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A B S T R A C T

Systemic lupus erythematosus (SLE) is an autoimmune disease, characterized by systemic chronic inflammation
that can affect multiple major organ systems. Although the etiology of SLE is known to involve a variety of
factors such as the environment, random factors and genetic susceptibility, the exact role of CD11b+Gr1+

myeloid cells in lupus progression is not fully understood. Myeloid-derived CD11b+Gr1+ cells are thought to be
a heterogeneous group of immature myeloid cells with immune function. Some studies have reported that
CD11b+Gr1+ cells and the activation of mTOR pathway are involved in the pathogenesis of systemic lupus
erythematosus (SLE). However, it is still not clarified about the mechanism of influence of lupus micro-
environment and mTOR signaling on CD11b+Gr1+ cells. In the present study, we found that the percentage of
CD11b+Gr1+ cells increased prior to the abnormal changes of Th17, Treg, T and B cells during lupus devel-
opment. TLR7 and IFN-α signaling synergized to promote CD11b+Gr1+ cell accumulation in an mTOR-de-
pendent manner. Moreover, compared to a traditional mTOR inhibitor, INK128 inhibited more effectively the
disease activity via regulating CD11b+Gr1+ cell expansion and functions. Furthermore, TLR7/IFN-α-modified
CD11b+Gr1+ cells promoted unbalance of Th17/Tregs and were inclined to differentiate into macrophages via
the mTOR pathway. In conclusion, CD11b+Gr1+ cells increased in the early stages of the lupus progression and
mTOR pathway was critical for CD11b+Gr1+ cells in lupus development, suggesting the changes of in-
flammation-induced CD11b+Gr1+ cells initate lupus development. We also provide evidence for the first time
that INK128, a second generation mTOR inhibitor, has a good therapeutic action on lupus development by
regulating CD11b+Gr1+ cells.

1. Introduction

Systemic lupus erythematosus (SLE) is a prototypic autoimmune
disease, characterized by systemic chronic inflammation that can affect
multiple major organ systems [1]. Although the etiology of SLE is
known to involve a variety of factors such as the environment, random
factors and genetic susceptibility, its exact pathogenesis is not fully
understood [2]. Long-term dysfunction of B and T lymphocytes is
considered to be the main pathological feature of SLE, so the initial
study considered the role of the acquired immune system [3]. In recent
years, researchers have come to realize that innate immunity may play
an extremely important role in autoimmune diseases. Innate immune
cells include monocytes, macrophages, dendritic cells (DCs), and neu-
trophils, all of which belong to myeloid cells. In autoimmune responses,

myeloid cells are the key to the local and systemic immune responses of
endogenous molecules released by autologous cell death, endogenous
risk-signal-damage-related molecular patterns (DAMPs) [4]. Innate
immune-mediated immune regulation abnormalities may be the cause
of the development of SLE. Despite major advances in understanding
the pathology of SLE, the role of CD11b+Gr1+myeloid cells changes in
lupus progression is poorly understood.

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous po-
pulation of immature cells derived from myeloid progenitors [5].
Murine MDSCs are characterized as CD11b+Gr1+ cells, and can be
further classified into CD11b+Ly6ClowLy6G+ granulocytic MDSCs (G-
MDSCs) and CD11b+Ly6C+Ly6G− monocytic MDSCs (M-MDSCs)
[5,6]. Some studies have revealed that MDSCs play a crucial role in
regulation of SLE, but it is still unknown on the time course changes of
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MDSCs and the specific regulatory mechanisms of MDSCs in SLE. Pre-
vious studies reported that laquinimod suppressed nephritis by indu-
cing expansion of M-MDSCs and G-MDSCs in (NZB×NZW) F1 prone
mice [7]. Intravenous treatment with MDSCs obtained from C57BL/6
mice induced the expansion of regulatory B cells via iNOS and ame-
liorated autoimmunity in Roquinsan/san lupus mice [8]. MDSCs in-
creased in male (NZB×NZW) F1 mice compared with female mice and
directly inhibited cytokine-induced differentiation of naive B cells into
antibody-secreting cells [9]. MDSCs were shown to suppress B cells

differentiation in male and inhibit T cells in (NZB×NZW) F1 lupus
mice, but lupus mice still developed the progressive lupus-like disease.
In contrast, a study showed that the percentage of MDSCs was increased
in the peripheral blood in patients with SLE compared to healthy con-
trols. MDSCs from SLE patients promoted Th17 differentiation by an
Arginase-1-dependent manner and accelerated the progress of SLE [10].
Another study showed that both impaired expansion and functional
defects of G-MDSC existed in the lymphoid organs in the (NZB×NZW)
F1 lupus mice with established disease. The increased elimination of G-

Fig. 1. The percentage of CD11b+Gr1+ cells increases in the early stages of the lupus progression. BALB/c mice (10 weeks, n= 6–8/group) were given a single
intraperitoneal injection of 0.5 ml pristane or PBS and monitored for 7months. Representative flow cytometry analyses of CD11b+Gr1+ cells in bone marrow (BM)
(A), PBMC (B) and spleen (C) in control mice and pristane-induced lupus mice. Relative quantitation of IFN-α and ISGs (MX-1, IP-10, MCP-1, IRF-5) gene expressions
by RT-PCR in peritoneal exudate cells (PECs) (D), spleen (E) and kidney (F) from control and lupus mice. (G–H) Kinetic changes of MDSCs, Th17, Tregs, CD4+CD69+

T cells, B220+CD69+B cells in spleen in pristane-induced lupus mice were determined by flow cytometry. Data represent the mean scores ± SEM. All experiments
were repeated three times. *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001.

G. Shi et al. BBA - Molecular Basis of Disease 1865 (2019) 1–13

2



MDSCs was attributed to extracellular trap formation which was
mediated by cytokines from the pro-inflammatory microenvironment
[11]. We also found that the percentages of MDSCs were increased in
SLE patients, MRL/lpr mice and IMQ-lupus-prone mice [12,13]. In our
previous, we found MDSCs induce podocyte injury through increasing
ROS in lupus nephritis [14]. G-MDSCs from diseased MRL/lpr mice
impaired Treg differentiation via ROS, while M-MDSCs promoted Th17
cell polarization by IL-1β [13]. These data suggested that changes in
both percentage and function of MDSCs may be crucial for SLE devel-
opment. However, to date, it is still not clarified, which factors influ-
ence the changes of MDSCs in lupus microenvironment.

In lupus microenvironment, endogenous nucleic acids are released
from apoptotic or necrotic cells and stimulate innate and adaptive im-
mune systems to accelerate the pathologic process [15]. The recogni-
tion of self nucleic acids by TLR7 on B cells and pDCs is thought to be an
important step in generating anti-nuclear antibodies and producing
IFN-α [15]. It was reported that the elevated level of IFN-α is a driving
pathogenic force for most SLE patients [16–20]. Moreover, the mam-
malian target of rapamycin (mTOR) pathway is well recognized to
control cell survival, metabolism and proliferation [21]. Activation of
the mTOR pathway contributes to the pathogenesis of SLE [22,23] and
mTOR activation and therapeutic reversal were detected in T cells in
SLE [24–28]. The roles of mTOR were also found in B cells [29], me-
senchymal stem cells (MSCs) [30] and hepatocytes [31] in SLE. Of note,
recent studies reported that mTOR signaling play critical roles in
myeloid expansion during infection-induced myelopoiesis [32,33].
However, it is still unknown about the detailed role of mTOR on TLR7
and/or type I IFN-induced MDSCs during progressive course of SLE.
Strikingly, mTOR inhibitor INK128 is an orally bioavailable, highly
potent and selective adenosine triphosphate competitor of both
mTORC1 and mTORC2. Currently, INK128 is in phase I and II clinical
trials in patients with malignancies [34]. We hypothesize that INK128
may regulate CD11b+Gr1+ cells to achieve a therapeutic effect on SLE.

To clarify the role of mTOR on TLR7 and/or type I IFN-induced
CD11b+Gr1+ cells during progressive course of SLE and determine
therapeutic effect of INK128 on SLE, pristane-induced lupus mice model
were applied in this study. It is reported that pristane-induced lupus
mouse model can display many key immunological and clinical features
of human SLE as well as high “interferon signature” levels in serum
[35,36]. Pristane-induced lupus mice model was suitable to explore the
role of CD11b+Gr1+ cells in lupus development. Although a study re-
ported CD11b+Ly6Chi cells have an immunosupresive role after pris-
tane injection for 2 weeks [37], it is not -clear whether the micro-
environment can change the functions of the cells since pristane-
induced lupus is a long term progress. To confirm our results, MRL/lpr
lupus mouse model was used [38]. The lupus model also develops many
classical SLE-like features, including increased levels of immune com-
plexes and autoantibodies (anti-double stranded (ds) DNA, antinuclear,
and anti-Sm antibodies), and the glomerulonephritis [39,40]. MRL/lpr
mice is also pathologically close of the human disease in terms of
kidney and brain involvement as well as progressive lymphadenopathy,
dermatitis and vasculitis [41,42].

In the present study, we found that CD11b+Gr1+ cells increased in
the early stages of the lupus progression. TLR7 and IFN-α synergisti-
cally promoted CD11b+Gr1+ cells accumulation over myeloid cell
differentiation. Furthermore, we identified that mTOR pathway was
critical for the accumulation and function of CD11b+Gr1+ cells in
lupus. These findings provide the first clear evidence that mTOR in-
hibitor INK128 had a good therapeutic action on lupus development via
regulating inflammation-induced CD11b+Gr1+ cells.

2. Results

2.1. The percentage of CD11b+Gr1+ cells is increased in the early stage of
lupus progression

We first detected the expansion of CD11b+Gr1+ cells in a pristane-
induced lupus mouse model. As shown in Fig. 1, the percentage of
CD11b+Gr1+ cells was elevated in bone marrow (BM) (Fig. 1A), per-
ipheral blood mononuclear cell (PBMC) (Fig. 1B) and spleen (Fig. 1C) in
the model (7 months), compared to control mice. These data is con-
sistent with our previous findings in MRL/lpr lupus mice and SLE pa-
tients [13]. Next, we found that both IFN-α and interferon-stimulated
genes (ISGs) expressions were increased in peritoneal exudate cells
(PECs) (Fig. 1D), spleen (Fig. 1E) and kidney (Fig. 1F) in pristane-in-
duced lupus mice. To explore when the percentage of CD11b+Gr1+

cells changed in the lupus progression, the time-course changes of
CD11b+Gr1+ cells were detected. We found that the percentage of
CD11b+Gr1+ cells in spleens was increased after pristane injection for
2 weeks, while the abnormal changes of Th17, Treg, T and B cells did
not appear until 28 weeks (Fig. 1G). In MRL/lpr lupus mice, we also
found CD11b+Gr1+ cells increased in the early stages of disease
(Supplementary Fig. 1A). These results indicate that the abnormal ac-
cumulation of CD11b+Gr1+ cells may occur in the start-up phase of
lupus.

2.2. IFN-α and TLR7 promote CD11b+Gr1+ cell differentiation in an
mTOR-dependent manner in vitro and lupus mice

To explore whether the increased IFN-α contributed to
CD11b+Gr1+ cell accumulation, IFN-α expression was detected in
peritoneal exudate cells (PECs), spleen and kidney of pristane-induced
lupus mice. The results showed that IFN-α expression correlated posi-
tively with CD11b+Gr1+ cell accumulation (Fig. 2A–C). The expression
level of TLR7 was also higher in CD11b+Gr1+ cells isolated from the
lupus mice than that from control mice (Fig. 2F). To investigate the
relationship between TLR7 and IFN-α in CD11b+Gr1+ cells,
CD11b+Gr1+ cells were generated from BM cells cultured in medium
supplemented with 40 ng/ml murine IL-6 and 40 ng/ml GM-CSF for
4 days (Fig. 2D) and stimulated BM-derived CD11b+Gr1+ cells with
IFN-ɑ. The results showed that TLR7 expression was significantly up-
regulated upon IFN-ɑ stimulation (Fig. 2E). Moreover, western blot
results showed that the mTOR downstream molecules p-S6 and p-
4EBP1 were abnormally activated in CD11b+Gr1+ cells derived from
pristane-induced lupus mice compared with those derived from control
mice (Fig. 2G). TLR7 agonist R848 significantly activated an mTOR
signal in CD11b+Gr1+ cells and IFN-α amplified the activation
(Fig. 2H). To identify whether the mTOR pathway was involved in
TLR7/IFN-α-induced CD11b+Gr1+ cells accumulation, BM-derived
CD11b+Gr1+ cells were stimulated with R848 and IFN-α in the ab-
sence or presence of INK128. The results showed that R848 induced
total CD11b+Gr1+ cell accumulation (Supplementary Fig. 2). Although
IFN-α did not induce total CD11b+Gr1+ cell accumulation (Supple-
mentary Fig. 3), IFN-α synergized with TLR7 to promote CD11b+Gr1+

cell accumulation in vitro, while INK128 could inhibit the synergized
effects (Fig. 2I). Furthermore, INK128 exhibited a better effect on
suppressing CD11b+Gr1+ cells accumulation than the traditional
mTOR inhibitor Rapamycin (Supplementary Fig. 4B). Meanwhile,
INK128 (100 nM) treatment did not lead to apoptosis of CD11b+Gr1+

cells (Supplementary Fig. 5C).
To confirm the role of the mTOR pathway in CD11b+Gr1+ cell

expansion in the lupus mouse model, BALB/c mice were injected with
0.5 ml pristane. After 5months, lupus mice were treated with vehicle,
1 mg/ml INK128 and Rapamycin for another 2months. As shown in
Fig. 3A–D, lupus mice treated with INK128 and Rapamycin had a de-
creased percentage of CD11b+Gr1+ cells in BM, PBMC and spleen,
compared with vehicle-treated mice. Moreover, the results showed that
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INK128 significantly suppressed the IFN-α and ISGs expressions in
PECs, spleen and kidney in lupus mice (Fig. 3F–H). TLR7 expression in
PECs (Fig. 3H), PBMCs (Fig. 3I) and kidney (Fig. 3J) was also decreased
in INK128-treated lupus mice. INK128 has also more effective inhibi-
tion on CD11b+Gr1+ cell accumulation, TLR7 and IFN-α expression
when compared with the traditional mTOR inhibitor. In addition,
INK128 also inhibited the percentage of CD11b+Gr1+ cells in MRL/lpr
lupus mice (Supplementary Fig. 1B). We also detected the effect of
INK128 on the early stage of pristane-induced lupus, BALB/c mice were
injected with 0.5ml pristane followed by INK128 treatment for

2 weeks. INK128 reduced the percentage of CD11b+Gr1+ cells in PECs
and spleens, the early peritoneal and kidney inflammatory response to
pristane and IFN-α production (Supplementary Figs. 6, 7). Taken to-
gether, these findings demonstrate that IFN-α and TLR7 promote
CD11b+Gr1+ cell differentiation in an mTOR-dependent manner,
while mTOR inhibitor INK128 could inhibit CD11b+Gr1+ cell accu-
mulation in lupus mice.

Fig. 2. TLR7/IFN-α-mTOR signaling favors CD11b+Gr1+ cell accumulation during differentiation. Positive correlation between frequency of CD11b+Gr1+ cells and
IFN-α gene expression in PECs (A), spleen (B) and kidney (C) from the control and lupus mice after 28 weeks injection. CD11b+Gr1+ cells generated from the BM of
BALB/c mice (D) were cultured with IFN-α. The mRNA expression of TLR7 (E) was determined. (F) The TLR7 mRNA expression in CD11b+Gr1+ cells isolated from
spleens of control and lupus mice. (G) Expression of p-4EBP, 4EBP1, p-S6 and S6 in CD11b+Gr1+ cells isolated from control and lupus mice was detected by western
blot (up). The density quantification of band intensities was shown (down). (H) Mouse BM cells were cultured for 4 days in GM-CSF and IL-6 with or without INK128,
R848, IFN-α. The expression of p-4EBP, 4EBP1, p-S6 and S6 was detected by western blot (up). The density quantification of band intensities was shown (down). (I)
Mouse BM cells were cultured for 4 days in GM-CSF and IL-6 with or without INK128, R848, IFN-α. Percentages of CD11b+Gr1+ cells were detected. Data were
expressed as mean ± SD of three independent experiments. *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001.

Fig. 3. mTOR inhibitor INK128 can effectively suppress CD11b+Gr1+ cell abnormal accumulation in lupus mice. BALB/c WT mice (n= 6–8) were given a single
injection of 0.5 ml pristane and keep for 5months. Then mice were INK128 or Rapamycin treated for another 2 months. (A–D) Representative flow cytometry
analyses of CD11b+Gr1+ cells in BM, PBMC and spleen. (E–G) Relative quantitation of IFN-α and ISGs by RT-PCR in PECs, spleen and kidney from each groups. (H–J)
The TLR7 mRNA expression in PECs, PBMC and kidney from each group. Data were expressed as mean ± SD of three independent experiments. *P≤ 0.05,
**P≤ 0.01, ***P≤ 0.001.
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2.3. mTOR inhibitor INK128 attenuates disease activity of lupus mice
related to CD11b+Gr1+ cells

To determine the therapeutic effect of INK128 on SLE, pristane-in-
duced lupus mice were treated with INK128 for 2months. As shown in
Fig. 4, kidneys from INK128-treated lupus mice showed a better effect
on glomerulonephritis and infiltration of lymphoid, compared to ve-
hicle-treated lupus mice (Fig. 4A). Moreover, INK128 gradually in-
creased the expression of the podocyte marker WT1, which was sig-
nificantly decreased in vehicle-treated lupus mice (Fig. 4B). Similarly,
INK128 decreased proteinuria (Fig. 4C), serum IgG and anti-dsDNA IgG
levels (Fig. 4D), which were significantly increased in vehicle-treated
lupus mice. INK128 also gradually remitted splenomegaly (Fig. 4E) and
attenuated lung inflammation which was severe in pristane-induced
lupus mice (Fig. 4F). In addition, INK128 attenuated swelling and
redness of the hind paw joints (Fig. 4G), and inflammatory infiltration
and bone erosion of the tarsal joints in lupus mice (Fig. 4H). The
therapeutic effect of INK128 on MRL/lpr lupus mice was also confirmed
(Supplementary Fig. 1C–G). These results together indicate INK128 has
a therapeutic effect on lupus.

To further explore whether the therapeutic effect of INK128 on
lupus was related to the changes of CD11b+Gr1+ cells, CD11b+Gr1+

cells were deleted or adoptively transferred. The results showed that
CD11b+Gr1+ cell deletion could improve the lupus symptoms, while
adoptive transfer of CD11b+Gr1+ cells derived from lupus mice could
accelerate the disease progression. Moreover, when INK128-treated
CD11b+Gr1+ cells were transferred to the lupus mice, lupus symptoms
were not aggravated compared to INK128-untreated CD11b+Gr1+ cell
groups (Fig. 4I–M). Taken together, these results indicated that the
therapeutic effect of INK128 on lupus is related to the regulated
CD11b+Gr1+ cells.

2.4. INK128 ameliorates lupus by suppressing TLR7/IFN-α-mTOR signal in
CD11b+Gr1+ cells

To examine whether the function of CD11b+Gr1+ cells is changed
in priatane-induced lupus, we isolated CD11b+Gr1+ cells from spleens
and detected several functional molecules including ROS, NOX com-
ponents P47 and GP91, Arginase-1 and iNOS. As shown in
Supplementary Fig. 8A, ROS production from CD11b+Gr1+ cells of
lupus mice was significantly higher than that from control mice. NOX
components P47 and GP91, which are related to ROS production, were
also up-regulated in CD11b+Gr1+ cells from lupus mice
(Supplementary Fig. 8B). Moreover, the expressions of Arginase-1 and
iNOS in CD11b+Gr1+ cells from lupus mice were increased compared
with those from control mice (Supplementary Fig. 8C–E).

To identify how TLR7 and IFN-α participate in functional changes of
CD11b+Gr1+ cells, BM-derived CD11b+Gr1+ cells were stimulated
with or without R848 and IFN-α for 24 h. The results showed that TLR7
agonist R848 could significantly increase the production of ROS
(Fig. 5A), Arginase-1 (Fig. 5B and C) and IL-1β (Fig. 5D) in
CD11b+Gr1+ cells, while IFN-α acted as a cofactor to amplify the ac-
tion of R848. Interestingly, the regulatory role of TLR7 and IFN-α on
MDSCs was indeed synergistic in an mTOR signaling-dependent pat-
tern. Moreover, the production of functional molecules in M-MDSCs
and G-MDSCs influenced by TLR7 and IFN-α respectively were shown

in Supplementary Fig. 9.
Our previous study showed that G-MDSCs from the diseased MRL/

lpr mice impaired Treg differentiation depending on ROS production,
while M-MDSCs were highly efficient in promoting the Th17 differ-
entiation via IL-1β [13]. In another study, MDSCs from SLE patients
were reported to accelerate the Th17 differentiation in arginase-1-de-
pendent manner [10]. Thus, BM-derived CD11b+Gr1+ cells were pre-
treated with or without R848, IFN-α and INK128 and co-cultured with
CD4+ T cells. The differentiation of CD4+ T into Tregs or Th17 cells
was then detected. The results showed that TLR7-and IFN-α-treated
CD11b+Gr1+ cells could induce more Th17 cells and IL-17A produc-
tion, but induced less Tregs (Fig. 5E–F). INK128-treated CD11b+Gr1+

cells could reverse the differentiation of CD4+ T into Tregs or Th17
cells induced by TLR7-and IFN-α-treated CD11b+Gr1+ cells
(Fig. 5E–F).

We also determined the regulation of INK128 on CD11b+Gr1+ cells
for maintaining Th17/Treg balance in spleens and kidneys of lupus
mice. The results showed that INK128 indeed down-regulated the fre-
quency of Th17 cells and up-regulated the frequency of Tregs in kidney
and spleens (Fig. 5G–J). Furthermore, CD11b+Gr1+ cell deletion could
maintain Th17/Tregs balance, while adoptive transferring of
CD11b+Gr1+ cells derived from lupus mice could accelerate the un-
balance of Th17/Tregs. When transfer INK128-treated CD11b+Gr1+

cells to the lupus mice, the unbalance of Th17/Tregs was not ag-
gravated compared to INK128-untreated CD11b+Gr1+ cells groups
(Fig. 5K–L). In addition, INK128 also improved the unbalance of Th17/
Tregs in MRL/lpr mice (Supplementary Fig. 1E and F). Moreover,
compared to Rapamycin, INK128 more effectively regulated the un-
balance of Th17/Tregs in lupus. Taken together, these findings de-
monstrate that INK128 ameliorates lupus via suppression of TLR7/IFN-
α-mTOR signal in CD11b+Gr1+ cells for improvement of Th17/Treg
balance.

2.5. INK128 reduces TLR7/IFN-α-induced CD11b+Gr1+ cells
differentiation into macrophages in lupus nephritis

In chronic inflammation, MDSCs have potential to differentiate to
macrophages [43]. Lupus nephritis is an inflammation of the kidneys
caused by SLE and often results in progressive renal dysfunction. Of
note, the infiltrating macrophages contribute to ongoing renal injury. It
is unclear whether TLR7/IFN-α-modified CD11b+Gr1+ cells promote
macrophage development in lupus nephritis. Our results showed that
INK128 reduced significantly CD11b+F4/80+ macrophages in kidneys
(Fig. 6A) and the production of inflammatory factors (Fig. 6B) in pris-
tane-induced lupus mice. INK128 also inhibited more effectively mac-
rophage differentiation in lupus compared to Rapamycin. In addition,
INK128 also inhibited the macrophage accumulation in kidneys in
MRL/lpr mice (Supplementary Fig. 1G).

To explore, whether mTOR signal was involved in differentiation of
CD11b+Gr1+ cells into macrophages during the pathogenesis of lupus
nephritis, BM-derived CD11b+Gr1+ cells were incubated with GM-CSF
for 3 days and 5 days following treatment with or without R848, IFN-α
and INK128. On day 3 and day 5, R848-treated CD11b+Gr1+ cells
displayed a significantly greater differentiation capacity into F4/80+

cells and IFN-α as a cofactor could enhance the action of R848. In
contrast, INK128 suppressed the differentiation capacity of

Fig. 4. INK128 attenuates disease activity by regulating CD11b+Gr1+ cells in lupus mice. (A–H) INK128 or Rapamycin-treated lupus mice after 2months. (A) Kidney
sections from each group showed histologic differences. (B) Representative confocal images of kidneys from each groups stained with DAPI (blue) and anti-WT-1
(green) showed podocyte injury. (C) Proteinuria in each group was determined using Mouse Albumin ELISA Quantitation Set. (D) Serum levels of total IgG and IgG
against dsDNA were determined by ELISA. (E) Representative photographs of spleens from each group. (F) Lung sections from each groups showed histologic
differences. (G) Representative photographs of paws from each group. (H) Representative histological sections of tarsal hind paw joints. (I–M) Gr1 mAb, lupus
CD11b+Gr1+ cells or INK128 treated lupus CD11b+Gr1+ cells treated mice for 2months. (I) Kidney sections from each group showed histologic differences. (J)
Proteinuria in each group was determined using Mouse Albumin. (K) Lung sections from each groups showed histologic differences. (L) Representative histological
sections of tarsal hind paw joints. (M) Serum levels of total IgG and IgG against dsDNA were determined by ELISA Quantitation Set. Representative photographs of
paws from each group. Data represent the mean scores ± SEM. *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001.
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CD11b+Gr1+ cells (Fig. 6C–D). Furthermore, we identified that
CD11b+Ly6C+Ly6G− cells rather than CD11b+Ly6ClowLy6G+ cells
mainly contributed to the differentiation into macrophages (Fig. 6E–F).
Some studies have suggested that the S100A8 and S100A9 proteins are
directly involved in inhibiting CD11b+Gr1+ cell maturation [43]. Our
results showed that TLR7 and IFN-α signaling synergistically decreased
the levels of both S100A8 and S100A9 mRNAs at day 3 and day 5 de-
pending on the mTOR pathway (Fig. 6G–H). TLR7 signaling sig-
nificantly increased F4/80 (Fig. 6I) and MHC-II (Fig. 6J) expressions in
R848-treated CD11b+Gr1+ cells. In addition, BM-derived
CD11b+Gr1+ cells incubated with GM-CSF for 5 days following treat-
ment with R848 and IFN-α. The results showed that TLR7 and IFN-α
signaling synergistically promoted production of inflammatory factors
(IL-1β, IL-6 and IL12p40) and chemokines (MCP-1) (Fig. 6K). Taken
together, these findings demonstrate that INK128 also ameliorates
lupus nephritis via suppressing the differentiation of CD11b+Gr1+ cells
into macrophages in lupus.

3. Discussion

Recently, functions of MDSCs in development and regulation of SLE
have started to get attention. However, MDSCs showed a variety of
activities and effects in SLE models and diseases. MDSCs functions in
SLE are controversial. Our previous studies have identified that
CD11b+Gr1+ cells is increased both in female patients with SLE and in
two kinds of lupus mice models. We also found that CD11b+Gr1+ cell
functions have changed in SLE conditions [13]. Our recent works re-
vealed that activated TLR7 signal influenced CD11b+Gr1+ cell ex-
pansion and functions, demonstrated that IFN-α was an essential co-
factor in these progress, and identified the TLR7-mTOR pathway as
critical for CD11b+Gr1+ cell accumulation and functions which were
contribute to lupus development. We also firstly evaluated that the
second generation mTOR inhibitor INK128 had a good therapeutic
action in lupus development by regulating CD11b+Gr1+ cells.

In this research, we explore the time course changes of
CD11b+Gr1+ cells in two lupus mice model and found that the

Fig. 5. INK128 ameliorates unbalance of Th17/Treg in lupus mice by regulating TLR7/IFN-α-mTOR signal in CD11b+Gr1+ cells. BM-derived CD11b+Gr1+ cells
were treated with or without INK128, R848, IFN-α for 24 h. Fluorescence intensity of DCFDA (A) and Arginase-1 (B) was measured by flow cytometry. (C) The
Arginase-1 mRNA expression level in each group was assayed. (D) The iNOS mRNA expression level in each group was assayed and NO concentration was detected.
(E) The IL-1β mRNA expression level in each group was assayed by RT-PCR. Splenic T cells from wide-type BALB/c mice were cultured in the presence of
CD11b+Gr1+ cells pretreated with or without INK128, R848 and IFN-α for 24 h and differentiated into Th17 or Treg cells for another 3 days. (E) The percentages of
Th17 cells and Treg cells were assayed by flow cytometry. (F) The statistical analyses of the percentage of Th17 cells (left) and Treg cells (right) are shown.
Supernatant IL-17A levels were measured in the Th17-polarizing culture system by ELISA assays (middle). (G–J) BALB/c WT mice (n= 6–8) were given a single
injection of 0.5ml pristane and keep for 5months. Then INK128-or Rapamycin-treated mice for another 2months. (G) The percentages of Th17 cells and Treg cells in
kidney from each group were assayed by flow cytometry. (H) The statistical analyses of the percentage of Th17 cells (left) and Treg cells (middle) are shown.
Supernatant IL-17A levels were measured in the Th17-polarizing culture system by ELISA assays (right). (I) The percentages of CD4+IL17A+ Th17 cells and
CD4+CD25+ Foxp3+ Treg cells in spleens from each groups were assayed by flow cytometry. (J) The statistical analyses of the percentage of Th17 cells (left) and
Treg cells (middle) are shown. Supernatant IL-17A levels were measured in the Th17-polarizing culture system by ELISA assays (right). (K–L) BALB/c WT mice
(n=5) were given a single injection of 0.5ml pristane and keep for 5months. Then Gr1 mAb, lupus CD11b+Gr1+ cells or INK128-treated lupus CD11b+Gr1+ cells
in treated mice for another 2months. The percentages of Th17 cells and Treg cells in spleens (K) and kidney (L) from each group were assayed by flow cytometry.
Representative results of three independent experiments are shown. Data represent the mean scores ± SEM. *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001.
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percentage of CD11b+Gr1+ cells increased prior to the abnormal
changes of Th17, Treg, T and B cells in lupus development. These re-
sults indicated that the abnormal accumulation of CD11b+Gr1+ cells
may play a crucial role in the start-up phase of lupus. Furthermore, we
found CD11b+Gr1+ cells were increased in multiple organs of the
pristane-induced lupus mice, which correlated positively with IFN-α

expression and ISGs. In addition, high IFN-α levels in kidneys from
pristane-induced lupus mice were correlated positively with TLR7 ex-
pression levels. The nucleic acid–sensing intracellular TLR7 is expressed
at the highest levels in B cells and pDCs, which may help to explain why
these cells play an important part in the pathogenesis of SLE. Mice that
overexpressing TLR7 can develop a lupus-like disease, and lupus mice

Fig. 6. INK128 decreases macrophage accumulation in lupus nephritis by regulating TLR7/IFN-α-mTOR signal in CD11b+Gr1+ cells. BALB/c WT mice (n=6–8)
were given a single injection of 0.5 ml pristane and kept for 5 months. Then mice were INK128 or Rapamycin-treated for another 2months. (A) The percentages of
macrophages in kidney cells were assayed. (B) The mRNA expression of cytokines IL-1β, IL-6 and TNF-α in each group. (C–D) BM-derived CD11b+Gr1+ cells were
treated with or without INK128, R848 and IFN-α for 3 days and 5 days. The percentages of macrophages were assayed. (E–F) G-MDSCs and M-MDSCs isolated from
BM-derived CD11b+Gr1+ cells were treated with or without INK128, R848 and IFN-α for 5 days. The percentages of macrophages differentiated from G-MDSCs and
M-MDSCs were assayed. (G–H) S100A8 and S100A9 mRNA expression in CD11b+Gr1+ cells was assayed. (I–J) BM-derived CD11b+Gr1+ cells were treated with or
without INK128, R848 and IFN-α for 5 days. Makers of immature phenotype, such as MHCII (I) and F4/80 (J) from CD11b+Gr1+ cells were examined. (K) BM-
derived CD11b+Gr1+ cells were treated with or without INK128, R848 and IFN-α for 5 days. The mRNA expression of cytokines and chemokines in CD11b+Gr1+

cells was determined. Representative results of three independent experiments are shown. Data represent the mean scores ± SEM. *P≤ 0.05, **P≤ 0.01,
***P≤ 0.001.
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that are rendered deficient in TLR7 are protected from lupus [44]. In
this study, we found TLR7 expression in CD11b+Gr1+ cells was in-
creased in pristane-induced lupus mice compared with WT BALB/c
mice. We also proved that TLR7 expression in CD11b+Gr1+ cells is
dependent on IFN-α. Previous studies have reported that type I IFN can
maintain TLR7 expression levels in B cells and dendritic cells to reg-
ulate TLR7-dependent inflammation [45–47].

In a lupus microenvironment, nucleic acids antigens released from
the dead and dying cells can activate a TLR7 signal in the early disease.
A Recent study showed that TLR7 signal induced myeloid expansion in
the mice with transgenic overexpression of TLR7 and type I IFN parti-
cipated in this process [32]. We found that TLR7 agonist R848 ad-
ministration specifically increased CD11b+Gr1+ cell generation during
differentiation in vitro. Although IFN-α did not influenced the total
proportion of CD11b+Gr1+ cells, CD11b+Ly6C+Ly6G− cells showed a
concentration-dependent increase and CD11b+Ly6ClowLy6G+ showed
a concentration-dependent decrease in the presence of IFN-α.

We detected the molecular mechanisms by which these pathways
act to promote CD11b+Gr1+ cell differentiation from the bone marrow
progenitors. Our work demonstrated that IFN-α is an essential cofactor
in TLR7-induced CD11b+Gr1+ cells accumulation from bone marrow
progenitors, and identified the TLR7-mTOR pathway as critical for
CD11b+Gr1+ cell expansion. Correspondingly, when injecting the
mTOR inhibitor INK128 to lupus mice, we found that CD11b+Gr1+

cells were decreased significantly in multiple organs, while IFN-α and
ISGs levels were also decreased. In humans, two pathways have been
implicated in the activation of TLR7 [48]. The first pathway is the LL37
pathway [49] and some molecules such as HMGB1, which can transfer
nucleic acids into the cell. The second pathway is the entry of im-
munoglobulin (IgG) antibodies binding DNA or RNA through FcgR2A
into PDCs, leading to TLR7-induced type-I IFN [19,50–52]. In pristane
induced lupus mice, the production of IFN-α was primarily secreted by
M-MDSCs in early disease. Therefore, inhibiting CD11b+Gr1+ cells in
the early stage of lupus may be a therapeutic plan to slow down lupus
progression. Our studies showed that an activated mTOR signal in
CD11b+Gr1+ cells played significant roles in accumulation. We eval-
uated a bioavailable, highly potent and selective mTOR inhibitor
INK128 in pristane-induced lupus mice for the first time. INK128 can
decrease CD11b+Gr1+ cell accumulation in kidney, attenuate LN by
decreasing the numbers of the inflammatory cells, reduced the glo-
merular injury in kidney and reduced the inflammatory cell infiltration
in joints and lungs.

Tregs were decreased and Th17 cells were increased in our pristane-
induced lupus mice. In our previous study, G-MDSCs from diseased
MRL/lpr mice impair Treg differentiation depending on ROS produc-
tion and M-MDSCs were highly efficient in promoting the Th17 dif-
ferentiation via IL-1β [13] In another study, MDSCs from SLE patients
accelerated the Th17 differentiation in an arginase-1-dependent
manner [10]. In this study, molecules regulating the Th17/Tregs bal-
ance in CD11b+Gr1+ cells were changed greatly following by TLR7
and IFN-α stimulation. Therefore, CD11b+Gr1+ cells modified by TLR7
and IFN-α could promote the abnormal Th17/Tregs balance sig-
nificantly via the mTOR pathway. Lupus nephritis (LN), is seen in up to
60% of SLE patients [53]. Macrophages are believed to contribute to
the pathogenesis of LN [53–55]. Some studies reported that
CD11b+Gr1+ cells have the potential of differentiation to macrophages
in chronic inflammation [43]. Did TLR7-and IFN-α-modified
CD11b+Gr1+ cells promote macrophage development in the lupus
progress? In this study, we found that CD11b+Gr1+ cells and macro-
phages are both increased in pristane-induced lupus mice, and
CD11b+Gr1+ cells treated with R848/IFN-α could differentiate into
macrophages. In addition, CD11b+Gr1+ cells treated with R848
showed a mature inflammatory phenotype and produced more in-
flammatory factors, which contributed to LN. The mTOR signal acti-
vated by TLR7 and IFN-α stimulation played an important role in
promoting CD11b+Gr1+ cell differentiation to macrophages through

maintaining S100A8 and S100A9 expression.
In infectious disease and cancer MDSCs play deleterious roles in the

disease progress, but the role of MDSCs in autoimmune disease is more
complex [56]. Although these contrasting studies show positive and
negative roles for MDSCs in the regulation of SLE development, these
different roles for MDSCs are apparently due to the different severities
of SLE and specifics of the microenvironment. Intravenous treatment
with MDSCs obtained from normal C57BL/6 mice ameliorated auto-
immunity in Roquinsan/san lupus mice [8]. However, G-MDSC from the
(NZB×NZW) F1 lupus mice with established disease showed func-
tional defects [11]. MDSCs from SLE patients promoted Th17 differ-
entiation in an Arginase-1-dependent manner and accelerated the
progress of SLE [10]. These studies suggested that the factors in lupus
microenvironment may result in MDSCs functional differences com-
paring to the MDSCs in non-disease conditions. In a lupus micro-
environment, activated TLR7 signal by endogenous nucleic acids re-
leased from apoptotic or necrotic cells and elevated level of IFN-α is a
driving pathogenic force for most SLE patients based on substantial
genetic, epidemiologic and clinical data [15–20]. Our work showed
that TLR7 signals and IFN-α signals played very important roles in
CD11b+Gr1+ cells expansion and functions in lupus microenviron-
ment. Therefore, studying CD11b+Gr1+ cell differences in disease and
health condition will be of great significance to explore the specific role
of CD11b+Gr1+ cells in SLE progression.

In conclusion, results presented here provide an insight into the
relationship between some factors (TLR7 ligand and IFN-α) from the
lupus cellular microenvironment and CD11b+Gr1+ cell accumulation
and functions during SLE. BM-derived CD11b+Gr1+ cells were stimu-
lated with R848 and IFN-α in the absence or presence of mTOR in-
hibitor INK128. We found that R848 accelerated GM-CSF-and IL-6-in-
duced total CD11b+Gr1+ cell accumulation and IFN-α synergized with
TLR7 to promote this progress, while mTOR inhibitor INK128 could
inhibit the synergized effects. Our work defined at a molecular level
how the TLR7 signal influenced CD11b+Gr1+ cell expansion and
functions, demonstrated that IFN-α is an essential cofactor in this
process, and identified the TLR7/ IFN-α-mTOR pathway as critical for
GM-CSF-and IL-6-induced CD11b+Gr1+ cell accumulation and func-
tions, which contributed to lupus development. We also provide evi-
dence for the first time that INK128, a second generation mTOR in-
hibitor, has a good therapeutic action in lupus development by
regulating CD11b+Gr1+ cells.

4. Methods

4.1. Antibodies and reagents

Antibodies with the following specificities were used for all ana-
lyses: CD11b (M1/70), Gr1 (RB6-8C5), F4/80 (BM8), CD4 (GK1.5),
Foxp3 (MF-14), CD25 (3C7), IL-17A (TC11-18H10.1) and MHCII (M5/
114.15.2) (all from Biolegend). Arginase-1/ARG-1 (IC5868P) and
mTOR (303728) (all from R&D Systems). Anti-CD3 mAb (145-2C11),
anti-CD28 mAb (37.51), anti-IL-4 mAb (11B11) and anti-IFN-γ mAb
(XMG1.2) (all from Biolegend). Antibodies for α-Tubulin (2144), p-S6
(4858S), S6 (2217S), p-4EBP-1 (2855S) and 4EBP-1 (9644T) (all from
cell Signal Technology Inc). MLN0128 / INK128 and Rapamycin
(Selleckchem). Recombinant mouse IFN-α2 (eBiocience). Recombinant
mouse IL-6, GM-CSF, CD4+ T Cell Isolation Kit and MDSC Isolation Kit
(all from Miltenyi Biotec). Recombinant mouse/human TGF-β
(Peprotech). The oxidation-sensitive dye DCFDA and NO detection Kit
(all from Beyotime). LPS and R848 (Enzo Life Science). Trizol Reagent
and SYBR green dye (Invitrogen). The Dulbecco's modified Eagle
medium (DMEM) and fetal bovine serum (FBS) (Gibco). Collagenase
type D and DNase I (Roche. Sterile) pristane, N-methyl-2-pyrrolidone
(NMP) and polyvinyl pyrrolidone (PVP), PMA, ionomycin and brefeldin
A (BFA) (all from Sigma). Mouse Albumin ELISA Quantitation Set
(Bethyl Laboratories). Mouse IL17A ELISA Quantitation Set
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(Peprotech). Mouse anti-IgG and anti-dsDNA IgG Kit (Bethyl
Laboratories, Montgomery, USA).

4.2. Mice

Female BALB/c mice (6–8weeks old) and female MRL/lpr mice
were from Model Animal Research Center of Nanjing University
(Nanjing, PR China) and were housed in pathogen-free conditions in a
12-h light and dark cycle. All procedures involving mice were approved
by the institutional license for animal care and use based on the Animal
Care Committee at Nanjing University. The method to induce lupus
mice model by pristane and the INK128 or Rapamycin treatment are
presented in Supplementary Methods 1.

4.3. Isolation of CD11b+Gr1+ cells

Bone marrow (BM) cells were isolated as described previously
[13,57]. In brief, tibias and femurs were removed from BALB/c mice
and BM cells were flushed. Then BM cells were cultured in the medium
supplemented with 40 ng/ml murine IL-6 and 40 ng/ml GM-CSF in the
absence or presence of R848, IFN-ɑ and INK128 for 4 days. BM-derived
CD11b+Gr1+ cells and Spleen-derived CD11b+Gr1+ cells were pur-
ified from pristane-induced lupus mice using Myeloid-Derived Sup-
pressor Cell Isolation Kit. G-MDSCs and M-MDSCs were purified from
BM-derived MDSCs mice using Myeloid-Derived Suppressor Cell Isola-
tion Kit.

4.4. Generation of BM-derived CD11b+Gr1+ cells

BM cells were isolated from mice by flushing femurs and tibiae.
Then BM cells were centrifuged and re-suspended in culture medium
supplemented with murine IL-6 (40 ng/ml; Miltenyi Biotec, Auburn,
CA) and GM-CSF (40 ng/ml; Miltenyi Biotec, Auburn, CA), and these
cells were cultured for 4 days. To get higher purity CD11b+Gr1+ cells,
we only separate the suspension cells in the dishes.

4.5. CD11b+Gr1+ cells depletion

20week old pristane-induced lupus mice were injected i.p. with
anti-Gr-1 antibodies (RB6-8C5, 200 μg; Biolegend, San Diego, USA)
once every 4 d.

4.6. Treatment

For CD11b+Gr1+ cell depletion in vivo, 20 week old pristane-in-
duced lupus mice were injected i.p. with anti-Gr-1 antibodies once
every 4 d. When used for adoptive transfer, 2× 106 CD11b+Gr1+ cells
isolated from the lupus mice were washed twice and resuspended in
200 μl PBS and injected in mice via the tail vein.

4.7. ROS detection

Reactive oxygen species (ROS) production was measured by the
oxidation-sensitive dye DCFDA. CD11b+Gr1+ cells were incubated at
37 °C in Roswell Park Memorial Institute (RPMI) medium in the pre-
sence of 2.5 μM DCFDA and simultaneously cultured with 1 μg/ml LPS
for 30min. Then cells were washed with PBS and measured by the flow
cytometry (Becton Dickinson, San Diego, USA).

4.8. Th17 cell and CD4+CD25+Foxp3+Treg differentiation

CD4+ T cells were purified from BALB/c mice by using CD4+ T Cell
Isolation Kit. MDSCs are pretreated with or without INK128, IFN-α and
R848 for 24 h. CD4+ Cells were stimulated by anti-CD3 (5 μg/ml) and
anti-CD28 (5 μg/ml) in the culture with 2.5 ng/ml hTGF-β, 20 ng/ml IL-
6, 10 μg/ml of anti-IL-4 mAb and anti-IFN-γ mAb in 24-well plates. In

the meantime, pretreated CD11b+Gr1+ cells were added to the culture
on day 0 at a ratio of 1:1and cells were cultured in triplicate in culture
medium. On day 3, cells were stimulated with 5 ng/ml phorbol myr-
istate acetate (PMA), 1 ng/ml ionomycin for and10 ng/ml brefeldin A
for 5 h. Then cells were stained with FITC-conjugated anti-mouse CD4
mAb. After cells permeabilization with Cytofix/Cytoperm, cells were
stained with APC-conjugated anti-mouse IL17A mAb, then cells were
stained for 30min at 4 °C in the dark. After washing with buffer, cells
were analyzed by flow cytometry. After three days activation, super-
natants were collected for IL-17A cytokine assays by ELISA according to
the manufacturer's instructions. CD4+T cells were cultured with anti-
CD3 (5 μg/ml) and anti-CD28 (5 μg/ml) mAbs in the presence of 5 ng/
ml TGF-β in a 24-well plate for 72 h in complete RPMI medium
(5×105 cells/well). In the meantime, pretreated CD11b+Gr1+ cells
were added to the culture on day 0 at a ratio of 1:1.After 72 h, cells
were permeated with Cytofix/Cytoperm, then stained with PE-con-
jugated anti-mouse Foxp3 mAb. After washing, cells were stained with
FITC-conjugated anti-mouse CD4 mAb and APC-conjugated anti-mouse
CD25 mAb, then cells were stained for 30min at 4 °C in the dark. After
washing with buffer, cells were analyzed by flow cytometry.

4.9. CD11b+Gr1+ cell differentiation assay

BM-derived CD11b+Gr1+ cells were cultured in the presence of
10 ng/ml GM-CSF for 3 and 5 days. In some experiments, 100 ng/ml of
R848, 500 U IFN-ɑ and 50 nM INK128 were incubated with GM-CSF.
After the different incubation periods, cell phenotypes were determined
by flow cytometry analysis.

4.10. Flow cytometry analysis

Cells were immunostained with various combinations of the fluor-
escence-conjugated antibodies, the detailed methods are represented in
Supplementary Material and Method 2.

4.11. RNA extraction and quantitative real-time PCR

Total RNA was isolated using Trizol Reagent according to the
manufacturer's instructions. Real-time PCR assay was performed using
SYBR green dye on Step One sequence detection system (Applied
Biosystems, Waltham, MA, USA). Relative abundance of genes was
calculated using 2−ΔΔCT formula, and GAPDH as internal control.
Primers can be found in the Supplementary table.

4.12. Western blot analysis

Proteins were extracted by standard techniques [58]. Antibodies for
p-S6, S6, p-4EBP-1, 4EBP-1, horseradish peroxides (HRP)-conjugated
anti-rabbit IgG for western blot were from Cell Signaling Technology
(Danvers, MA, USA). Protein bands were visualized using ECL Plus
Western blotting detection reagents (Millipore, Bedford, MA, USA). In
our studies, α-Tubulin was used as an internal control.

4.13. Cytokines ELISA

Anti-IgG and anti-dsDNA IgG were analyzed using mouse anti-IgG
and anti-dsDNA IgG Kit and the sera were applied at dilutions of
1:100,000 and 1:300,000 according to the manufacturer's instructions.
Total urinary protein was determined using a Mouse Albumin ELISA
Quantitation Set and the urine was applied at dilutions of 1:100 ac-
cording to the manufacturer's instructions. According to the manufac-
turer's instructions, cytokine analysis was performed using mouse IL-
17A ELISA Kit. Absorbance was determined using ELx-800 Universal
Microplate Reader (BIO-TEK, Vermont USA).
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4.14. Histologic and immunohistochemical analyses

Sections were cut from paraffin-embedded tissue, fixed in formalin
and stained with hematoxylin and eosin.

4.15. Statistics

Results were expressed as mean ± SEM of three independent ex-
periments and each experiment included triplicate sets. Data were
statistically evaluated by one-way ANOVA followed by Dunnett's test
between control group and multiple dose groups. P < 0.05 was con-
sidered of statistically significant difference.
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