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Abstract

Purpose: To study the influence of artemisinin derivative, SM934 on activation, proliferation,
differentiation and antibody-secreting capacity of B cells of systemic lupus erythematosus (SLE) mice,
and the underlying mechanism.

Methods: Female MRL/Ipr mice (n = 60) were randomly assigned to four groups of 15 mice each: SLE,
2.5 mg/kg SM934; 5 mg/kg SM934, and 10 mg/kg SM934 groups. Serum levels of interleukins 6, 10, 17
and 21 (IL-6, IL-17, IL-10 and IL-21) were determined. The secretions of immunoglobulins G and M (IgG
and IgM) by B cells were determined. The population of B lymphocyte subtypes was determined flow
cytometrically. The expressions of Blimp-1 and Bcl-6, Toll-like receptors 7 and 9 (TLR7 and TLR9)
MRNAs were determined.

Results: SLE-induced upregulation of serum IL-10, IL-6, IL-17 and IL-21 was significantly and dose-
dependently reduced following a 2-month treatment with SM934 (p < 0.01). Treatment with SM934
significantly and dose-dependently accentuated B cell germinal center B cell populations, but
significantly and dose-dependently decreased the populations of plasma and activated B cells (p <
0.01). The splenic levels of IgG and IgM were decreased in a dose-dependent fashion after 8 weeks of
treatment (p < 0.01). Artemisinin derivative SM934 decreased the expression of Blimp-1, and
upregulated the expression of Bcl-6, both in a dose-dependent manner (p < 0.01). Moreover, SM934
decreased the mRNA expressions of TLR7 and TLR9 in a dose-based manner (p < 0.01).

Conclusion: Artemisinin derivative SM934 mitigates LSE syndromes by suppressing the TLR-induced
B-cell stimulation and plasma cell generation.
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INTRODUCTION and systems. Its pathogenesis is linked to

heredity, hormonal levels, environmental factors,
Systemic lupus erythematosus (SLE) is an drugs, and nutritional status [1]. The symptoms
autoimmune disease that affects several organs of SLE include fever, erythema on the cheek,
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oral bleeding, erosion or recurrent ulcers, joint
swelling and pain, pleural effusion, organ
dysfunction, nerve degeneration and
hematological changes [2].

Women are more pre-disposed to SLE, and
mortality associated with the disease shows a
"double peak curve", that is, early death from
lupus, and late death from myocardial infarction
and other cardiovascular complications [3,4].
Women with SLE are over 5 times more likely to
develop coronary artery disease (CAD) [5].
Adaptive and innate immune responses are
implicated in SLE etiology. Toll-like receptor
(TLR) is a transmembrane protein that plays a
key role in adaptive and innate immune
responses on binding to pathogens [6]. The
TLR7/9 signaling pathway is linked to the
activation and proliferation of B cells, and directly
affects the development of SLE.

Artemisinin derivative SM934 is water-soluble
and inhibits the expression of TLR7/9 [7-9]. The
current investigation was aimed at studying the
influence of SM934 on the activation,
proliferation,  differentiation and antibody-
secreting capacity of B cells in mice with SLE,
and the underlying mechanism.

EXPERIMENTAL
Materials and reagents

Female MRL/lpr mice were supplied by the
Animal Research Center of Nanjing University.
Total RNA extraction kit, Trizol reagent, kits for
reverse transcription and PCR, as well as ELISA
kits for IL-10, IL-6, IL-17, IL-21, IgG and IgM
were products of Wuhan Moshake Biotechnology
Co., Ltd. Fetal bovine serum (FBS). QuantStudio
3 real time quantitative PCR instrument and
primers were purchased from Thermo Fisher
Scientific Co., Ltd. (China). Rabbit anti-TLR7,
rabbit anti-TLR9, mouse and human 1gG and IgM
were obtained from Beijing Hapten and Protein
Biomedical Institute, while SM934 was made
available by Tangshan Gongren Hospital. This
research was approved by the Animal Ethical
Committee of Department of Gastrointestinal
Surgery, Tangshan Gongren Hospital, Tangshan
(approval no. 201813573), and was according to
the guidelines of "Principles of Laboratory Animal
Care" (NIH publication no. 85-23, revised 1985)
[10].

Mice and grouping
This study made use of 4-month-old female

MRL/Ipr mice (n = 60) weighing 20.0 £ 2.0 g.
Four groups of mice were randomly assembled

(15 mice per group): SLE, 2.5 mg/kg SM934, 5
mg/kg SM934, and 10 mg/kg SM934 groups.
Administration of SM934 was done orally once a
day, while SLE group received 5.0 ml of normal
saline, once per day. The study lasted 8 weeks.

Biochemical analysis

At the end of 8 weeks, blood was collected from
the eye veins of mice, and centrifuged at 3000
rpm for 15 min to obtain serum which was kept at
-80 °C. Spleen tissue was also excised, washed
with normal saline and used to prepare spleen
lymphocyte suspension.

Serum IL-6, IL-10, IL-17 and IL-21 were assayed
with ELISA kits. The secretions of 1gG and IgM
by B cells were also determined using ELISA.
The population of B lymphocyte subtypes in mice
spleen was determined flow cytometrically.

Western blotting

This was used to determine the expressions of
Blimp-1 and Bcl-6. Spleen tissues collected from
the mice were kept in liquid nitrogen at -80 °C.
They were sliced into thin sections (5 um) using
refrigerated microtome, and homogenized using
Kinematica tissue pulverizer. The resultant tissue
homogenate was washed twice with phosphate-
buffered saline (PBS) and centrifuged at 10,000
g at 4 °C for 30 min. The protein concentration of
the supernatant was determined using BCA
assay kit. A portion of total tissue protein (20 - 30
pg) from each sample was separated on SDS-
PAGE and transferred to a fixed polyvinylidene
fluoride membrane at 110 V and 90 °C for 120
min.

Subsequently, non-fat milk powder (3 %) in Tris-
buffered saline containing 0.2 % Tween-20 (TBS-
T) was added with gentle shaking at 37 °C and
incubated to block non-specific binding of the
blot. Incubation of the blots was performed
overnight at 4 °C with primary antibodies of
Blimp-1, Bcl-6 and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) at a dilution of 1 to
500. Then, the membrane was rinsed three times
in TBS-T and subjected to incubation at room
temperature for 1 h with goat anti-rabbit 1gG
secondary antibody conjugated with horse radish
peroxidase.

The blot was developed using an X-ray film.
Grayscale analysis of the bands was performed
using ImageJ analysis software (Version 4.6.2).
Respective protein expression levels were
normalized to that of GAPDH which was used as
a standard reference.
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Quantitative real-time polymerase chain
reaction (QRT-PCR)
This was used to determine the levels of

expression of TLR7 and TLR9 mRNAs. Total
RNAs were isolated from portions of spleen
homogenate using Trizol reagent and assessed
spectrophotometrically. The RNAs were reverse-
transcribed to cDNAs, using random primers at
45 °C for 2 h. The samples were heated at 95 °C
for 10 min. The PCR amplification of the reverse
transcribed reaction mixture was carried out
using 20 pL reaction mixture and equal volume
of SYBR Premix Ex TaqTM II. The PCR program
was: pre-denaturation for half-a minute at 95 °C,
denaturation at 95 °C for 3 s, annealing at 60 °C
for 34 s, and 50 cycles. Relative expression was
guantified using Stratagene Mx3000P software,
with GAPDH gene as internal reference.

Statistical analysis
Results are presented as mean + SEM, and were
statistically analyzed using SPSS (version 19.0).

Groups were compared using Students t-test.
Statistical significance was fixed at p < 0.01.

RESULTS

Serum levels of IL-6, IL-10, IL-17 and IL-21

8 weeks of treatment with SM934 (p < 0.01;
Table 1).

Effect of SM934 on number of B lymphocyte
subsets

Treatment with SM934 significantly and dose-
dependently elevated the population B cells and
germinal center B cells, while it significantly and
dose-dependently reduced the population of
plasma and activated B cells (p < 0.01). These
results are shown in Table 2.

Secretion of IgG and IgM

The splenic levels of IgG and IgM were
significantly and dose-dependently reduced after
8 weeks of treatment with SM934 (p < 0.01;
Table 3).

Table 3: Splenic levels of IgG and IgM in the mice

Group IgG (ug/mL) IgM (png/mL)
SLE 20.46 +2.13 16.37 £ 2.36
2.5 mg/kg a a
SM934 14.75 + 1.55 12.97 £ 2.11

5mgl/kg SM934  12.34+1.21% 10.33 £ 2.03%
10 mg/kg abc abc
SM934 9.28+1.13 7.38+1.85

F 138.75 50.04

p < 0.001 < 0.001

%P < 0.01, versus SLE group; ’p < 0.01, relative to 2.5
mg/kg SM934 group; “p < 0.01, relative to 5 mg/kg

The high levels of these cytokines in serum were
SM934 group

significantly and dose-dependently reduced after

Table 1: Comparison of serum IL-10, IL-6, IL-21 and IL-17 among the groups

IL-6 IL-10 IL-17
Group (pg/mL) (ng/mL) (ng/mL) IL-21 (pg/mL)
SLE 128.46 + 25.31 1.53 +0.44 5.76 + 0.75 60.45 + 12.42
2.5 mg/kg SM934 74.38 + 13.47° 0.67 +0.18° 2.87 £ 0.45° 48.38 + 8.34°
5 mg/kg SM934 55.29 + 10.16™ 0.58 +0.13% 2.34+0.38% 38.28 + 7.21%
10 mg/kg SM934 38.79 + 8.24% 0.45 + 0.12°° 2.11 +0.34% 32.46 + 6.56*
F 91.74 56.00 167.23 28.38
P-value < 0.001 < 0.001 < 0.001 < 0.001

P < 0.01, relative to SLE group; °p < 0.01, relative to 2.5 mg/kg SM934 group; °p < 0.01, relative to 5 mg/kg
SM934 group

Table 2: Number of B lymphocyte subsets in the different groups

Group B-cells (x10°) Ge":e'ﬂz'(‘jelgﬁ;*’ B- ‘(‘:‘;]‘s’a(tffog) P'aii"l%%e”s
SLE 5.24 +0.45 4.46 + 0.45 8.57 +0.81 15.67 +1.25
2.5 mg/kg SM934 6.33 + 0.46° 5.53 + 0.54° 7.45+0.78° 12.34 +1.12°
5 mg/kg SM934 9.27 +0.72% 8.62 + 0.82% 6.61 + 0.62% 9.43+0.77%
10 mg/kg SM934 18.29 + 1.21%° 14.87 +1.13%° 5.13 + 0.43% 5.54 + 0.63%°
F 877.86 537.50 68.73 292.23

P-value < 0.001 < 0.001 < 0.001 < 0.001

P < 0.01, relative to SLE group; °p < 0.01, relative to 2.5 mg/kg SM934 group; °p < 0.01, relative to 5 mg/kg
SM934 group
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Expressions of Blimp-1 and Bcl-6

Treatment with SM934 brought about significant
decrease in the expression of Blimp-1, while it
caused significant upregulation of the expression
of Bcl-6 (p < 0.01; Figure 1).

Table 4: Expression of Blimp-1 and Bcl-6 in mice (n,
%)

Group Blimp-1 Bcl-6
SLE 0.99 +0.01 0.25+0.01
é'laégﬂl kg 0.79 +0.01° 0.47 £0.01°
5 mg/kg SM934 0.54 +0.01* 0.64 +0.01®
10 mg/kg SM934  0.35+0.01*°  0.69 +0.01*°
F 12152.40 5189.76

p < 0.001 <0.001

%P < 0.01, relative to SLE group; °p < 0.01, relative to
2.5 mg/kg SM934 group; °p < 0.01, relative to 5 mg/kg
SM934 group

Antibody secretior

Model Low dose Medwm High dose
goup - gIoup  dose group  group 0

I i .
1¢G (ugil) 1eM (ngiul)

# Model  # Lowdose # Medium dose - High dose

Figure 1: Effect of SM934 on the expressions of
Blimp-1 and Bcl-6 mRNAs

Expressions of TLR7 and TLR9 mRNAs

As shown in Table 5, the levels of expressions of
TLR7 and TLR9 mRNAs were significantly and
dose-dependently down-regulated after
treatment with SM934 (p < 0.01).

Table 5: Levels of expression of TLR7 and TLR9
MRNASs (n, %)

Group TLR7Y TLR9
SLE 0.98+0.01 0.99+0.01
2.5 mg/kg a a
SM934 0.68+0.01 0.57+0.01
5mg/kg SM934  0.58 + 0.01*° 0.52 +0.01*
10 mg/kg abc abc
SM934 0.43+0.01 0.44 +0.01

F 8740.11 6667.29
P-value < 0.001 < 0.001

%P < 0.01, relative to SLE group; °p < 0.01, relative to
2.5 mg/kg SM934 group; °p < 0.01, versus 5 mg/kg
SM934 group

DISCUSSION
Lupus nephritis is characterized by abnormal

expressions of cytokines [11]. Interleukin 6 (IL-6)
enhances the formation, maturation and

differentiation of B cells [12]. Interleukin 10 (IL-
10) is an anti-inflammatory factor secreted by
mononuclear macrophages, and it stimulates the
proliferation of B cells, thereby promoting
development of SLE. The current study
investigated the influence of SM934 on the
activation, proliferation, differentiation and
antibody-secreting capacity of B cells in mice
with SLE, and the underlying mechanism.

Studies have shown that IL-10 is highly
expressed in patients with SLE and lupus mouse
models [13,14]. It has also been reported that in
lupus patients, the expression of IL-17 is
significantly upregulated, relative to healthy
individuals, and that IL-17 aggravates symptoms
of lupus disease via promotion of B cell activation
[15]. Interleukin 21 (IL-21) is an important factor
in  humoral immunity; it promotes the
proliferation, activation and secretion of
antibodies by B cells, thereby aggravating
symptoms of SLE [16]. Therefore, IL-10, IL-6, IL-
17 and IL-21 act on B cells and promote the
incidence of SLE.

In this study, treatment with SM934 significantly
and dose-dependently reduced the levels of
these cytokines, an indication that SM934 may
decrease the levels of these cytokines in MRL/Ipr
mice. It has been reported that the number of B
cells and germinal center B cells were
significantly decreased, while the population
activated plasma and B cells were significantly
increased after treatment with SM934, leading to
the conclusion that the increased number of
plasma cells enhanced the antibody- secreting
function of B cells [17,18].

The results obtained in this study showed that
after 8 weeks of continuous administration of
SM934, B cells and germinal center B cells were
significantly and dose-dependently increased in
population, while the population of activated B
and plasma cells were significantly and dose-
dependently reduced. These results are in
agreement with those reported previously. The
splenic levels of 1IgG and IgM were significantly
and dose-dependently reduced after treatment
with SM934.

Blimp-1 and Bcl-6 are a pair of transcription
factors that interact with each other. Plasma
cell transcription  requires  Blimp-1  which
represses transcription of several genes linked
with mature B cell phenotype [19]. In humans, B-
cell lymphoma 6 protein (Bcl-6) regulates
germinal center B cells, thereby terminating them
at germinal center stage, and blocking the
differentiation of B cells into plasma cells [20].
The results of Western blotting showed
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significant and dose-dependent decrease in the
expression of Blimp-1, while the expression of
Bcl-6 was significantly and dose-dependently
upregulated after treatment with SM934. Thus,
SM934 may enhance the populations of B and
germinal center B cells, while significantly
reducing the populations of plasma and activated
B cells. It is likely that SM934 mitigates SLE by
decreasing the secretion of 1gG and IgM, and
that the degree of improvement may be dose-
dependent.

The generation and transformation  of
autoantigens and autoantibodies in SLE are
closely linked to the TLR signaling pathway. It
has been shown that TLR7 identifies single-
stranded RNA (ssRNA) antigen [21], while TLR9
recognizes CpG fragment [22]. Both are
expressed in B cells, and function synergistically
on immune complex (antigen-antibody complex)
to directly activate and accelerate the secretion
of autoantibodies and plasma cells, thereby
promoting the activation, proliferation and
antibody-secreting capacity of B cells [23-25]. It
has been reported that dihydroartemisin acts on
the TLR signaling pathway to improve symptoms
of SLE in MRL/Ipr mice [26]. In this study,
treatment  with SM934  decreased the
expressions of TLR7 and TLR9. These results
suggest that SM934 may alleviate the symptoms
of SLE by down-regulating the expressions of
TLR7 and TLR9 mRNAs.

CONCLUSION

The effect of artemisinin derivative SM934 on
SLE syndrome in mice is exerted via suppression
of TLR-induced B-cell stimulation and plasma
cell generation. It provides a breakthrough in the
discovery of a series of new drugs for SLE
syndrome.
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