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Therapeutic effects of the artemisinin analog SM934 on
lupus-prone MRL/Ipr mice via inhibition of TLR-triggered
B-cell activation and plasma cell formation

Yanwei Wu', Shijun He', Bingxin Bai?, Luyao Zhangl, Lu Xue?, Zemin Lin?, Xiaogian Yangl,
Fenghua Zhu', Peilan He', Wei Tang' and Jianping Zuo"?

We previously reported that SM934, a water-soluble artemisinin derivative, was a viable treatment in murine lupus

models. In the current study, we further investigated the therapeutic effects of a modified dosage regimen of SM934 on
lupus-prone MRL/Ipr mice and explored its effects on B cell responses, a central pathogenic event in systemic lupus
erythematosus (SLE). When orally administered twice-daily, SM934 significantly prolonged the life-span of MRL//Ipr
mice, ameliorated the lymphadenopathy symptoms and decreased the levels of serum anti-nuclear antibodies (ANAs)
and of the pathogenic cytokines IL-6, IL-10 and IL-21. Furthermore, SM934 treatment restored the B-cell compartment
in the spleen of MRL/Ipr mice by increasing quiescent B cell numbers, maintaining germinal center B-cell numbers,
decreasing activated B cell numbers and reducing plasma cell (PC) numbers. Ex vivo, SM934 suppressed the Toll-like
receptor (TLR)-triggered activation and proliferation of B cells, as well as antibody secretion. Moreover, the present study
demonstrated that SM934 interfered with the B-cell intrinsic pathway by downregulating TLR7/9 mRNA expression,
MyD88 protein expression and NF-kB phosphorylation. In human peripheral blood mononuclear cells (PBMCs),
consistent with the results in MRL//prmice, SM934 inhibited TLR-associated B-cell activation and PC differentiation. In
conclusion, a twice daily dosing regimen of SM934 had therapeutic effects on lupus-prone MRL//Ipr mice by suppressing

B cell activation and plasma cell formation.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a multisystem autoimmune
disease with significant morbidity and mortality. Female MRL/Ipr
mice, a classic animal model of SLE, spontaneously develop auto-
immune syndromes characterized by lupus nephritis, hemato-
logical changes, massive lymphadenopathy, splenomegaly and
autoantibody formation, among which lupus nephritis is the key
factor that leads to death.'

B lymphocytes are central players in the adaptive immune
response. In response to antigen encounters, they undergo activa-
tion and differentiate into plasma or memory cells in the germinal
center. Two transcriptional regulators are the main controllers of

B-cell destiny: Bcl-6 and Blimp-1. Bcl-6 regulates a panel of genes
involved in maintaining B-cell identity and germinal center (GC)
reactions, whereas Blimp-1, a direct target of Bcl-6, is the master
regulator of plasma cell differentiation. The reciprocal feedback
loop between Bcl-6 and Blimp-1 ensures that B cells have two
mutually exclusive fates: to enter the germinal center or the plas-
ma cell pathway.>’

Production of autoantibodies is the cardinal feature of SLE.*
Disease-related autoantibodies in SLE are directed to particular
targets, including DNA-containing antigens, such as double-
stranded DNA (dsDNA), and RNA-containing antigens.”® The
expression of Toll-like receptors (TLRs) by B cells provides a
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cell-intrinsic mechanism by which innate signals regulate
adaptive immune responses.” B cells contribute to SLE patho-
logy through BCR recognition of endogenous DNA- or RNA-
associated autoantigens, as well as through the delivery of these
self-constituents to endosomal TLR9 or TLR7, 1'espectively.7_9
B-cell activation via these pathways leads to the production of
class-switched DNA- or RNA-reactive autoantibodies. The
autoantibodies then form immune complexes that can accu-
mulate in the kidneys and other tissues, contributing to an
inflammatory amplification loop.

MyD88, originally isolated as a myeloid differentiation
primary response gene, is now defined as a pivotal adaptor in
TLR signaling. The death domain of MyD88 mediates interac-
tions with the IRAK complex, triggering a signaling cascade
that includes the activation of IKK, leading to the degradation
of IxB, which normally maintains NF-kB in an inactive state by
sequestering it in the cytoplasm. Recently, Teichmann demon-
strated that the MyD88-dependent TLR signaling pathway in B
cells is required for anti-nuclear antibody (ANA) formation in
MRL/Ipr mice."” Additionally, plasma cell generation and class
switch recombination also critically depend on this pathway in
B cells."

Abnormal cytokine production has also been involved in
SLE pathogenesis. IL-6 is a B-cell stimulatory cytokine that
induces autoantibody production and maintains the survival
of long-lived plasma cells in the bone marrow. The serum IL-6
level is significantly elevated in patients with active SLE and is
correlated with the SLE activity index, erythrocyte sedimenta-
tion rate and C-reactive protein. 1110, the levels of which are
increased both in patients with active disease and in murine
models of SLE, plays a role in B lymphocyte hyperactivity and
differentiation. In vivo administration of rIL-10 accelerates
lupus, whereas a monoclonal anti-IL-10 Ab delays the onset
of anti-dsDNA autoantibody production, GN, and proteinuria
and decreases mortality in NZB/W F1 mice.'? 1L-21, a well-
known signature factor of follicular helper T cells, is a pleiotropic
cytokine that can influence the activation, differentiation, and
expansion of germinal center B cells and is critically involved in
the pathogenesis of SLE.">" It has been reported that MRL/Ipr
mice develop lupus-like disease in an IL-21-dependent man-
ner.'® Collectively, IL-6, IL-10 and IL-21, which are pro-in-
flammatory mediators in humoral immunity, are regarded as
biomarkers of SLE."”

SM934, a water-soluble artemisinin derivative, possesses
higher bioavailability and better immunosuppressive activity
than traditional artemisinin derivatives, which have shown cur-
ative benefits in SLE both clinically and experimentally.'®>! In
our previous study, SM934 exhibited protective effects in two
mouse models of SLE, MRL/Ipr and NZB/W F1 mice, partly by
suppressing pathogenic T-cell development.*>** Because of its
relatively short biological half-life (approximately 0.5 h tested
on rats and dogs), we optimized the dose regimen of SM934 to
a twice daily administration and reduced the drug doses com-
pared to previous strategies.”” As a result, this administration
strategy dramatically improved the therapeutic effects of SM934
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in MRL/Ipr mice, in a dose-dependent manner, as manifested
by a more persistent and stable efficacy over a longer period of
time. Furthermore, the current study also highlighted another
therapeutic mechanism of SM934: suppression of autoreactive
B-cell activation and plasma cell generation by autoantigens in
lupus.

MATERIALS AND METHODS

Mice

Female MRL/Ipr mice were obtained from the SLRC Laboratory
(Shanghai, China). All mice were housed under specific patho-
gen-free conditions and kept in a 12 h light/dark cycle with
controlled humidity (60%—-80%) and temperature (22*1 °C).
Food and water were freely available. All experiments were per-
formed according to the institutional ethical guidelines on ani-
mal care and were approved by the Institute Animal Care and
Use Committee at the Shanghai Institute of Materia Medica.

Experimental design
SM934 was synthesized at Shanghai Institute of Materia
Medica (Shanghai, China).

For therapy, 54 female MRL/Ipr mice were randomly divided
into five groups according to proteinuria level, as follows:
vehicle (ddH,O, n=11), prednisolone (PNS) 2 mg/kg (n=
10), SM934 5 mg/kg (n=11), SM934 2.5 mg/kg (n=11) and
SM934 1.25 mg/kg (n=11). Mice were treated with a twice-
daily dosing regimen by oral intragastric administration from 9
weeks to 27 weeks of age. The dosage (mg/kg) listed is the dose
per administration, and the doses were administered each day
at 9:00 a.m. and 5:00 p.m. SM934 was dissolved and PNS was
dispersed in ddH,0. At the end of the experiment, mice were
anaesthetized for serum collection. Lymph nodes and spleens
were isolated and weighed, photographed and lymphocytes
were prepared. Both kidneys were also excised for section
analysis.

For the in vitro mechanism study, 8-week-old female MRL/
Ipr mice were used.

To explore the pathogenesis of lupus, female MRL/Ipr mice
of different ages (4-week, 8-week, 12-week, 16-week, 20-week,
24-week and 27-week included) were used. All of the mice were
euthanized at the same time, regardless of their age. Lymph
nodes and spleens were isolated and weighed, and photo-
graphed, and lymphocytes were prepared.

Evaluation of renal injury
Urine from individual mice was collected weekly by the ‘blad-
der massage’ method as previously described,”**> and the con-
centration of urinary protein was detected by a Coomassie
brilliant blue dye-binding assay. To guarantee the accuracy of
the experiment, urine samples were collected at the same time
from all mice and assayed immediately following sample col-
lection. For mice that died before the termination of the study,
the last known value of urinary protein was carried forward in
subsequent proteinuria analysis.”®>®

Serum albumin and blood urea nitrogen levels were deter-
mined using a HITACHI-7080 automatic biochemical analyzer



(Hitachi High Technologies Corporation, Tokyo, Japan) to
evaluate the renal function.

For renal histopathology assessment, left kidneys were em-
bedded in paraffin and 4-pm sections were stained with hema-
toxylin and eosin. The sections were scored by two professional
renal pathologists (from Drug Safety Evaluation and Research
Center, SIMM, CAS) for glomerular, interstitial, and vascular
lesions according to reported criteria.*”

For the immunofluorescence evaluation of IgG deposits in the
kidneys, right kidneys were embedded in an OCT compound,
and 6-pm frozen sections were stained with FITC-conjugated
goat anti-mouse IgG. The IgG deposits were semiquantitatively
analyzed by Image-Pro Plus 6.0 (Media Cybernetics, Rockville,
MD, USA).

ELISA

Cytokines in sera or culture supernatants were assayed by using
mouse IL-6 and IL-10 ELISA kits (BD Pharmingen, San Diego,
CA, USA) and an IL-21 ELISA kit (R&D systems, Minneapolis,
MN, USA) according to manufacturer’s instructions. The
abundance of ANA in the sera (diluted 1:100) was detected
using the mouse ANA ELISA kit (Alpha Diagnostic Inter-
national, San Antonio, TX, USA) according to the manufac-
turer’s protocol. The detection of serum anti-dsDNA IgG and
IgM antibodies was performed as previously described.*® To test
IgG and IgM concentrations in culture supernatants of mouse
purified splenic B cells, goat anti-mouse Ig-UNLB (Southern
Biotech, Birmingham, AL, USA) was used as the primary anti-
body, and HRP-conjugated rabbit anti-mouse IgG (H+L)
(Invitrogen, Carlsbad, CA, USA) or HRP-conjugated goat
anti-mouse IgM (Southern Biotech) followed as the second anti-
body. The reagents used for the detection of antibody produc-
tion in culture supernatants of human peripheral blood
mononuclear cells (PBMCs) were purchased from BD Phar-
mingen (San Diego, CA, USA).

Flow cytometry

Cells were blocked with 2.4G2 (eBioscience, San Diego, CA,
USA) and then stained with fluorescein isothiocyanate (FITC)-
, phycoerythrin (PE)-, peridinin chlorophyll protein (PerCP)-
Cy5.5-, allophycocyanin (APC)- and Brilliant Violet (BV) 421-
labeled antibodies. All immunofluorescent Abs used in this
study were from BD Biosciences (Franklin Lakes, NJ, USA).
Flow cytometric analysis was performed on BD LSRFortessa,
and the data were analyzed using FlowJo software (Tree Star,
Ashland, OR, USA).

B cell purification and ex vivo stimulation

At the study termination, the splenic B cells from the mice in
the vehicle group and SM934 5 mg/kg group were purified for
ex vivo stimulation. To acquire polyclonal B cells, mAb cock-
tails were added to an immunomagnetic negative selection
system to deplete CD4" cells, CD8" cells and CD11b™ cells
from the splenocytes. The remaining cells were then incubated
with  biotin-conjugated Rat anti-Mouse CDI19 (BD
Pharmingen, San Diego, CA, USA) and anti-Biotin
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MicroBeads (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany) and positively selected by a magnetic cell-sorting
protocol (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany). The purity of the resultant cell population was
determined by flow cytometric analysis and was consistently
>98%. Purified B cells from the two groups were then cultured
with medium alone or with the TLR7 ligand R848 (5 pg/ml;
Invivogen, San Diego, CA, USA) or the TLR9 ligand ODN 1668
(1 uM; Invivogen). After incubation, for 24-well plates, super-
natants were collected to determine the cytokine levels, and the
cells were assayed on flow cytometry for B-cell activation at
48 h. For 96-well plates, the cultures were pulsed with 0.5 pCi
[’H] thymidine per well for 12 h before harvesting and were
assessed for [*H] thymidine incorporation at 48 h. For plasma
cell formation and antibody secretion assays, cells were cul-
tured for 6 days.

In vitro stimulation of splenic B cells

Splenic B cells were purified from unmanipulated 8-week-old
MRL/Ipr mice according to above instructions. Purified B cells
were then cultured under the stimulation of TLR ligands or
anti-IgM (20 pg/ml; Jackson ImmunoResearch Lab, West
Grove, PA, USA), with or without SM934 (10 uM, without
cytotoxicity to splenic B cells) added simultaneously. At 48 h,
the proliferation of B cell was measured by [*H] thymidine
incorporation and the activation of B cell was detected by
FACS. After 72-h incubation, cells were collected for protein
extraction for western blotting.

In vitro stimulation of human PBMCs

PBMC s from several healthy donors (n=4) were supplied by
the Shanghai Blood Center (informed consent was obtained by
the blood center) and approved by the Ethics Committee of
Shanghai Blood Management Office. Human PBMCs were
cultured under stimulation of R848 (3 pg/ml) or ODN2336
(1 uM; Invivogen) with or without SM934 (60 uM, without
cytotoxicity to PBMCs) simultaneously added. After incuba-
tion, supernatants were collected at day 6 for the detection of
antibody concentrations, and cultured cells were harvested for
FACS analysis at 48 h or on day 6. In addition, proliferation of
PBMCs was measured by [*H] thymidine incorporation at 48 h.

Western blotting

Primary splenic cells or stimulated B cells were collected and
lysed in sodium dodecyl sulfate sample buffer and boiled for
10 min at 100 °C. Proteins were resolved by 10% sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis and transferred
to a nitrocellulose membrane (Amersham Pharmacia Biotech,
Buckinghamshire, UK). The membranes were incubated with
anti-phospho-NF-«B, anti-IkB, anti-MyD88 anti-Bcl-6 and
anti-Blimp-1 rabbit mAbs (all from Cell Signaling Tech-
nology, Beverly, MA, USA) using the recommended antibody
dilutions according to manufacturer’s instructions. Signals
were detected with a HRP-conjugated anti-rabbit IgG (1:20
000; Bio-Rad, Richmond, CA, USA) using an ECL system
(Amersham Biosciences, Buckinghamshire, UK).
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Real-time PCR

To quantify the expression of TLRs, mRNA was isolated from
the splenocytes of tested mice with a Total RNA kit (Tiangen,
Shanghai, China) and reverse transcribed with an RT Master
Mix kit (Takara, Dalian, China). QRT-PCR was performed
with the SYBR Premix Ex Taq kit (Takara) on an Applied
Biosystems 7500 Fast Real-Time PCR System. Mouse f-actin
was used as a housekeeping gene. The primer sequences used
were: mouse f3-actin, forward, 5'-GGC TAT ATT CCC CTC
CAT CG-3' and reverse, 5'-CCA GTT GGT AAC AAT GCC
ATG T-3'; mouse tlr7, forward, 5'-ATG TGG ACA CGG AAG
AGA CAA-3' and reverse, 5'-GGT AAG GGT AAG ATT GGT
G-3"; mouse tlr9, forward, 5'- ATG GTT CTC CGT CGA AGG
ACT-3’ and reverse 5'-GAG GCT TCA GCT CAC AGG G-3'.

Statistical analysis

Analysis of survival curves was performed with the log-rank
test. Proteinuria data were analyzed using one-way analysis of
variance for repeated measures, corrected with Dunnett’s post-
test (for assessment of proteinuria; a last observation carried
forward approach was used for the mice that died before the
end of the study).”**® Student’s t-test was used to assess sig-
nificant differences between two groups. One-way analysis of
variance with Dunnett’s post-test was used to test the signifi-
cant effects among multiple group comparisons. Statistical
analyses were conducted using GraphPad Prism 5.0 software.
Data are presented as the mean=*s.e.m.

RESULTS

SM934 treatment protects MRL/Ipr mice from fatal lupus
nephritis

SLE is an autoimmune disease characterized by fatal nephritis.
It has been reported that 50% of MRL/Ipr mice die by 24 weeks
of age, primarily because of renal failure." In our study, treat-
ment with 5 mg/kg SM934 completely eliminated mortality,
and treatment with 2.5 mg/kg or 1.25 mg/kg SM934 also greatly
reduced mortality (Figure la). Proteinuria, one of the main
functional measures of lupus, was kept at a low level during
SM934 administration, in contrast to in vehicle-only treated
mice (Figure 1b). Additionally, SM934 prevented the worsen-
ing of renal function, as represented by significant increase in
albumin (ALB) levels and decrease in blood urea nitrogen
(BUN) levels in serum (Figure 1c). A kidney histopathology
assay further confirmed that the mice in the vehicle group
exhibited severe renal injury, which was characterized by glo-
merulosclerosis, crescent formation, tubular cast deposition,
increased mesangial matrix, and diffuse perivascular and inter-
stitial mononuclear cell infiltration. However, all of these
pathological features were ameliorated in SM934-treated mice
(Figure 1d top panel and e left panel). Renal cryostat sections
were stained to detect 1gG deposition. Pronounced scattered
granular IgG deposits were observed in kidneys from vehicle
group mice. In contrast, mice that were administered SM934
exhibited significantly less IgG deposition (Figure 1d bottom-
panel and e right-panel).
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SM934 treatment alleviates splenomegaly and the
lymphadenopathy symptoms of MRL/Ipr mice
Splenomegaly and lymphadenopathy are known manifesta-
tions of fas deficiency and are considered to be clinical markers
of lupus patients and MRL/Ipr mice. In this mechanistic study,
we showed that the weights of the spleen and lymph nodes
increased with disease progression in this spontaneous lupus
model (Figure 2a). In a drug efficacy study, the weights of both
tissues were reduced after treatment with SM934 compared to
vehicle-only treatment (Figure 2b). Additionally, the enlarge-
ment and heteromorphism of the spleen and lymph nodes
observed in vehicle group mice were suppressed by SM934
treatment (Figure 2c).

SM934 treatment lowers the serum level of pathogenic
cytokines and autoantibodies

IL-6, IL-10 and IL-21 are, to some extent, catalysts for humoral
responses by driving B-cell activation or differentiation, which
play crucial pathological roles in the course of lupus disease. As
shown, SM934 treatment significantly decreased the serum levels
of IL-6 and IL-10. Although the difference was not significant
(owing to obvious individual differences within the vehicle
group), SM934 and PNS treatment did cause a decrease in IL-
21 production (Figure 3a). In addition, activation of the
immune system by aberrant self-nucleic acid has emerged as
another fundamental mechanism in the pathogenesis of SLE.
The serum level of ANAs increases along with age in MRL/Ipr
mice (data not shown). After treatment from 9 to 27 weeks with
5 mg/kg SM934, the ANA level was approximately 60% lower
than that of the vehicle group at 27 weeks (Figure 3b). To
quantitate more specific autoantibodies, we measured anti-
dsDNA IgG, which is the hallmark of SLE and plays important
pathogenic roles in lupus nephritis. Strikingly, SM934 treatment
decreased the concentration of the serum anti-dsDNA antibody
(Figure 3c). Class switching, measured by the ratio of IgG to
IgM, markedly declined in SM934-treated mice (Figure 3d). It
has been reported that ANA formation is entirely dependent on
(and that class switching is largely dependent on) B cell-intrinsic
MyD88-dependent TLR signaling in MRL/Ipr mice.'®*'** Thus,
we hypothesized that SM934 may have a therapeutic effect in
lupus model mice by regulating the response of autoreactive B
cells to endogenous TLR ligands.

SM934 treatment regulates the splenic B cell compartment in
MRL/Ipr mice

B lymphocytopenia is a common feature of lupus patients with
active disease and is also found in aged MRL/Ipr mice.” In the
present study, we observed that the percentage of B cells
(CD37CDI19") dropped from 47.9% (4-week-old) to 3.12%
(27-week-old), confirming the B lymphocytopenia in the
spleens of MRL/Ipr mice. Consistent with literature reports,
GC B cells (B220"GL-7" gated on CD3") typically decreased
in number, from 69% to 14.1%, as the lupus-prone mice aged.
In contrast, activated CD69" B cells and antibody-secreting
plasma cells (PCs) accumulated in large numbers in aged
MRL/Ipr mice (Figure 4a, top panel). We then surveyed the
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Figure 1 SM934 ameliorates lupus nephritis and maintains survival in MRL/Ipr mice. Nine-week-old female MRL//pr mice were orally administered
ddH»0 (vehicle, n=11), PNS (positive control, n=10) or one of three different doses of SM934 (n=11 per group) twice daily until they were 27 weeks
old. (@) Cumulative survival rate of MRL//pr mice from 9 weeks to 27 weeks of age. (b) The proteinuria level was measured every week. Black triangles
indicate the initiation of administration. (c) The serum levels of ALB and BUN were detected at the end of study. (d) Representative kidney sections
stained with H&E (top panel, original magnification, xX200) and frozen sections stained for I1gG deposits (bottom panel, original magnification X 100).
(e) Histological score for glomerulonephritis (Glome), interstitial nephritis (Intersti) and tubular casts, according to H&E staining (left-panel) and the
IOD value of 1gG deposits in the frozen kidney sections (right-panel). Graphs show the meanzs.e.m. *P<0.05, **P<0.01, ***P<0.001 versus
vehicle. ALB, albumin; BUN, blood urea nitrogen; H&E, hematoxylin and eosin; 10D, integrated optical density; PNS, prednisolone.

exact cell numbers of B cells, GC B cells, activated B cells and
plasma cells per spleen in MRL/Ipr mice of different ages. The
trend in the cell numbers was almost consistent with that in the
cell proportions, except for the early increase in the numbers of

B cells and GC B cells from 4 weeks to 16 weeks owing to the
physiological increase in the total cell number (Figure 4a bot-
tom panel). During the earlier period, the spleen size increased
from 6.7X 10 per spleen at 4 weeks to 3.2 10% per spleen at 16

Cellular & Molecular Immunology
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Figure 2 SM934 prevents disease progression by alleviating splenomegaly and lymphadenopathy in MRL//prmice. (a) For the disease mechanism
study, the weights of the SP) and LN of unmanipulated MRL//prmice aged from 4 weeks to 27 weeks were recorded. Foreach age, n=5t0 7. (b) For
the drug action study, the SP and LN weights of treated MRL//prwere also examined upon termination of the experiment. (c) Representative images
of SP (top panel) and LN (bottom panel) of MRL/Iprin treated groups. LN refers, in particular, to inguinal lymph nodes and axillary lymph nodes. The
graphs show the mean values with s.e.m. *P<0.05, **P<0.01, ***P<0.001 versus vehicle. LN, lymph nodes; SP, spleens.

weeks, and the total cell number reached a plateau at approxi-
mately 3.2X10°-3.5X10® per spleen after 16 weeks in MRL/Ipr
mice (data not shown).

Notably, SM934 treatment increased the splenic B cells by
two- to three-fold compared to vehicle mice. Interestingly,
SM934 treatment also greatly elevated the GC B-cell percentage.
Spleens obtained from 27 week-old MRL/Ipr mice contained a
relatively large proportion of activated B cells (27.6%).
Treatment with SM934 profoundly suppressed the spontaneous
activation of B cells in a dose-dependent manner, as the cell
proportion of activated B cell reduced to 13.9% in 5 mg/kg
group, 19.6% in 2.5 mg/kg group and 22.3% in 1.25 mg/kg
group, respectively. Remarkably, the proportion of PCs in
SM934 treated mice was 2—5-fold lower than in vehicle group
mice, with the change being dose-dependent (Figure 4b top
panel). As for the cell numbers of each B cell subset in drug-
treated mice, in brief, SM934 increased the number of total B
cells and GC B cells and diminished the number of activated B
cells and plasma cells (Figure 4b bottom panel).

SM934 treatment inhibits TLR-triggered B-cell activation
and plasma cell generation in MRL/Ipr mice

It has been reported that nuclear antigens activate B cells by
dual engagement of IgM and TLR7/9.>° To examine whether
the effects of SM934 on B cells were through a BCR- or TLR-
system, we incubated purified B cells with various stimuli in
vitro. We found that SM934 inhibited TLR7/9 ligand-induced
B cell proliferation and activation, whereas it exerted no effects
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on anti-IgM-triggered B-cell proliferation and activation
(Figure 5a).

Ex vivo, we stimulated splenic B cells from the vehicle and
5 mg/kg SM934-treated mice with TLR7/9 agonists to further
study the therapeutic mechanism of SM934. As expected, B
cells from vehicle-treated mice were strongly activated by
TLR7/9 agonists, with high expression of CD86, CD25 and
CD69. However, B cells from SM934-treated mice were only
slightly activated, with a relatively low expression of surface
activation markers (Figure 5b). Similarly, TLR ligands led to
robust B cell proliferation in the vehicle group but not in the
SM934 treated group (Figure 5¢). SM934 also prevented TLR7/
9 ligand-induced production of IL-6 and IL-10 in B cells
(Figure 5d).

We next sought to clarify the effects of SM934 on B cell
differentiation. We measured IgG and IgM antibodies in the
culture supernatant of B cells to evaluate the generation of
plasma cells. Consistent with the changes in the plasma cell
numbers shown in figure 4B, the levels of both IgG and IgM
were significantly diminished by SM934 (Figure 5e). Addi-
tionally, SM934 reduced TLR7/9 agonist-induced Blimp-1
expression in B cells, confirming that SM934 restricts plasma
cell generation (Figure 5f). The decrease in Blimp-1 expression
could partly be due to the increase in Bcl-6, which targets Blimp-
1 and thereby prevents B cells from differentiating into PCs and
arrests B cells in the GC (Figure 5f). Hence, the increase in Bcl-6
might also account for the up-regulation of GC B cells in
SM934-treated mice (Figure 4b).
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SM934 retards autoreactive B-cell development by
interfering with the MyD88-dependent TLR signaling
pathways

To understand how SM934 interferes with the SLE pathogenic
processes, we measured the mRNA levels of TLR7 and TLR9 in
the total splenocyte populations from treated MRL/Ipr mice.
Both the expression of TLR7 and TLR9 were reduced by SM934
treatment (Figure 6a). Other than B lymphocytes, however,
some other lymphocyte subsets, such as dendritic cells, also ex-
press TLRs. Thus, we further assessed the expression of TLRs in
isolated B cells from vehicle and SM934 (5 mg/kg) groups.
Compared to the vehicle group, the expression of TLR7 was
reduced by almost 70% and of TLR9 by approximately 55% in
the B cells from the SM934 (5 mg/kg) treated group (Figure 6b).
To follow this SLE-modified signaling pathway of B cells, we
examined the expression of related signaling proteins in splenic
lymphocytes. The results demonstrated that SM934 clearly
reduced the level of the signaling adaptor MyD88, which plays
a crucial role in the development of lupus nephritis.”> In addi-
tion, SM934 promoted the expression of IkB and inhibited the
phosphorylation of NF-kB downstream in TLR pathways, dis-
rupting further inflammatory responses (Figure 6¢). Similarly,
B lymphocytes might be the major contributor to the effects of
SM934 on MyD88/IxB/NF-«B signaling (Figure 6d).

SM934 inhibits the TLR-associated activation of B cells and
the formation of plasma cells in human PBMCs

Having demonstrated that SM934 can correct the abnormal
development of autoreactive B cells following TLR engagement
in lupus-prone MRL/Ipr mice, we sought to further define
whether SM934 can affect human B cells. PBMCs from healthy

D SM934(2.5mg-kg1)
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donors were triggered by TLR7/9 agonists to assess the effects of
SM934 on B cells. The results indicate that SM934 can inhibit
the activation and proliferation of B cells in PBMCs by a syn-
thetic ligand of TLR7 (R848) or TLR9 (ODN2336) (Figure 7a
and b). Furthermore, SM934 prevented the differentiation of
PCs and reduced their secretion of Abs (Figure 7c and d).

DISCUSSION

In the present study, we demonstrated that SM934 adminis-
tered at short intervals has dramatic pharmacological effects,
alleviating lupus syndrome in MRL/[pr mice. Moreover, our
results also uncover a new therapeutic mechanism of SM934:
inhibition of B cell activation triggered by MyD88-depedent
TLR signaling.

In terms of drug efficacy, the renal protective effects of
SM934 in MRL/Ipr mice that were described in our previous
report were fully recapitulated in this study.”” Twice-daily
administration of SM934 (5 mg/kg) had a better potential to
maintain the survival of MRL/Ipr mice than in a previous
study.”” With this optimized dose regimen, we also observed
more persistent and more prominent therapeutic effects of
SM934 on proteinuria, serum biochemical indices and kidney
pathology. In addition, using the twice-daily regimen, SM934
showed better dose dependence than the once-daily regimen.
Therefore, this administration strategy might be useful in the
future clinical application of SM934 for lupus treatment (the
preclinical study of SM934 for SLE is now complete).

Our previous studies demonstrated that SM934 exerted com-
prehensive therapeutic effects in lupus models, as characterized
by increasing the percentage of Tregs and by decreasing Thl
and Th17 responses.”>**** As for the role of artemisinin-family
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Figure 6 SM934 interferes with MyD88-dependent TLR signaling pathways. (a) The relative levels of TLR7/9 mRNA in the total spleen lymphocyte
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TLR7/9 in vehicle group mice. (b) As in (a) but for purified B cells isolated from vehicle group mice and 5 mg-kg™* SM934 group mice.
(c) Immunoblot analysis of cytoplasmic extracts prepared from the total lymphocytes of each group was performed using Abs specific for
MyD88, p-P65, IxB and GAPDH, and the values are the mean * s.e.m. of three independent experiments. (d) Same as (c) but for purified B
cells. * P<0.05, ** P<0.01, *** P<0.001 versus vehicle. TLR, Toll-like receptor.
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compounds on B cells, several studies have been reported. In
2002, Tu et al.®® found that dihydroartemisinin treatment can
suppress the proliferation of B cells in lupus-prone BXSB mice.
Later, in 2009, Jin ef al.'® indicated that the level of BAFF, the
major B-cell activation factor, was decreased in artesunate-
treated MRL/Ipr mice. Most recently, Hou et al.>’ reported that
artesunate prevented the development of arthritis in K/BxN
mice by preferentially inhibiting germinal center B cells and
the production of autoantibodies. Similarly, in the current
study, we demonstrated that SM934 can inhibit the prolifera-
tion and activation of B cells and reduce the generation of
plasma cells. However, unlike artesunate, our results showed
that SM934 did not suppress the germinal center B cells in
MRL/Ipr mice. We speculated the following reasons might be
responsible for this discrepancy. (i) Differences between mouse
strains. K/BxN mice express the KRN T-cell receptor transgene

Cellular & Molecular Immunology

and the MHC class II molecule antigen 7, leading to a robust
germinal center reaction and the production of pathogenic auto-
antibodies against glucose-6-phosphate isomerase.”® Overall, B-
cell development is relatively normal in K/BxN mice. However,
in mice with an MRL background, there are defects of tolerance
during B-cell development, both at the bone marrow stage and
the transitional stages in the periphery. Additionally, in both
MRL/Ipr mice and lupus patients, in situ formation of the ger-
minal center is common.” (ii) Differences between autoanti-
gens. In K/BxN mice, the autoantigen is relative clear and has
been established to be the protein glucose-6-phosphate isomer-
ase. However, in MRL/Ipr mice, the autoantigens are heterogen-
eous, and both dsDNA and RNA are major autoantigens and are
capable of directly activating TLR7/9 in B cells. Thus, the B cell
activation status differs between K/BxN mice and MRL/Ipr mice.
(iii) Dose of artesunate and SM934. In the K/BxN study, mice



were treated with artesunate at an extremely high dose of
100 mg/kg twice per day. However, in our study, we treated
MRL/Ipr mice with SM934 at only 5 mg/kg twice per day. We
propose that the extremely high dose of artesunate might be
responsible for diminishing the germinal center B-cell responses.
However, when a low dose of SM934 is administered, the accu-
mulation of plasma cells may be preferentially targeted.

SM934 might exert its effects through synergistic crosstalk
involving T cells, B cells and macrophages.”»***’ The NF-kB
signaling pathway seemed to be a hub for crosstalk. It has been
demonstrated that artemisinin prevents the LPS-induced pro-
teolytic degradation of IxB and the consequent activation and
translocation of NF-kB, which would otherwise lead to the
promotion of INOS transcription.*” Tu et al.*' have also shown
that dihydroartemisinin ameliorated lupus symptoms in BXSB
mice by blocking NF-«B translocation. In the present study, we
observed similar changes in IkB and NF-«B after SM934 treat-
ment (Figure 6¢ and d), and also established TLR7/9 and
MyD88 as the critical regulation points of SM934 upstream
of the NF-kB activating pathway (Figure 6). However, these
changes were observed in both total splenocytes and isolated B
cells. Whether SM934 acts specifically on the B cell-intrinsic
TLR pathway or influences other TLR-expressing lymphocyte
subsets is unknown and requires further study.

As a disease pathogenesis study, this article described the
change in cell numbers in the B-cell compartment in the
spleen of MRL/Ipr mice with increasing age. Figure 4a shows
that a high plasma cell number paradoxically coincided with
considerable B-cell lymphopenia and a reduction in GC B-cell
numbers in aged MRL/Ipr mice, and similar phenomena have
been reported in patients.”*** It has long been presumed that
GCs are critical for autoantibody production because they are
the sites that are generally thought to sustain a high rate of
somatic hypermutation. However, studies have found that
autoreactive splenic B cells in autoimmune MRL/Ipr mice
proliferate and undergo active somatic hypermutation at
the T zone-red pulp border rather than in GCs.*”*>*
Similarly, our results also indicate that B cells do not activate
in the GC in MRL/Ipr mice. Intriguingly, Teichmann claimed
that the deletion of MyD88 in DCs led to the preservation of
B cell follicles and the development of GC-like structures in
the spleens of MRL/Ipr mice as a result of reduced IFN-y
induction.'” The relationship between DC-intrinsic MyD88
signaling, IFN-y, and spleen architecture and function also
warrants further investigation.

Routinely, IL-10 is considered to be a regulatory cytokine.*’
However, it has been reported that patients with lupus produce
large amount of IL-10.***” Administration of an anti-IL-10 mAb
to human patients with active lupus has led to the amelioration
of disease activity. Additionally, serum IL-10 levels correlate with
the titer of anti-dsDNA antibodies in these patients.*® The result
observed in the present study, that the serum level of IL-10 in
MRL/Ipr mice decreased with SM934 administration, is different
from that obtained in NZB/W F; mice in a previous study,
revealing a distinct pathogenetic mechanism in different animal
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models and a distinct curative mechanism for SM934 in these
two models.

In conclusion, this study confirmed the therapeutic efficacy
of SM934 in lupus-prone MRL/Ipr mice and provided further
evidence in support of conducting clinical trials for SLE treat-
ment. This study is also a pilot study in that it revealed the
regulatory effects of SM934 on B cells, which suggests an
important clue about the mechanism of action of artemisinin
analogs, and demonstrated that the MyD88-dependent TLR
pathway might be a novel target for lupus treatment.
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