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Background: The previous study showed that mycophenolic acid (MPA) synergizing with lipopolysaccharide (LPS) promoted
interleukin (IL)-1f release, but the mechanism is unclear. This study aimed to investigate the mechanism of MPA synergizing with LPS
to induce IL-1p release.

Methods: Undiluted human blood cells, THP-1 human myeloid leukemia mononuclear cells (THP-1) cells, or monocytes were stimulated
with LPS and treated with or without MPA, and the supernatant IL-1f was detected by enzyme-linked immunosorbent assay. The mRNA
levels of IL-1 were detected by real-time quantitative polymerase chain reaction. The intracellular protein levels of nuclear factor kappa
B (NF-kB) phospho-p65 (p-p65), precursor interleukin-1f (pro-IL-18), NOD-like receptor pyrin domain containing-3 (NLRP3), and
cysteine aspartic acid-specific protease-1 (caspase-1) p20 in THP-1 cell were measured by Western blot.

Results: The MPA alone failed to induce IL-1P, whereas MPA synergized with LPS to increase IL-1f in a dose-dependent
manner (685.00 £ 20.00 pg/ml in LPS + 5 umol/L MPA group, P = 0.035; 742.00 + 31.58 pg/ml in LPS + 25 wmol/L MPA group,
P=0.017; 1000.00 £ 65.59 pg/ml in LPS + 75 wmol/L MPA group, P = 0.024; versus 408.00 + 35.50 pg/ml in LPS group). MPA alone
has no effect on the IL-13 mRNA expression, LPS induced the expression of IL-1 mRNA 2761 fold, and LPS + MPA increased the
IL-1P expression 3018 fold, which had the same effect with LPS group (P = 0.834). MPA did not affect the intracellular NF-kB p-p65
and pro-IL-1f protein levels but activated NLRP3 inflammasome. Ac-Y VAD-cmk blocked the activation of caspase-1 and subsequently
attenuated IL-1p secretion (181.00 £ 45.24 pg/ml in LPS + MPA + Y VAD group vs. 588.00 +41.99 pg/ml in LPS + MPA group, P=0.014).
Conclusions: Taken together, MPA synergized with LPS to induce IL-1f release via the activation of caspase-1, rather than the enhanced
production of pro-IL-1f. These findings suggested that patients immunosuppressed with mycophenolate mofetil may have overly activated
caspase-1 during infection, which might contribute to a more sensitive host defense response to invading germs.
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Intravenous cyclophosphamide (CYC) plus steroid has
been recognized as the standard protocol for severe lupus
nephritis.’! Unfortunately, this strategy has been usually

INTRODUCTION

Mycophenolic acid (MPA) is the active metabolite of
mycophenolate mofetil (MMF) that inhibits type II inosine

monophosphate dehydrogenase, a rate-limiting enzyme YO e e DA

during the de novo biosynthesis of guanosine nucleotide.!
The inhibition in nucleotide synthesis eventually leads to
the inhibition of T and B lymphocyte proliferation. MMF
is an immunosuppressive agent that is widely used in the
treatment of allogeneic transplantations and autoimmune
diseases, especially in systemic lupus erythematosus (SLE)
and lupus nephritis.>*
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correlated with severe opportunistic infections.[*”) Recent
studies suggested that patients treated with MMF plus
glucocorticoid exhibited better clinical outcomes as well as
lower infection incidences than patients with glucocorticoid
in combination with CYC or azathioprine (AZA).[%]

Previous results demonstrated that cytokine levels could be
used to evaluate the immune status in patients with chronic
heart failure or those exposed to immunosuppressants.'*!) The
previous study showed that dexamethasone (DEX) reduced the
release of multiple cytokines, including interleukin (IL)-1p,
IL-2, IL-5, IL-6, IL-8, IL-17,IL-10, IL-13 and interferon-y,
granulocyte-colony stimulating factor. Surprisingly, MPA in
association with phytohemagglutinin (PHA) increased the
secretion of IL-1B even though under the condition with
DEX,”! which contradicted the traditional conception that
immunosuppressants inhibit the secretion of inflammatory
factors.

IL-1pB is the “master” cytokine mainly produced by
monocytes and macrophages in response to inflammatory
stimuli such as lipopolysaccharide (LPS) and plays an
essential role in innate and adaptive immune responses.['!3]
As IL-1B is required for the efficient clearance of infected
bacteria, we believe that increased IL-1f may contribute
to less infection in MMF-treated patients. However, it is
unknown how MPA leads to the increased IL-1p release.

Different from most canonically released cytokines
such as tumor necrosis factor (TNF)-o, IL-2, and IL-12
that are dependent on the endoplasmic reticulum and
Golgi apparatus, IL-1 is more slowly released through
a nonclassical secretory pathway.['>'¥ However, the
production of IL-1f is tightly controlled by at least three
distinct steps. The initial events involve the production of
the NOD-like receptor pyrin domain containing-3 (NLRP3)
and precursor interleukin-1p (pro-IL-1p) through
the activation of Toll-like receptor 4. Second, the
activation of inflammasome mediates the autoactivation
of pro-caspase-1 (p45) to active caspase-1 (p20 and p10).
Third, the cleavage of the 31,000 pro-IL-1f by caspase-1
(p20 or pl10) results in the production and secretion of
active form of 17,000 IL-1f.I"! In addition to IL-1f,
IL-18 and IL-33 were also identified as the caspase-1
substrates.['>!) NLRP3 inflammasome is the most widely
studied intracellular multiprotein complex that contains
an NLRP3 sensor, an apoptosis-associated speck-like
protein containing a caspase recruitment domain adaptor
and a pro-caspase-1. The complex serves as a molecular
platform for pro-caspase-1 autoactivation and regulates
caspase-1 (p20)-mediated cleavage of pro-IL-1f. It has
been known that NLRP3 inflammasome plays a crucial
role in both immunity and inflammation.[!7-1%]

In this study, we first determined the effects of MPA in
association with LPS on IL-1f production. Then, we
explored whether the synergized effect on IL-1 production
was mediated through the nuclear factor kappa B (NF-kB)
pathway to produce more pro-IL-1f or through the triggering

of NLRP3 inflammasome to enhance activation of caspase-1
that resulted in degradation of pro-IL-1f into mature IL-1p.

MeTtHoDS

Ethical approval

This study was approved by the Ethics Committee
of the Third Affiliated Hospital of Southern Medical
University (No. 201501001).

Materials

MPA, DEX, 6-mercaptopurine (6-MP, the active metabolite
of AZA), CYC, LPS, adenosine triphosphate (ATP),
and the specific inhibitor of caspase-1 ac-YVAD-cmk
were all purchased from Sigma-Aldrich (St. Louis,
MO, USA). Anti-human pro-IL-1f, phospho-NF-kB
p65 (p-p65), total NF-kB p65, and B-actin antibodies were
purchased from cell signaling technology (Danvers, USA).
The antibodies against human caspase-1 and NLRP3
were purchased from Abcam (Cambridge, UK). The
horseradish peroxidase (HRP)-conjugated secondary
antibodies against mouse and rabbit were purchased
from Cell Signaling Technology (Danvers, USA).
Enzyme-linked immunosorbent assay (ELISA) kits for
human cytokine detection were purchased from eBioscience
(San Diego, USA). All cell culture reagents were from
Gibco (Paisley, UK).

Isolation of human peripheral blood monocytes
Peripheral blood was obtained from healthy donors with
informed consents. Peripheral blood mononuclear cells were
isolated using Ficoll density gradient centrifugation and
CD14+ monocytes separated with anti-CD14-conjugated
microbeads (Miltenyi Biotec, Germany).

Cell culture

Monocytes and THP-1 cells (the human monocyte-like cells;
1 x 10° cells/ml) were cultured in Roswell Park Memorial
Institute-1640 media containing 10% fetal bovine serum and
100 U/ml penicillin-streptomycin at 37°C in a humidified
atmosphere containing 5% CO,.

Whole blood treatment

Heparinized undiluted whole blood (200 ul) was cocultured
with or without DEX (0.25, 2.5, 25 umol/L), MPA
(5, 25, 75 pmol/L), 6-MP (0.8, 8, 80 umol/L), CYC
(0.4, 4, 40 umol/L), and stimulated with LPS (1 pug/ml) for
12 h at 37°C in a humidified atmosphere containing 5%
CO,. Then, the blood was centrifuged, and the supernatants
collected and stored at —80°C until analysis.

Cell treatment

Cells were treated with LPS (1 ug/ml) and/or MPA
(5, 25, 75 pmol/L), ATP (5 mmol/L), and ac-Y VAD-cmk
(100 pmol/L). After 12 h, the supernatants were harvested
and stored at —80°C for ELISA. One hour before LPS and
MPA or ATP stimulation, ac-Y VAD-cmk was added.

For Western blot analyses, the THP-1 cells were cultured in
6-well plates (4 x 10° cells/ml) in the absence or presence
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of LPS (1 ug/ml), MPA (75 umol/L), ATP (5 mmol/L), and
ac-YVAD-cmk (100 wmol/L) as indicated.

Cytotoxicity assay

The cytotoxicity detection kit (Roche Diagnostics GmbH,
Mannheim, Germany) was used for measuring the lactate
dehydrogenase (LDH) activity. THP-1 cells were cultured for
12 hin the presence or absence of MPA (5, 25, and 75 umol/L)
and LPS (1 ug/ml). The assays were performed according to
the manufacturer’s instructions.

Cytokine measurements

Culture supernatants were collected after 3 and 12 h,
and IL-1P was determined by ELISA according to the
manufacturer’s instructions.

Real-time quantitative polymerase chain reaction

The expression levels of IL-1f to B-actin RNA were measured
with the LightCycler® system (Roche, Mannheim, Germany).
The total RNA was isolated from THP-1 cells with trizol
extraction. The first strand cDNA synthesis kit for real-time
polymerase chain reaction (RT-PCR) (TOYOBO, Japan)
was used to prepare the first-strand cDNA according
to the manufacturer’s instructions. The IL-1f
fragment was amplified using primers: forward,
5’-AAACCCTCTGTCATTCGCTCCC-3’; reverse,
5’-ACACTGCTACTTCTTGCCCCCT-3’. The B-actin
fragment was amplified using the following primer:
forward, 5’-TGTTCCCCTTGGTATTTG-3"; reverse,
5’-CAAGACAAAACAACTGGT-3’. Data were analyzed
using LightCycler Software, version 3.5 (Roche) and the
program LinRegPCR, version 7.5 for analysis of RT-PCR
data. To adjust for variations in the amount of input RNA,
the IL-1f levels were normalized against the mRNA levels
of the B-actin using the calculation 272,

Western Blot analysis

Proteins were extracted from THP-1 cell lysates in
radioimmunoprecipitation buffer (Sigma Aldrich) containing
phosphatase and proteinase inhibitors for 30 min before
centrifugation (13,200xg, 4°C, 10 min). Proteins were
separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto polyvinylidene
difluoride membranes (Millipore, Billerica, MA, USA).
The membranes were then blocked with 5% nonfat milk,
washed with TBS plus Tween briefly, and incubated with
primary antibodies (anti-pro-IL-1p, anti-p-p65, anti-p65,
anti-caspase-1, and anti-NLRP3) at 4°C overnight. The
anti-f-actin monoclonal antibody served as a loading control.
Afterward, the membranes were incubated with secondary
HRP-conjugated anti-rabbit/mouse IgG antibodies for 1 h at
room temperature. Finally, an enhanced chemiluminescence
plus chemiluminescent kit was used for the detection of the
signal (Advansta, USA).

Statistical analysis

Data are presented as the mean + standard error (SE).
Significant differences between the mean values were
evaluated using one-way analysis of variance followed by

Student-Newman-Keuls multiple test or Dunnett’s test for
multigroups. All data were analyzed using SPSS software
version 16.0 (SPSS Inc., Chicago, IL, USA). A P<0.05 was
considered as statistically significant.

ResuLts

Immunosuppressants distinctively influenced
interleukin-1p secretion in undiluted whole
blood, while only mycophenolic acid enhanced
lipopolysaccharide-induced interleukin-1p release
The previous studies showed that MPA increased the
secretion of IL-1P, while decreased the secretion of 1L-2
and IL-13, in whole blood stimulated with PHA . Therefore,
we determined whether MPA, DEX, CYC, and AZA,
the immunosuppressants that are commonly used in the
clinical treatment of SLE, have different effects on IL-1f3
secretion. We analyzed IL-1f secretion in human whole
blood treated with LPS or the immunosuppressants or the
combination of different doses of immunosuppressants
with LPS for 12 h. The results showed that the level
of IL-1P in control group was 10.78 + 0.78 pg/ml,
and incubation with immunosuppressants (DEX,
MPA, 6MP, and CYC) alone did not induce detectable
levels of TIL-1P release (11.56 = 1.61 pg/ml in DEX
group, P = 1.000; 11.91 + 0.95 pg/ml in MPA group,
P =0.980; 11.56 + 2.79 pg/ml in 6MP group, P = 1.000;
11.56 = 1.61 pg/ml in CYC group, P = 1.000). Compared
to LPS stimulation alone (499.00 + 67.11 pg/ml), DEX dose
dependently inhibited the secretion of LPS-induced IL-103
(249.00 £ 28.91 pg/ml in LPS + 0.25 umol/L DEX group,
P=0.024;117.00 = 10.35 pg/ml in LPS + 2.5 umol/L DEX
group, P=0.010; 72.00 = 3.61 pg/ml in LPS + 25.0 umol/L
DEX group, P=0.010; Figure 1a). In contrast to DEX, MPA
significantly and dose dependently increased LPS-induced
IL-1PB release (686.00 + 55.46 pg/ml in LPS + 5 umol/L
MPA group, P = 0.023; 1356.00 = 70.65 pg/ml in
LPS+25 umol/L MPA group, P<0.001; 1938.00+ 1.46 pg/ml
in LPS + 75 umol/L MPA group, P < 0.001; Figure 1b),
compared to LPS stimulation alone. However, 6-MP
or CYC did not have any effects on the LPS-induced
release of IL-1f (all P > 0.05; Figure ¢ and 1d). These
data demonstrated that different immunosuppressants had
distinctive effects on IL-1f secretion, while only MPA
enhanced LPS-induced IL-1p release.

Mycophenolic acid enhanced lipopolysaccharide-induced
interleukin-1p release in human monocytes and
THP-1 cells

To further verify this phenomenon, monocytes and
THP-1 cells were tested. Freshly isolated human
monocytes and THP-1 cells were cultured for 12 h in
the presence or absence of MPA or LPS and then the
concentration of IL-1fin the supernatant detected by ELISA.
Indeed, MPA synergistically enhanced LPS-stimulated
IL-1pB release in monocytes (669.00 + 30.30 pg/ml in
LPS + MPA group versus 284.00 + 7.09 pg/ml in LPS
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Figure 1: DEX (a), MPA (b), 6MP (c), CYC (d) distinctively influenced IL-1Bsecretion in undiluted whole blood. Immunosuppressants distinctively
influenced IL-1p secretion in undiluted whole blood. *P < 0.010, compared with control; while P < 0.050, ‘P < 0.010, and P < 0.001 versus
LPS alone group. LPS: Lipopolysaccharide; MPA: Mycophenolic acid; DEX: Dexamethasone; 6-MP: 6-mercaptopurine; AZA: Azathioprine; CYC:

Cyclophosphamide; IL: Interleukin.

group, F = 391.455, P = 0.014; Figure 2a). Again,
compared with LPS group (408.00 + 35.50 pg/ml), the
effects displayed an obviously dose-dependent pattern in
THP-1 cells (685.00 +20.00 pg/ml in LPS + 5 umol/L MPA
group, P=10.035; 742.00 + 31.58 pg/ml in LPS + 25 umol/L
MPA group, P = 0.017; 1000.00 £ 65.59 pg/ml in
LPS + 75 umol/L MPA group, P = 0.024; Figure 2b). MPA
alone has no effect on the IL-13 mRNA expression
(1.28 £ 0.20 fold, P> 0.05); LPS induced the expression of
IL-13 mRNA 2761 fold after 3 h, compared with the control
cells (F=3.975, P =0.048). However, the combination of
LPS and MPA increased the IL-1f expression 3018 fold,
which had the same effect with LPS group (F = 3.975,
P = 0.834; Figure 2c¢). In addition, the enhanced IL-1f3
release in the presence of MPA plus LPS was not due to
passive “leakage” of IL-1[3 because there were no significant
changes in LDH release (P > 0.05; Figure 2d), indicating
that the cell membrane was not impaired.

Mycophenolic acid did not affect the intracellular
nuclear factor kappa B phospho-p65 and precursor
interleukin-1p protein levels

To investigate the mechanisms by which MPA enhanced
LPS-mediated IL-1f release, we next determined whether
a combined treatment of MPA with LPS also increased the
production of pro-IL-1f. The amount of phospho-p65 (p-p65)
is commonly used as an indicator of NF-xB activation
that is crucial for the production of pro-IL-18.1'! Thus,

we determined whether the treatment of MPA with LPS
influenced the activation of p-p65. THP-1 cells were
cultured as before in the presence or absence of LPS with or
without MPA for 3 h. The cells were harvested, cell extracts
prepared as previously described. The results showed that
although LPS alone dramatically increased p-p65 and
pro-IL-1f3, MPA alone did not affect the expression of both
molecules [Figure 3a and 3b]. Nevertheless, MPA further
dramatically increased the secretion of IL-1f3 as compared
to LPS-treated cells (677.00 + 13.98 pg/ml in LPS + MPA
group vs. 378.00 + 13.43 pg/ml in LPS group, F = 110.6,
P=0.001; Figure 3c). These findings indicated that synergy
of MPA with LPS to induce IL-1f release did not result from
the enhancement of pro-IL-1f synthesis.

Mycophenolic acid augmented lipopolysaccharide
-induced interleukin-1p secretion via activation of
caspase-1

The experiments above prompted us to hypothesize that
MPA induced IL-1p release through the activation of
NLRP3 inflammasome. Hence, we investigated the effect
of MPA on the NLRP3 inflammasome in THP-1 cells.
Cells were cultured as before in the presence or absence of
LPS with or without MPA for 3 h. LPS in association with
ATP served as a positive control.?*?2 The results showed
that both MPA and LPS increased the levels of NLRP3.
Although LPS alone induced moderate amount expression of
caspase-1 (p20), MPA dramatically increased its expression.
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Figure 3: MPA did not affect the protein levels of intracellular p-p65 (a) and pro-IL-13 (b). (c) THP-1 cells were cultured with LPS and/or MPA; the
supernatant IL-1 was determined 3 h later. *P < 0.05, P < 0.01 versus control, {P < 0.001 versus LPS alone group. LPS: Lipopolysaccharide;
MPA: Mycophenolic acid; IL: Interleukin; pro-IL-1p: Precursor interleukin-1f.

Therefore, MPA in association with LPS constituted the
strongest stimulation for caspase-1 (p20) [Figure 4a].
Accordingly, LPS alone induced a moderate release of
IL-1B (329.00 + 28.28 pg/ml), whereas coincubation of
LPS with MPA constituted a very strong stimuli for IL-1f3
production (588.00 = 41.99 pg/ml, F = 91.639, P =0.035;
Figure 4b). Similar synergistic effects were also observed in
the group treated with LPS and ATP (692.00 + 3.91 pg/ml,

F=91.639, P=0.024; Figure 4b). Since caspase-1 (p20)
has also been known to degrade pro-IL-18 into mature
IL-18, we also tested IL-18 and found that MPA synergized
with LPS to increase IL-18 release (1051.00 + 44.79 pg/ml
in LPS + MPA vs. 421.00 £+ 28.74 pg/ml in LPS group,
F =263.46, P = 0.007; Figure 4c). To further investigate
whether MPA-activated caspase-1 was related to IL-1f3
and IL-18 secretion, THP-1 cells were preincubated
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Figure 4: MPA augmented LPS-induced IL-1(3 release by activation of NLRP3 inflammasome (a). IL-13 (b) and IL-18 (c) were determined. Ac-
YVAD-cmk was added (d). Casp-1 (p20), (e) IL-1B and IL-18 were detected. *P < 0.05 versus control, 'P < 0.05 versus LPS group, *P < 0.05
versus LPS + MPA group. LPS: Lipopolysaccharide; MPA: Mycophenolic acid; IL: Interleukin; NLRP3: NOD-like receptor pyrin domain containing-3;

IL-1pB: Interleukin-1p.

with a specific caspase-1 inhibitor, ac-YVAD-cmk, for
1 h before stimulation with MPA and LPS. The results
showed that ac-YVAD-cmk inhibited the activation of
caspase-1 (p20) [Figure 4d] and significantly abrogated
IL-1P (181.00 + 45.24 pg/ml, F = 91.639, P = 0.014) and
IL-18 (130.00 +28.58 pg/ml, F'=263.46, P=0.002) release
induced by LPS in combination with MPA [Figure 4e].
Therefore, caspase-1 was the key mediator in the synergy
of MPA and LPS to stimulate IL-1f3 and IL-18 secretion.

Discussion

In the last few decades, extensive researches have demonstrated
that immunosuppressants such as CYC, AZA, glucocorticoids,
MMEF, and cyclosporin A are capable of reducing lymphocyte
proliferation as well as altering cytokine secretion such as
IL-2, IL-6, IL-17, IL-5, and IL-13.*?7 However, immune
suppression is commonly associated with opportunistic
infections in clinical practice. Intravenous CYC plus steroid
has been recognized as the standard protocol for severe lupus
nephritis.’! Unfortunately, this strategy has been usually
correlated with severe opportunistic infections.[*”! Several
studies have reported that in lupus nephritis induction therapy,

MMF has been shown to be equivalent in effectiveness to
intravenous CYC and superior to AZA with a more safety
profile,l® but the mechanism is still unclear. Previous results
demonstrated that cytokine levels could be used to evaluate
the immune status in patients with chronic heart failure or
those exposed to immunosuppressants.*!'' MPA is the active
metabolite of MMF, which affects the de novo purine synthesis
and consequently decreases lymphocyte proliferation.
Surprisingly, although MPA decreased the secretion of IL-2
and IL-13 in PHA-treated whole blood, it dramatically
promoted the secretion of IL-1[3,”! which contradicted
the traditional conception that immunosuppressants
inhibited the secretion of inflammatory factors. This study
showed that whole blood cells, monocytes, and THP-1 cells
treated with MPA in combination with LPS obviously
augmented IL-1P [Figures 1b, 2a, 2b, 3¢ and 4b] and 1L-18
release [Figure 4c].

Therefore, we determined to investigate the mechanisms of
MPA-mediated IL-1f release. We found that MPA had no
effect on the expression of NF-kB p-p65 and intracellular
pro-IL-1P protein [Figure 3]. MPA treatment induced
an increase in intracellular NLRP3 and activation of
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LPS: Lipopolysaccharide; MPA: Mycophenolic acid; IL: Interleukin;
NLRP3: NOD-like receptor pyrin domain containing-3; ATP: Adenosine
triphosphate; pro-IL-1B: Precursor interleukin-1(3; NF-xB: Nuclear
factor kappa B; TLR4: Toll-like receptor 4; ASC: Apoptosis-associated
speck-like protein containing a caspase recruitment domain.

caspase-1 [Figure 4a—4c]. As expected, the MPA-mediated
IL-1B and IL-18 production could be blocked by the
caspase-1 inhibitor ac-Y VAD-cmk [Figure 4d and 4e]. All
these data indicated that the enhanced secretion of IL-1 by
MPA in association with LPS was due to increased caspase-1
activity to accelerate the degradation of pro-IL-1p, rather
than result from the increased generation of pro-IL-1(.
Taken together, the data substantiated a “two-signal” model
where LPS stimulation acted as the first signal for efficient
production of intracellular pro-IL-1f and NLRP3 proteins. In
addition, MPA or ATP activated the NLRP3 inflammasome as
the second signal to induce proteolytic activity of caspase-1
that subsequently degraded the pro-IL-1[ protein into mature
IL-1B [Figure 5]. This model could also account for increased
IL-18 release after MPA treatment.

IL-1B could induce the synthesis of chemokines that can
modulate macrophage, neutrophil, and T cell activity.['3#
IL-18 also potentially primed neutrophil and promotes early
innate immune responses.?” IL-1p and IL-18 indirectly
participated in antiviral responses.?” The survival of mice
pretreated recombinant IL-1f3 was higher than control after
LPS challenged.® The mice deficient in IL-18 exhibited a
higher mortality than wild-type mice while challenged with
infection.’? IL-1 receptor-deficient mice (IL-1R—/-) showed
fatal outcome during Staphylococcus aureus sepsis, and the
number of Staphylococci was increased as compared with
IL-1R+/+mice.” Mice that were treated with IL-1R antagonist
anakinra significantly increased the mortality induced by
S. aureus.P¥ All of these findings indicated that IL-1[3 as well
as [L-18 played important roles in host defense. Therefore, we
believed that the synergy of MPA with LPS to increase IL-1[3
and IL-18 release might contribute to a better infection defense
in patients treated with MMF than those treated with CYC.

It was reported that prolonged production of IL-1f could
lead to severe tissue and organ damage.*! In this study,

the finding that MPA induced IL-1B production was not
contradictory to its immunosuppressive effect since the
induction of IL-13 by MPA only happened in the presence
of LPS, while MPA alone failed to do so [Figures 1 and 2]. In
other words, patients with autoimmune diseases treated with
MMF could not produce IL-1p unless exposed to pathogens,
for example, bacteria, indicating that the immune system of
those patients receiving MMF might be properly suppressed
while maintaining alert to bacterial infection.

In conclusion, this study has clarified that MPA synergized
with LPS to enhance IL-1f release via the activation of
caspase-1. These findings suggested that patients with
autoimmune diseases who are treated with MMF might
have highly activated caspase-1, which causes macrophages
or monocytes to more readily release IL-1f in response to
bacterial components, such as LPS. The data of this study
provided experimental evidence as well as theoretical
rationales for MMF to be included in immunosuppressive
protocols that are not only more effective for transplant
recipients or patients with autoimmune disorders but
also enable the patients to be less liable to some bacterial
infections.

Acknowledgment

We thank Xiao-Bing Cui (Traditional Chinese
Medicine-Integrated Hospital of Southern Medical
University, Guangzhou, Guangdong, China) for providing
technical assistance.

Financial support and sponsorship

This study was supported by grants from National
Natural Science Foundation of China (No. 81501417 and
No. 81671623).

Conflicts of interest
There are no conflicts of interest.

REFERENCES

1. Sintchak MD, Fleming MA, Futer O, Raybuck SA, Chambers SP,
Caron PR, et al. Structure and mechanism of inosine monophosphate
dehydrogenase in complex with the immunosuppressant
mycophenolic acid. Cell 1996;85:921-30. doi: 10.1016/S0092-
8674(00)81275-1.

2. Segovia J, Gerosa G, Almenar L, Livi U, Vigand M, Arizon JM,
et al. Impact of dose reductions on efficacy outcome in heart
transplant patients receiving enteric-coated mycophenolate sodium
or mycophenolate mofetil at 12 months post-transplantation. Clin
Transplant 2008;22:809-14. doi: 10.1111/j.1399-0012.2008.00887.x.

3. Jayne D. Non-transplant uses of mycophenolate mofetil. Curr
Opin Nephrol Hypertens 1999;8:563-7. doi: 10.1097/00041552-
199909000-00005.

4. ContiF, Ceccarelli F, Perricone C, Massaro L, Cipriano E, Pacucci VA,
et al. Mycophenolate mofetil in systemic lupus erythematosus:
Results from a retrospective study in a large monocentric cohort and
review of the literature. Immunol Res 2014;60:270-6. doi: 10.1007/
$12026-014-8609-x.

5. Steinberg AD, Steinberg SC. Long-term preservation of renal
function in patients with lupus nephritis receiving treatment that
includes cyclophosphamide versus those treated with prednisone
only. Arthritis Rheum 1991;34:945-50. doi: 10.1002/art.1780340803.

6. Ginzler EM, Dooley MA, Aranow C, Kim MY, Buyon J, Merrill JT,
et al. Mycophenolate mofetil or intravenous cyclophosphamide for

.Chinese Medical Journal | July 5,2018 | Volume 131 | Issue 13

1539




20.

21.

. Moors

lupus nephritis. N Engl J Med 2005;353:2219-28. doi: 10.1056/
NEJMoa043731.

Aringer M, Fischer-Betz R, Hiepe F; Kommission Pharmakotherapie
der DGRh, Germany Society of Rheumatology. Statement on the
use of mycophenolate mofetil for systemic lupus erythematosus.
Z Rheumatol 2013;72:575-80. doi: 10.1007/s00393-013-1213-y.

Tse KC, Tang CS, Lam MF, Yap DY, Chan TM. Cost comparison
between mycophenolate mofetil and cyclophosphamide-azathioprine
in the treatment of lupus nephritis. J Rheumatol 2009;36:76-81. doi:
10.3899/jrheum.080517.

Liu Z, Yuan X, Luo Y, He Y, Jiang Y, Chen ZK, ef al. Evaluating the
effects of immunosuppressants on human immunity using cytokine
profiles of whole blood. Cytokine 2009;45:141-7. doi: 10.1016/j.
cyt0.2008.12.003.

. He Y, Luo Y, Lao X, Tan L, Sun E. Cytokine signatures of human

whole blood for monitoring immunosuppression. Cent Eur J Immunol
2014;39:271-8. doi: 10.5114/ceji.2014.45936.

. Myrianthefs PM, Lazaris N, Venetsanou K, Smigadis N, Karabatsos E,

Anastasiou-Nana MI, et al. Immune status evaluation of patients with
chronic heart failure. Cytokine 2007;37:150-4. doi: 10.1016/j.cyto.
2007.03.007.

. Dinarello CA. Immunological and inflammatory functions of the

interleukin-1 family. Annu Rev Immunol 2009;27:519-50. doi:
10.1146/annurev.immunol.021908.132612.

. Duitman EH, Orinska Z, Bulfone-Paus S. Mechanisms of cytokine

secretion: A portfolio of distinct pathways allows flexibility in
cytokine activity. Eur J Cell Biol 2011;90:476-83. doi: 10.1016/j.
€jcb.2011.01.010.

MA, Mizel SB. Proteasome-mediated regulation of
interleukin-1beta turnover and export in human monocytes. J Leukoc
Biol 2000;68:131-6.

. Lamkanfi M, Dixit VM. Mechanisms and functions of inflammasomes.

Cell 2014;157:1013-22. doi: 10.1016/j.cell.2014.04.007.

. SchmitzJ, Owyang A, Oldham E, Song Y, Murphy E, McClanahan TK,

et al. 1L-33, an interleukin-1-like cytokine that signals via the IL-1
receptor-related protein ST2 and induces T helper type 2-associated
cytokines. Immunity 2005;23:479-90. doi: 10.1016/j.immuni.
2005.09.015.

. Saleh M: The machinery of Nod-like receptors: refining the paths

to immunity and cell death. Immunol Rev 2011;243:235-46. doi:
10.1111/j. 1600-065X.2011.01045.x.

. Lech M, Lorenz G, Kulkarni OP, Grosser MO, Stigrot N,

Darisipudi MN, et al. NLRP3 and ASC suppress lupus-like
autoimmunity by driving the immunosuppressive effects of TGF-3
receptor signalling. Ann Rheum Dis 2015;74:2224-35. doi: 10.1136/
annrheumdis-2014-205496.

. Liu Q, Qian Y, Chen F, Chen X, Chen Z, Zheng M, et al. EGCG

attenuates pro-inflammatory cytokines and chemokines production
in LPS-stimulated L02 hepatocyte. Acta Biochim Biophys
Sin (Shanghai) 2014;46:31-9. doi: 10.1093/abbs/gmt128.

Qu Y, Misaghi S, Newton K, Gilmour LL, Louie S, Cupp JE, et al.
Pannexin-1 is required for ATP release during apoptosis but not
for inflammasome activation. J Immunol 2011;186:6553-61. doi:
10.4049/jimmunol.1100478.

Fernandes-Alnemri T, Kang S, Anderson C, Sagara J, Fitzgerald KA,
Alnemri ES, et al. Cutting edge: TLR signaling licenses IRAK1

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

for rapid activation of the NLRP3 inflammasome. J Immunol
2013;191:3995-9. doi: 10.4049/jimmunol.1301681.

Lin KM, Hu W, Troutman TD, Jennings M, Brewer T, Li X, ef al.
IRAK-1 bypasses priming and directly links TLRs to rapid NLRP3
inflammasome activation. Proc Natl Acad SciU SA2014;111:775-80.
doi: 10.1073/pnas.1320294111.

Lutsiak ME, Semnani RT, De Pascalis R, Kashmiri SV, Schlom J,
Sabzevari H, et al. Inhibition of CD4(+)25+ T regulatory cell
function implicated in enhanced immune response by low-dose
cyclophosphamide. Blood 2005;105:2862-8. doi:  10.1182/
blood-2004-06-2410.

Poppe D, Tiede I, Fritz G, Becker C, Bartsch B, Wirtz S, et al.
Azathioprine suppresses ezrin-radixin-moesin-dependent T cell-APC
conjugation through inhibition of vav guanosine exchange activity
on rac proteins. J Immunol 2006;176:640-51. doi: https://doi.
org/10.4049/jimmunol.176.1.640.

Marx J. How the glucocorticoids suppress immunity. Science
1995;270:232-3. doi: 10.1126/science.270.5234.232.

Allison AC, Eugui EM. Immunosuppressive and other effects of
mycophenolic acid and an ester prodrug, mycophenolate mofetil.
Immunol Rev 1993;136:5-28. doi: 10.1111/j.1600-065X.1993.
tb00652.x.

Chen J, Li CF. Effect of FK506 and CSA on the cell survival of
engrafted HSC and the level of IL-2 and IL-4 in leukemia mice.
Sichuan Da Xue Xue Bao Yi Xue Ban 2009;40:478-80. doi: 10.3969/].
issn.1672-173X.2009.03.027.

Dinarello CA. The role of the interleukin-1-receptor antagonist in
blocking inflammation mediated by interleukin-1. N Engl J Med
2000;343:732-4. doi: 10.1056/NEJM200009073431011.

Leung BP, Culshaw S, Gracie JA, Hunter D, Canetti CA, Campbell C,
et al. A role for IL-18 in neutrophil activation. J Immunol
2001;167:2879-86. doi: 10.4049/jimmunol.167.5.2879.

Piper SC, Ferguson J, Kay L, Parker LC, Sabroe I, Sleeman MA, et al.
The role of interleukin-1 and interleukin-18 in pro-inflammatory and
anti-viral responses to rhinovirus in primary bronchial epithelial cells.
PLo0S One 2013;8:¢63365. doi: 10.1371/journal.pone.0063365.
Mansilla-Roselld6 A, Ferron-Orihuela JA, Ruiz-Cabello F,
Garrote-Lara D, Fernandez-Mondéjar E, Delgado-Carrasco ML,
et al. Differential effects of IL-1 beta and ibuprofen after endotoxic
challenge in mice. J Surg Res 1997;67:199-204. doi: 10.1006/jsre.
1996.4982.

Sakao Y, Takeda K, Tsutsui H, Kaisho T, Nomura F, Okamura H,
et al. 1L-18-deficient mice are resistant to endotoxin-induced liver
injury but highly susceptible to endotoxin shock. Int Immunol
1999;11:471-80. doi: https://doi.org/10.1093/intimm/11.3.471.
Hultgren OH, Svensson L, Tarkowski A. Critical role of signaling
through IL-1 receptor for development of arthritis and sepsis during
Staphylococcus aureus infection. J Immunol 2002;168:5207-12. doi:
10.4049/jimmunol.168.10.5207.

Ali A, Na M, Svensson MN, Magnusson M, Welin A, Schwarze JC,
et al. IL-1 receptor antagonist treatment aggravates staphylococcal
septic arthritis and sepsis in mice. PLoS One 2015;10:e0131645. doi:
10.1371/journal.pone.0131645.

Dinarello CA. A clinical perspective of IL-1p as the gatekeeper of
inflammation. Eur J Immunol 2011;41:1203-17. doi: 10.1002/eji.
201141550.

Chinese Medical Journal | July 5,2018 | Volume 131 | Issuc 13 R




EBR ﬁﬂﬁzﬁﬁﬁ?ﬁg&asmse—lﬁﬁ HA&R-18

Wi AV 7R FIMMERNE A= B MR (MPA) HHEILPS ATt A/ 25- 1850, AR FCHURIAR . AT 7540
PRITMPA T RILPSEHE 1 A2 - 1 I o

i RFREM SN M ZE KRy . BEIER (MPA, MMFEREETEACH M) BiMEIE NS sRCY C B e A s e & s 22 0
(LPS) ¥;7E12/MiT )5, FELISAJ ARG 7% Bigm AaEn & (L) -1p/KF. THP-141 ek A%, MPA A 5k
S5LPSECAH AL S5, HELISATT VAR 7% FIEHIIL-187KF . S22 5% 8 #PCRINTT VA I THP- 141 S fFIL-18 mRNAZK
“F-. Western blotiE A Il THP-141 it " NF-«B p-p65, pro-IL-1B, NLRP3Hlcaspase-1 (p20) KK & HKF.

SR MPARMIT A GES FIL-1877E, TMPASLPSHRFE AT IIIL- 1853, I 25K (685.00£20.00 pg/ml in LPS+5
pmol/L MPA group, P=0.035; 742.004+31.58 pg/ml in LPS+25 pmol/L MPA group, P=0.017; 1000.00£65.59 pg/ml in LPS+75 pumol/L
MPA group, P=0.024; vs. 408.00+35.50 pg/ml in LPS group). MPAXS 4l YIL-1BAImRNAKE /KPR, LPSH{FIL-1BH
mRNA¥;FACEH 276145, M LPS+MPAZHIL-1BM mRNAFE 3K 5% I AL L+ 30186%, SLPSAHILE LA T %R
(P=0.834). MPAX 4N FINF-kB p-p65Fipro-IL-1B% 17K T-JCiMi, (B 7] LIS NLRP3 % A4k . Caspase-1 145 5 M 301l 7] Ac-
Y VAD-emk AJ L Wrcaspase-1 (3% 44 3798 IL- 1A 730, LPS+MPAZLIL-1B¥E % 9588.00£41.99 pg/ml, TLPS+MPA+ YVADZ
4181+45.24 pg/ml (P=0.014).

5. MPA R FILPSE HEIL-1p77 AE /& il i i i caspase- 1ffi pro-IL- 1 A5 A6 NIL-1B44 22 Frsl, 1 AN A& @ i 4 inpro-IL- 1B 4 .
XL R IR, FHMME %2 301 (1) 553 1] B 76 B A () 3 B 3% caspase-1, 7] BEAG B 175 25 5% A2 (041 1 7= A= 58 BBU (1) B
I o




