blood,
we first tested the effect of different combinations of PMA
(0.025-0.1 pg/ml) and IONO (0.75-1.5 pg/ml) on IL-2
production. The results showed that treatment of whole
blood with PMA (0.1 pg/ml) and IONO (1.5 pg/ml) for
6 h greatly enhanced IL-2 production that was 10 times
more than that stimulated with PHA (10 pg/ml) (data not
shown). Then, we continued to test the effect of higher
concentrations of PMA (0.1-0.25 pg/ml) and IONO (1.5-4
pg/ml) on the production of the above mentioned seven-
teen cytokines. The results showed that the combination
of PMA (0.15 pg/ml) and IONO (2.5 pg/ml) most strongly
stimulated the production of IL-4, IL-5, IL-6, IL-10, IL-13,
IL-17, IFN-y, TNF-a, GM-CSF and G-CSF, although
a higher concentration of PMA (0.25 pg/ml) and IONO
(4 pg/ml) might be even stronger for IL-2 production
(data not shown). However, for the other six cytokines
such as IL-1p, IL-7, IL-8, IL-12, MCP-1 and MIP-1§,
PMA (0.15 pg/ml) and IONO (2.5 pg/ml) were not optimal
for stimulation. Accordingly, we decided to stimulate un-
diluted whole blood samples with PMA (0.15 pg/ml) and
IONO (2.5 pg/ml) and analyze eleven cytokines including
IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17, IFN-y, TNF-a,
GM-CSF and G-CSF. Therefore, we determined to stim-
ulate undiluted whole blood with PMA (0.15 pg/ml) and
IONO (2.5 ng/ml) for 6 h in the following experiments.
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Immunosuppressants distinctively influence
cytokine profiles

In order to know whether different immunosuppres-
sants have distinctive effects on cytokine profiles, we set
to test the effects of several clinically applied immuno-
suppressants, including DEX, CsA and MPA. To this end,
whole blood were firstly co-cultured with different immu-
nosuppressants for 6 h, stimulated with PMA (0.15 pg/ml)
and IONO (2.5 pg/ml) for another 6 h and detected for su-
pernatant cytokines. As predicated, DEX dose-dependent-
ly inhibited the secretion of ten cytokines including IL-2,
IL-4, IL-5, IL-6, IL-13, IL-17, IFN-y, TNF-a, GM-CSF
and G-CSF, but did not influence the secretion of IL-10
(Fig. 1). It also seems that Th2 cytokines IL-4, IL-5 and
IL-13 were more sensitive to DEX treatment. Dexameth-
asone reached its highest inhibitory activity at the concen-
tration of 1 pg/ml, while a 10 times higher concentration
(10 pg/ml) resulted in no further inhibition. On the other
hand, CsA dose-dependently inhibited all the eleven cy-
tokines, including IL-2, IL-4, IL-5, IL-6, IL-10, IL-13,
IL-17, IFN-y, TNF-a, GM-CSF and G-CSF (Fig. 2). It is
worth mentioning that two DEX less sensitive cytokines,
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IL-10 and G-CSF, were dramatically inhibited by CsA, in-
dicating that cytokine profiles are immunosuppressant spe-
cific (Fig. 2). In contrast to DEX and CsA, MPA as high
as 30 pg/ml showed no inhibition on the production of ten
cytokines except for GM-CSF displaying a mild decrease
(Fig. 3). Therefore, all the three tested immunosuppres-
sants have their distinctive cytokine signatures, suggesting
the possibility to evaluate the effect of individual immuno-
suppressants by cytokine signatures.

Immunosuppressants synergistically
and specifically influence cytokine profiles

In clinical practice, combination treatment with differ-
ent immunosuppressants is commonly employed in order
to enhance the immunosuppressive effects while to min-
imize side or toxic effects. It is important to understand
whether combination of individual immunosuppressants
has synergistic effects on cytokine profiles and what the
specific contribution of each immunosuppressant is in
a combination protocol. To this end, we tested the com-
bination of DEX (1 pg/ml), CsA (0.25 pg/ml) and MPA
(10 pg/ml) on cytokine profiles and compared their ef-
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Fig. 1. DEX dose-dependently inhibits cytokine secretion. Whole blood (200 ul) was treated with DEX (0.1, 1 and
10 pg/ml) for 6 h followed by stimulation with PMA (0.15 pg/ml) + IONO (2.5 pg/ml) for another 6 h. Supernatants
were collected for cytokine detection using the Bio-Plex system. Values are presented as Mean + SD (n = 3) (linear trend

test "p < 0.05; **p < 0.001)
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Fig. 2. CsA dose-dependently inhibits cytokine secretion. Whole blood (200 pl) was treated with CsA (0.05, 0.25 and
1.25 pg/ml) for 6 h followed by stimulation with PMA (0.15 pg/ml) + IONO (2.5 pg/ml) for another 6 h. Supernatants
were collected for cytokine detection using the Bio-Plex system. Values are presented as mean + SD (n = 3) (linear trend

test “p < 0.01; **p < 0.001)

fects with no treatment control group, as well as groups
with single treatment of DEX, MPA or CsA. The results
showed that combination treatment inhibited I1L-2, IL-4,
IL-5, IL-6, IL-10, IL-13, IFN-y, TNF-o, GM-CSF and
G-CSF as compared with a control group (Fig. 4). Impor-
tantly, the production of some cytokines like IL-2, IFN-y
and TNF-a is decreased as compared with that of DEX,
MPA or CsA single treatment, indicating that there were
the synergistic effects of the three immunosuppressants on
those cytokines. Other cytokines, such as IL-4, and GM-
CSF displayed a significantly decreased secretion as com-
pared with control and MPA single treatment group, but
their secretion was not different as compared with DEX or
CsA single treatment groups, thus specifically reflecting
the synergistic effects between DEX and CsA (Fig. 4).
Furthermore, IL-5, IL-6 and IL-13 seem to specifically
reflect the inhibitory effect by DEX, as its secretion in
the combined treatment is only significantly decreased as
compared with that in control, MPA or CsA single treat-
ment groups, but not different from that in DEX single
treatment (Fig. 4). Similarly, IL-10 and G-CSF may spe-
cifically reflect the effect of CsA, in that its level in com-
bined treatment is only significantly decreased as com-
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pared with control, MPA or DEX single treatment groups,
but not different from CsA single treatment group (Fig. 4).
Therefore, whole blood cytokine profiles in combination
treatment with multiple immunosuppressants can reflect
not only the synergistic effects among different immuno-
suppressants, but also the specific effect of each immuno-
suppressant (Table 1).

Discussion

Immunosuppressive treatments are indispensable in
autoimmune diseases as well as transplant rejections, but
how to evaluate the effects of immunosuppressants is still
a tough challenge [1, 24]. Currently, physicians evaluate
the immune status mainly through monitoring blood con-
centration of immunosuppressants, T lymphocyte subsets,
blood biochemistry, biopsy findings and some clinical
manifestations [4, 5, 25, 26]. However, therapeutic drug
concentration monitoring can only provide blood levels of
some drugs, but not their effects on the immune system.
T lymphocyte subsets only reflect the number, but not the
function of T cells, while biopsy is invasive that cannot
be applied to the patients for periodical tests. As a result,
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Fig. 3. MPA dose-dependently inhibits cytokine secretion. Whole blood (200 pl) was treated with MPA (1, 10 and 30
pg/ml) for 6 h followed by stimulation with PMA (0.15 pg/ml) + IONO (2.5 pg/ml) for another 6 h. Supernatants were
collected for cytokine detection using the Bio-Plex system. Values are presented as mean + SD (n = 3) (linear trend test

“» < 0.05)

all those currently available conventional methods cannot
accurately and rapidly detect the immune status.

The following criteria should be considered in select-
ing a candidate method that deserves to monitor the func-
tion of immune cells in patients. First, it should not only
reflect how much the immune system is suppressed, but
also provide how the immune cells are specifically sup-
pressed by each drug, enabling physicians to determine
which drug should be adjusted for patients on multi-
ple-drug treatments. Second, it should be highly accurate,
easily replicable and finishable within very short periods
so that the results can meet the immediate need in immu-
nosuppressed patients, especially in patients suspected of
over-immunosuppression induced infections. Third, a sim-
ple and non invasive sampling procedure is necessary that
requires as little as possible human tissue in order that it
is acceptable by patients requiring periodical tests of the
immune function.

The development of Luminex technology makes it pos-
sible to simultaneously and accurately detect multiple cyto-
kines in a tiny volume of blood, which may provide infor-
mation on how much the immune system is suppressed and
which immunosuppressant should be adjusted. To test this
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hypothesis, our initial attempt employed PHA to stimulate
whole blood in vitro and investigated the effects of different
immunosuppressants on the secretion of seventeen cyto-
kines. We found that a 12 h stimulation of whole blood with
PHA could maximize the secretion of most of the seventeen
cytokines and different immunosuppressants displayed dis-
tinctive immunosuppressive cytokine profiles [12].
Although those results convey a promise for clinical
application, there are other concerns. First, as nutrients in
whole blood are limited, 12 h in vitro stimulation may con-
sume out some essential factors and make immune cells
dysfunctional. Second, long-term in vitro incubation also
prevents its clinical application. Therefore, we set out to de-
velop techniques to detect cytokine profiles with even short-
er term in vitro stimulation. PMA/IONO activates PKC and
increases intracellular Ca** concentration that is essential
for T cell activation [20]. As PMA/IONO usually activates
T cells more strongly and more rapidly by bypassing the
membrane receptor necessary for mitogens, such as PHA,
ConA and LPS, we investigated the cytokine profiles in
PMA/IONO activated whole blood and the influence of im-
munosuppressants. We demonstrated that in PMA/IONO
stimulated undiluted whole blood, DEX and CsA dose de-
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Fig. 4. Cytokine profiles reflect the synergistic and specific effects of immunosuppressants. Whole blood was treated
with either DEX (1 pg/ml), CsA (0.25 pug/ml), MPA (10 pg/ml) alone or a combination of three drugs for 6 h followed by
stimulation with PMA (0.15 pg/ml) + IONO (2.5 pg/ml) for another 6 h. The results show that cytokine profiles can re-
flect the synergistic effects among immunosuppressants and distinctive effect of individual drug (b, c, d, m: the indicated
groups were compared with a group of blank control, or single treatment groups with CsA, DEX or MPA, respectively).
Values are presented as mean = SD (n = 3, One-way ANOVA analysis "p < 0.05; “p < 0.01; *p < 0.001)

pendently inhibited the secretion of some cytokines such as
IL-2, IL-4, IL-5, IL-6, IL-13, IL-17, IFN-y, TNF-o,, GM-CSF
and G-CSF. Some cytokines like IL-4, IL-5, IL-13 seemed
highly sensitive to DEX, while other cytokines, such as IL-
10, is highly sensitive to CsA. On the contrary, MPA in three
concentrations displayed no inhibitory effect except for GM-
CSF. The results revealed that different immunosuppressants
have a distinctive effect on cytokine signatures, which points
to potential application of this method to evaluate the effica-
cy of individual immunosuppressants. We also cultured un-
diluted whole blood for 6 h with a combination treatment of
DEX, CsA and MPA followed by a stimulation with PMA/
IONO for another 6 h, and compared the effect of the combi-
nation group with that of single drug treatments. In order to
mimic the clinical situation, we chose the concentrations of
immunosuppressants that were comparable to those in clin-
ical transplant, with DEX (1 pg/ml), CsA (0.25 pg/ml) and
MPA (10 pg/ml), respectively. Indeed, the synergistic effects
between drugs and specific effect of each drug can be reflect-
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ed by cytokine profiles. Most cytokines, such as IL-2, IFN-y
and TNF-a, were more profoundly inhibited in a combination
treatment group than that in DEX, CsA, or MPA single treat-
ment groups, indicating that the three drugs have a synergis-
tic effect on those cytokines. More importantly, the results
also showed that IL-4 and GM-CSF reflected the synergistic
effect between DEX and CsA, while IL-5, IL-6 and 1L-13
specifically reflected the effect of DEX. And IL-10, G-CSF
mainly reflected the effect of CsA. These findings hold an
important promise for patients on multiple drug immunosup-
pressive protocols. Clinically, a combination of several drugs
is a common practice for the purpose of enhancing the immu-
nosuppressive effect, while reducing the side or toxic effect of
an individual drug. However, physicians are bewildered about
which drug should be adjusted when patients are suspected
of inadequate or over immunosuppression. The information
from cytokine signatures may provide a valuable tool for
physicians to adjust the type or dose of immunosuppressants.
It should be stressed that cytokine profiles are dependent on
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Table 1. Cytokines reflect synergistic or specific effects of immunosuppressants

Cytokines Comparisons between combined Statistical Immunosuppresive
treatment group (DEX + CsA + significance significance
MPA) with single drug treatment
groups
IL-2, IFN-y, Control Yes Reflecting the synergistic effect of all three
TNF-a DEX immunosuppressants
MPA
CsA
IL-4, GM-CSF Control Yes Specifically reflects the synergistic effect of
MPA DEX and CsA
DEX No
CsA
IL-5, IL-6, IL-13 Control Yes Specifically reflects the synergistic effect of
MPA DEX and CsA
CsA
DEX No
IL-10, G-CSF Control Yes Specifically reflects the effect of CsA
MPA
DEX
CsA No

types of stimuli and in vitro stimulation time. As we have
reported, in whole blood stimulated with PHA for 12 h, DEX
inhibited most cytokines, and FK506 and MPA only inhibit-
ed IL-2 and IL-13, whereas interestingly MPA increased one
cytokine, IL-1p [12]. However, when whole blood was stim-
ulated with PMA/IONO, MPA showed neither inhibition on
the secretion of most cytokines nor enhancement on IL-1(3
production. Therefore, cytokine profiles are stimulation
method dependent, suggesting a combination of several stim-
ulation methods may provide more detailed information on
immune cells and more reliable rationales for adjustment of
immunosuppressive protocols.

In conclusion, a multi-plex based technique to simul-
taneously and quantitatively detect multiple cytokines in
PMA/IONO stimulated undiluted whole blood may pro-
vide clinicians with a valuable tool for monitoring the
function of immune cells, and for evaluating the synergis-
tic effects between immunosuppressants and the specific
effect of individual drugs. In addition, the short stimulation
period may afford a rapid evaluation of patients’ immune
status, especially for those requiring an immediate read-
out of the immune system. The requirement of as little as
several hundred microliter blood samples, the simple pro-
cedure and high reliability make it possible for physicians
to test the immune status periodically and to adjust im-
munosuppression protocols before recurrence or infections
develop. It is anticipated that this strategy may be applied
to patients with autoimmune diseases, allergic disorders or
transplant rejections that usually need intensive immuno-
suppressive treatments.

Central European Journal of Immunology 2014; 39(3)

Since blood from healthy individuals were selected in
our study, the cytokine profiles cannot be directly applied
to patients with autoimmune diseases, allergic disorders or
transplant rejections. Direct evidence from those patients
is needed to validate the conception and techniques of ap-
plying cytokine profiles in the evaluation of the clinical
immunosuppressive status. In fact, cytokine imbalance and
cytokine scores have been associated with rheumatoid ar-
thritis (RA)-related antibodies [27, 28]. Further investiga-
tions are necessary to determine whether cytokine profiles
could reflect the immunosuppressive status in theumatic or
allergic patients undergoing immunosuppressant treatment
and to develop more reliable cytokine profiles or scores
for predicating their immunosuppressive status in patients
with autoimmune diseases.
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