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Systemic lupus erythematosus (SLE) is an autoimmune disease that aﬀects multiple organs and tissues. Mesenchymal stem cells
(MSCs) are considered a good source for autoimmune disease and hematological disease therapy. This review will summarize
the eﬃcacy, safety, and mechanisms of MSC therapy for SLE. MSC therapy can reduce anti-dsDNA, antinuclear antigen (ANA),
proteinuria, and serum creatinine in SLE patients. In animal models of SLE, MSC therapy also indicates that it could reduce
anti-dsDNA, ANA, proteinuria, and serum creatinine and ameliorate renal pathology. There are no serious adverse events,
treatment-related mortality, or tumor-related events in SLE patients after stem cell treatment. MSCs can inhibit inﬂammatory
factors, such as MCP-1 and HMGB-1, and inhibit inﬂammation-related signaling pathways, such as the NF-κB, JAK/STAT, and
Akt/GSK3β signaling pathways, to alleviate the lesions in SLE.

1. Introduction
Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by overexpression of antibodies and activation of an inﬂammatory response that commonly aﬀects
the skin, joints, kidneys, and central nervous system and
can lead to disability and death [1–3]. SLE is one of the top
20 leading causes of death in females between 5 and 64 years
of age [3]. SLE is four times more prevalent in black women
than in white women, and patients of African descent tend to
develop disease earlier and have higher mortality [3]. Conventional therapy for SLE involves steroid and/or immunosuppressive drug treatment. However, conventional therapy
is only eﬀective in mild SLE patients, and the drugs have
signiﬁcant side eﬀects over long-term use, such as infection,
gastrointestinal syndrome, herpes zoster, or varicella [4–7].
Due to the high relapse and low survival rate of SLE, novel

treatments have been investigated in recent years and some
progress has been made.
Mesenchymal stem cell (MSC) transplantation is
regarded as a novel treatment for SLE, and clinical research
and animal experiments have been conducted with encouraging outcomes. MSCs can be derived from abundant
sources, such as marrow, human umbilical cord, and adipose
tissue [8]. MSCs have the potential to regulate the immune
system and control inﬂammation. MSC treatment can alleviate the lesions of the glomerulus and renal interstitium and
improve renal function with few adverse eﬀects [9]. MSCs
can modulate the inﬂammatory microenvironment and
inﬂuence abnormal activation of signal pathways in SLE
patients and lupus mice. They also modulate T lymphocyte
proliferation and diﬀerentiation [10–14]. Thus, MSC therapy
is a potential treatment for SLE patients. This review pays
attention to the eﬃcacy and safety of MSC therapy for SLE,
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based on both preclinical and clinical studies, and further discusses the immunomodulatory function which involves lymphocytes, cytokines, and signaling pathways.
1.1. The Eﬃcacy of Mesenchymal Stem Cell Therapy for SLE:
A Preclinical Model. The eﬃcacy of MSC therapy in animal
experiments was evaluated in recent years (Table 1). Liu et al.
[15] found that human placenta-derived MSC treatment
could improve the renal function and decrease the proteinuria levels of MRL/lpr mice. In addition, anti-doublestranded DNA (anti-dsDNA) antibody levels decreased in
the MSC group compared to a control group treated with
normal saline. The immune complex immunoglobulin G
(IgG) deposited in glomeruli was observed to be signiﬁcantly
less in the MSC group when compared with the control
group. Thus, the renal destruction was alleviated and the glomerular swelling and lymphocyte inﬁltration were slightly
less than before MSC treatment. The deposition of electron
dense material in the glomeruli was also reduced. Ruan
et al. [16] gave weekly intravenous (IV) injections of human
umbilical cord mesenchymal stem cells (H-UC-MSCs) for 4
weeks to B6.Fas mice and showed that the levels of antinuclear, anti-histone, and anti-dsDNA antibodies in the
MSC treatment group decreased compared with the B6.Fas
mouse model group. Renal function improved as the 24hour urine protein was lower in the MSC treatment group
than the lupus control group. As for renal pathology, the proliferation of glomerular mesangial cells and tubulointerstitial
ﬁbrosis were reduced following MSC treatment, as well as
lowering immune complex deposition in the glomeruli compared to the lupus group. MSC transplantation ameliorated
mouse lupus by decreasing the 24 h proteinuria and serum
anti-dsDNA antibody [11, 16, 17]. Ma et al. discovered that
H-UC-MSC treatment improved renal function, decreased
proteinuria and plasma levels of Cr by inhibiting C5 activation, which is involved in the complement system, and can
induce an inﬂammatory response in lupus nephritis [18].
Researchers have shown that MSC therapy diminishes the
deposition of immune complexes and complement components (IgG, IgA, and C3) in lupus glomeruli [18]. As a result,
inﬂammatory inﬁltration and mesangial hyperplasia of the
glomeruli decrease after MSC treatment in lupus mice [10,
18]. Zhang et al. [19] found decreased lymphocyte inﬁltration, mesangial cell proliferation, and interstitial ﬁbrosis in
glomeruli following treatment with adipose-derived mesenchymal stem cells (ADMSC). ADMSC treatment could also
decrease the proteinuria, serum anti-dsDNA antibody, and
serum Cr. Zhang et al. showed that after MSC treatment,
the level of the anti-dsDNA antibody exhibited a declining
trend compared with other groups [20]. Mononuclear cell
inﬁltration and the deposition of IgG in glomeruli and
tubules also decreased. Sun et al. infused allogenic bone marrow mesenchymal stem cells (BMMSCs) into MRL/lpr mice
at the early stage and the mature stage [21]. The serum level
of the anti-dsDNA antibody, immunoglobulin, serum albumin, and ANA was reduced at both these stages. In addition,
they found that C3 and IgG deposition decreased in the kidney after MSC treatment. Similar to the above studies, Ji et al.
showed that BMMSC transplantation can decrease the levels
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of anti-dsDNA, IgG, IgM, ANA, and proteinuria [22]. However, they showed that at high dose, MSCs had the eﬀect on
immunosuppression and production of proteinuria, whereas
the low dose had no eﬀect. Jang et al. [13] found that infusion
of BMMSCs during the preclinical phase could delay the time
when the anti-dsDNA antibody increased and lupus nephritis progressed. As for the mice that had already developed
nephritis, infusion of MSCs could reduce the level of the
anti-dsDNA antibody, the deposition of immune complexes
and complement factors (C3), and the inﬁltration of CD4+
T cells, as well as B220+ B cells, in the kidneys [13]. Zhou
et al. found that the levels of anti-dsDNA antibodies, serum
Cr, and 24 h proteinuria decreased following MSC treatment
[23]. BMMSCs ameliorated late-stage renal pathology by
reducing the expression of vascular endothelial growth factor
(VEGF), transforming growth factor-β (TGF-β), and ﬁbronectin (FN) in the kidney [23]. Thus, MSCs can regulate
cytokines to delay the development of renal ﬁbrosis and
decrease the level of proteinuria.
1.2. Clinical Eﬃcacy and Safety of Stem Cell Therapy for SLE
1.2.1. Clinical Eﬃcacy of Stem Cell Therapy for SLE. MSCs
have been tentatively applied for SLE treatment in recent
years. Various clinical research studies have shown MSC
therapy to have encouraging potential for this speciﬁc
immune disease. Barbado et al. intravenously injected three
SLE patients with MSCs (1.5 million MSCs/kg) and found
that the level of proteinuria decreased below 0.6 g/24 h at 1
month after MSC treatment when compared with baseline
[24]. Serum creatinine (Cr) levels of two of the patients also
decreased while the serum Cr of the third patient was normal
throughout the entire study. Leng et al. assessed the eﬃcacy
of MSC treatment in a 10-year follow-up study that enrolled
24 Chinese patients with severe SLE [25]. All patients were
treated with the combination of high-dose immunosuppressive therapy with autologous peripheral blood stem cell
transplantation. More than half of the patients completed
the 10-year follow-up, and their median proteinuria level
decreased from 4.00 g/24 h before treatment to 0.00 g/24 h
at 5 years after transplantation, which was maintained until
the end of the 10-year follow-up. Liang et al. evaluated serum
indices and renal function of 15 refractory SLE patients with
MSC treatment (bone marrow mesenchymal stem cells
(BMMSCs)) [26]. The follow-up study demonstrated that
sera from 11 of 15 patients had anti-dsDNA antibody levels
that decreased below baseline at both 1 and 3 months after
transplantation. The 24 h proteinuria of nearly all patients
except one decreased signiﬁcantly at 1 week from 2538:0 ±
382:3 to 1430:7 ± 306:3 mg and further decreased continually
at the 1-, 3-, 6-, and 12-month follow-ups. Another shortterm clinical study also showed recovery of renal function
of SLE patients with both 24 h urine protein and serum Cr
decreasing at the 12- to 18-month follow-up [21]. One case
reported a refractory SLE patient suﬀering from several complications, such as arthritis, skin vasculitis, and high titers of
anti-dsDNA antibody, who was treated with high-dose
immune suppression medication and stem cell transplantation. The serum Cr and proteinuria were decreased at
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Table 1: Eﬃcacy of MSC therapy in animal experiments.

Author, year

Liu et al. [15]

Ruan et al. [16]

Ma et al. [18]

Zhang et al. [19]

Stem cell
type

Animal
model

pMSCs

MRL/lpr
mice,
BALB/C
mice

H-UC-MSCs

B6.Fas
mice

UC-MSCs

B6.lpr
mice

ADSCs

MRL/lpr
mice

Zhang et al. [20] H-UC-MSCs

B6.lpr
mice

Sun et al. [21]

BMMSCs

MRL/lpr
mice

Ji et al. [22]

BMMSCs

MRL/lpr
mice

Jang et al. [13]

BMMSCs

NZB/W
mice

Zhou et al. [23]

BMMSCs

MRL/lpr
mice

Groups

Handing
methods

Treatment eﬀect

The control group (n = 10)
(pMSCs) 1 × 106
Proteinuria ↓, anti-dsDNA ↓, IgG
The vehicle group (n = 10)
cells via the tail
deposition ↓, renal injury ↓
The LEF group (n = 10)
vein
The MSC group (n = 10)
Normal control (C57BL/6 mice)
High: 2 × 106
group (n = 10), model (B6.Fas mice) cells via the tail
group (n = 10), low-dose treatment
Anti-nuclear ↓, anti-histone ↓, antivein
(B6.Fas mice) group (n = 10),
dsDNA antibody ↓, proliferative
6
Medium: 1 × 10
medium-dose treatment (B6.Fas
mesangial cells ↓, tubulointerstitial
cells via the tail
mice) group (n = 10), high-dose
ﬁbrosis ↓, 24 h proteinuria ↓
vein
treatment (B6.Fas mice) groups
6
Low: 0:5 × 10
(n = 10)
Proteinuria ↓, plasma levels of
MSC group (n = 8)
creatinine ↓, mesangial matrix ↓,
MSCs (1 × 106 )
C5aRA, Merck group (n = 8)
via the tail vein inﬂammatory cell inﬁltration ↓, IgG
Control group (n = 8)
↓, IgA ↓, C3 ↓
Control group (n = 5)
Proteinuria ↓, serum anti-dsDNA
ADSCs (1 × 106 )
ADSC group (n = 5)
antibody ↓, serum creatinine ↓, renal
via the tail vein
CTX group (n = 5)
pathology ↓
MSC group
UC-MSCs
FLS group
Anti-dsDNA antibody ↓, IgG ↓,
(1 × 106 ) via the
Phosphate-buﬀered saline (PBS)
mononuclear cell inﬁltration ↓
tail vein
treatment group
BMMSCs
BMMSC group (n = 12)
Anti-dsDNA antibody ↓, immune
(0:1 × 106 cells
Control group (n = 12)
globulin ↓, serum albumin ↓, ANA
per 10 g body
CTX group (n = 12)
↓, C3 ↓, IgG ↓
weight) via the
tail vein
BMMSCs
Low-dose MSC group (n = 10)
(0:05 × 106 cells
per 10 g body) Anti-dsDNA antibody ↓, IgG ↓, IgM
High-dose MSC group (n = 10)
↓, ANA ↓, proteinuria ↓
PBS group (n = 10)
MSC (0:2 × 106
Control group (n = 10)
cells per 10 g
body)
BMMSCs
Anti-dsDNA antibody ↓, immune
(1 × 106 ) via
BMMSC group (n = 10-11)
complexes and complement factors
retro-orbital
PBS group (n = 10-11)
↓, CD4+ T cells ↓, B220+B cells ↓
injection of the
venous sinus
Control group (n = 5)
BMMSCs
CTX-treated group (n = 4)
Anti-dsDNA antibody ↓, serum
(1 × 106 ) via the
MSC group (n = 4)
creatinine ↓, 24 h proteinuria ↓
tail vein
MSC+CTX group (n = 4)

follow-up 9 months posttransplantation, and the antidsDNA titer dropped to undetectable levels [27]. Some other
case reports also revealed that refractory SLE patients who
had been treated with conventional immunosuppressants
and glucocorticoids with no response, and their condition
steadily declined. After programing stem cell transplantation
therapy, their anti-dsDNA and serum anti-nuclear antibodies decreased [28–31]. The results also indicated that Cr
and Cr clearance became normal as well [32].
1.2.2. The Safety of Stem Cell Therapy in SLE. The safety of
stem cell therapy is important and is an essential precondi-

tion for clinical application. The safety of MSC clinical applications is still the most concerning issue. In the past years,
MSCs were used for the treatment of liver diseases [33], diabetes mellitus [34], and idiopathic Parkinson’s disease [35],
with no signiﬁcant adverse eﬀects reported in most clinical
trials. Stem cell therapy for SLE has less adverse eﬀects compared with conventional treatment (steroid and/or and
immunosuppressive drugs). According to the data from
some follow-up studies and case reports, there were no serious adverse events [21, 36–38], treatment-related mortality
[36], or tumor-related events [36] after stem cell treatment
of SLE patients [39]. In a long-term follow-up study that
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enrolled 81 refractory SLE patients, 11 infection events
occurred in patients with MSC treatment [40]. The immediate adverse events after MSC infusion were mild and
included dizziness and a warm sensation that disappeared
in a short time. Delayed adverse events were mainly bacterial
and viral infections during follow-up and most resolved.
However, as advanced and refractory SLE patients suﬀered
from multiple system dysfunction, it is doubtful that the
delayed infection events were caused by MSC treatment
[37]. An observational study demonstrated that mortality of
severe SLE patients after transplantation mainly included
original disease, transplant-related complications, and infections [41]. The transplant-related mortality was mainly
caused by the transplant centers’ lack of experience and the
severity of disease [41]. As for child-bearing SLE patients,
MSC therapy reduced the activity of lupus and risk of pregnancy complications. MSC therapy also improved the fetal
outcome when compared with traditional treatment [42].
1.3. Eﬀect of MSCs on Inﬂammatory Factors and Potential
Signaling Pathways of MSCs in SLE. MSC therapy was considered an appropriate treatment for autoimmune diseases
like SLE, because MSCs exhibit immunosuppressive potential
only in an inﬂammatory environment [43]. MSCs promote
anti-inﬂammatory actions and inhibit proinﬂammatory progression in SLE and regulate the imbalance of the inﬂammatory response [44]. Monocyte chemoattractant protein-1
(MCP-1) and high-mobility group box chromosomal protein
1 (HMGB-1) are proinﬂammatory cytokines that are correlated with renal pathogenesis in SLE [45]. MSCs can reduce
the overexpression of MCP-1 and HMGB-1 mRNA and
decrease the serum and urine level of these two proinﬂammatory cytokines to delay the kidney damage [45].
Furthermore, Choi et al. [46] found that MSC transplantation increased serum levels of interleukin-4 (IL-4) and
interleukin-10 (IL-10) when compared with the control
group. The study revealed that the anti-inﬂammatory action
and the regulation of the T cell subset ratio by MSCs relied on
hypoxia-inducible factor 1α (HIF-1α) and mammalian target
of rapamycin (mTOR) [43]. mTOR and HIF-1α play a critical role in regulating cell growth and proliferation (e.g., Th17
cells), which are related to the abnormal development of T
cells in lupus mice and SLE patients [43]. The Th17 cells promote an inﬂammatory response by secreting interleukin-17
(IL-17) [12, 47]. MSCs modulate the proportion of Th17 cells
by cell-cell contact [47]. IL-17 is a proinﬂammatory agent
that inﬁltrates glomeruli and causes the destruction of renal
tissue in part [43]. IL-17 can also promote various cells to
secrete inﬂammatory cytokines [12]. It has been suggested
that ADMSC treatment inhibits the mTOR pathway and
the expression of HIF-1α, as well as the expansion of Th17
cells. Thus, the secretion of IL-17 by Th17 cells is decreased
in the lupus kidney, which reduces the progression of lupus
[43]. Moreover, MSCs also downregulate Th17 cells and
IL-17 to suppress the inﬂammatory response by secreting
several cytokines, including IL-10, prostaglandin E2
(PGE2), and TGF-β [12]. TFN-γ, which exists in the internal
environment of lupus mice, upregulates the secretion of these
cytokines. These cytokines play an important role in reduc-
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ing Th17 cell diﬀerentiation and proliferation directly or
indirectly [12]. In contrast, interleukin-23 (IL-23) plays a
crucial role in Th17 cell diﬀerentiation and function [47].
ADMSC downregulates the expression of IL-23 mRNA level,
thereby reducing the level of IL-23 [47]. MSC therapy promotes the apoptosis of abnormal T cells in lupus and regulates the number of Th1 and Th2 cells [11]. Imbalance of
Th1 and Th2 cells has been observed in SLE patients and
mouse models of lupus [44]. Th1 cells are proinﬂammatory
cells that produce interferon-γ (IFN-γ) and IL-2, whereas
Th2 cells are anti-inﬂammatory cells that produce IL-4,
IL-5, IL-6, and IL-10 [23, 44]. MSCs decrease Th1 proinﬂammatory cytokines and increase Th2 anti-inﬂammatory
cytokines [44]. They also reduce other inﬂammatory cytokines such as tumor necrosis factor-α (TNF-α) and IL-12,
which play a role in the proinﬂammatory response and inhibition of Th2 cells [44]. T follicular helper (Tfh) cells are a
subtype of CD4+ T helper cells that contribute to the pathogenesis and symptoms of SLE [20]. The increased proportion
of Tfh cells was observed in lupus mice and SLE patients [13,
20]. The overactivation of Tfh cells in SLE results in the overexpression of C-X-C chemokine receptor 4, programmed cell
death-1, and interleukin-21. These molecules inﬂuence the
diﬀerentiation of B cells [20]. Studies show that MSCs
downregulate the percentage of Tfh cells [19] through
inhibiting the Tfh cell proliferation and diﬀerentiation of
naïve T cells [20] and decreasing their circulating precursors [13]. The inhibition of Tfh cells is mediated by iNOS.
The activation of iNOS involves the nuclear factor kappaB (NF-κB), STAT, and Akt signaling pathways via direct
cell-to-cell contract of MSCs and CD4+ T cells [20]. Tfh
cells have the capacity to develop long-lived plasma cells.
Long-lived plasma cells exist in an inﬂammatory environment and cause prolonged destruction of organs, which
makes SLE symptoms diﬃcult to ease. Thus, the reduction
of Tfh cells can lead to a reduction in long-lived plasma
cells [13].
The abnormal activation of the complement system and
deposition of immune complexes also promote the progression of lupus nephritis. C3 and C5 are important molecules
of the complement system [18]. Ma et al. demonstrated that
MSCs inhibit the activation of C5 by secreting factor H
(FH) [18]. The IFN-α, produced by SLE cells, promotes FH
secretion by MSCs. FH suppresses the activation of C5 by
the cleavage of C3 and competitive combination with activators of the classical pathway. Tolerogenic regulatory T cells
(Tregs), a special subtype of CD4+ T cells, which can suppress immune responses and proinﬂammatory cytokine
production, are reduced in SLE. Many studies have demonstrated that MSCs can upregulate Treg cells to modulate
excessive autoimmunity [16, 21, 46, 48, 49]. Furthermore,
MSCs increase the Treg cells of SLE patients via secreting soluble human leukocyte antigen-G (sHLA-G), a nonclassical
HLA class I molecule that is involved in immunosuppression
(Figure 1) [48].
Stem cell therapy for SLE is associated with signaling
pathways such as the NF-κB [15], STAT [39], and
Akt/GSK3β signaling pathways [22], which are related to
the synthesis of downstream inﬂammatory mediators [15]
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Over-autoimmunity
Kidney damage

Figure 1: Eﬀect of MSCs on cytokine production in systemic lupus erythematosus.

and the regulation of T cells, including Th1, Th2, Treg, and
Tfh cells [20, 22, 50].
NF-κB is a transcription factor for many inﬂammatory
cytokines. NF-κB can eﬃciently induce the expression of
inﬂammatory cytokines (IL-1, IL-6, and TNF-α), adhesion
molecules (vascular cell adhesion molecule-1 (VCAM-1);
intercellular cell adhesion molecule-1 (ICAM-1)), chemokines, and inﬂammatory enzymes (iNOS, COX-2). It has
been demonstrated that the inﬂammatory microenvironment of SLE patients with lupus nephritis increases NF-κB
expression in the glomerular endothelial and mesangial cells,
and overexpression of NF-κB could induce expression of
inﬂammatory cytokines, chemokines, adhesion molecules,
and inﬂammatory enzymes in turn, causing a vicious cycle
[15]. MRL/lpr mice were treated with human placentaderived mesenchymal stem cells (pMSCs) to reduce NF-κB
mRNA and the protein level of phospho-NF-κB p65 and
their protein synthesis and to further downregulate NF-κB
signaling pathway activation. Thus, the expression of downstream TNF-α, plasminogen activator inhibitor-1 (PAI-1), and
ICAM-1 decreases in MRL/lpr mouse kidneys [15]. PAI-1 is a
proinﬂammatory cytokine that is related to a hypercoagulable
state of blood and causes glomerular microthrombi. Therefore,
MSC treatment could suppress abnormal NF-κB signal pathway activation to reduce the inﬂammatory microenvironment
and ameliorate lupus symptoms.
CD1c+ DCs are a subset of dendritic cells that can suppress the proliferation and diﬀerentiation of T cells and regulate T regulatory cells and Th2 cells in an IL-10-dependent
manner in various organs such as the liver. Research shows
that speciﬁc CD1c+ DCs might play an important role in

ameliorating immune dysfunction of SLE patients [39]. The
number of CD1c+ DCs is negatively correlated with the
activity and severity. UC-MSC transplantation therapy can
upregulate CD1c+ DC numbers through FLT3L (Fmsrelated tyrosine kinase 3-ligand), a regulator that binds to
FLT3 to stimulate DC proliferation. Lupus CD8+ T cells produce IFN-γ, and this cytokine enhances the expression of
FLT3L, in MSCs, in a manner that is mediated by the JAK/STAT signaling pathway. AG490 inhibits the JAK/STAT signaling pathway, causing the number of CD1c+ DCs as well as
the expression of FLT3L to decrease [39].
STAT3 is a protein that is encoded by a gene on chromosome 17 and contributes to Tfh cell diﬀerentiation. It is demonstrated that BMMSCs can inhibit the gene expression and
phosphorylation of STAT3 to prevent naïve T cells from diﬀerentiating to Tfh cells [50]. Recent research has also found that
abnormal proliferation and activation of autoreactive T cells
play an important role in the development of SLE [20, 22, 43].
High-dose MSC transplantation can suppress the activation of lupus T cells through the Akt/GSK3β signaling pathway to further modulate the immune disorder and ameliorate
SLE abnormalities [22]. PI3K is the major upstream molecule
that activates Akt to inﬂuence diverse downstream targets
such as GSK3β, mTOR, and p2, which can regulate the cell
cycle [22]. In MRL/lpr mice, activation of the
PI3K/Akt/GSK3β signaling axis is prevented and lupus T
cells accumulate in G0/G1 while the number of S phase T
cells decreases. This suggests that MSC treatment inﬂuences
lupus T cells by increasing the activity of p27Kip1 and
p21WAF1/CIP1 and decreasing the activity of CDK2, which is
a cyclin-dependent kinase associated with the cell cycle
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Figure 2: Stem cell therapy inﬂuences abnormal activation of signal pathways in systemic lupus erythematosus.

progression through G1. This study reveals that high-dose
MSC treatment has a negative eﬀect on cell growth of lupus
T lymphocytes and could inhibit G1/S transition of abnormal
T cells via inhibition of the PI3K/Akt/GSK3β signaling pathway in the abnormal T cells [22]. The mTOR is a downstream target of Akt, and it increases the HIF-1α protein
level by promoting HIF-1α mRNA transcription. HIF-1α
plays an important role in Th17 cell diﬀerentiation and IL17 expression. It acts on its target cytokines as well as monocarboxylic acid transporter member 4 and glucose transporter 1 and various glycolytic enzymes to regulate aerobic
glycolysis in Th17 cells. The suppression of Akt indirectly
decreases the expression of mTOR and HIF-1α, thereby
reducing Th17 cells and IL-17 in glomeruli and tubules, supporting the model that MSC treatment suppresses the activation of the Akt/mTOR/HIF-1α/Th17 pathway to modulate
immune abnormality in SLE (Figure 2) [43].

2. Conclusions
Stem cell transplantation treatment has been studied as an
alternative therapy for autoimmune disease in recent years.
Traditional therapy has little eﬀect on refractory SLE patients
and has accumulating drug toxicity, as well as causing drug
complications. Stem cell therapy decreases the level of serum
autoantibodies (anti-dsDNA, ANA), proteinuria, and Cr and
improves lupus renal pathology and reduces the inﬂammatory
response in SLE patients, as well as animal models. There are
no serious adverse events, treatment-related mortality, or
tumor-related events in SLE patients after stem cell treatment.
MSCs can inhibit inﬂammatory factors, such as MCP-1 and
HMGB-1, and inhibit activation of the NF-κB, JAK/STAT,
and Akt/GSK3β signaling pathways to alleviate the lesions in
SLE. In addition to the studies above, the diﬀerent eﬀects of
diﬀerent types of stem cells need to be studied in the future.

Stem Cells International

7

Data Availability
Data sharing is not applicable to this article, as no datasets
were generated or analyzed during the current study.

Conflicts of Interest

[9]

[10]

The authors declare that they have no competing interests.

Authors’ Contributions
QY looked up a lot of pertinent papers and wrote the manuscript. YL, GC, and WZ reviewed and checked the article. ST
and TZ modiﬁed and polished the article and reviewed the
article. The authors have read and approved the ﬁnal manuscript. Qian Yang and Yiping Liu should be regarded as joint
ﬁrst authors.

[11]

Acknowledgments

[13]

This review is supported by 2020 Li Ka Shing Foundation
Cross-Disciplinary Research Grant (2020LKSFG18B and
2020LKSFG02E) and the grant for the Key Disciplinary Project of Clinical Medicine under the Guangdong High-Level
University Development Program (002-18120314, 00218120311).

References
[1] C. M. Ramkissoon, A. Güemes, and J. Vehi, “Overview of therapeutic applications of non-invasive vagus nerve stimulation: a
motivation for novel treatments for systemic lupus erythematosus,” Bioelectronic Medicine, vol. 7, no. 1, p. 8, 2021.
[2] K. Oku, L. Hamijoyo, N. Kasitanon et al., “Prevention of infective complications in systemic lupus erythematosus: a systematic literature review for the APLAR consensus statements,”
International Journal of Rheumatic Diseases, vol. 24, no. 7,
pp. 880–895, 2021.
[3] E. E. Cooper, C. E. Pisano, and S. C. Shapiro, “Cutaneous manifestations of “lupus”: systemic lupus erythematosus and
beyond,” International Journal of Rheumatology, vol. 2021,
Article ID 6610509, 19 pages, 2021.
[4] S. A. Ganu, A. J. Mathew, A. Nadaraj, L. Jeyaseelan, and
D. Danda, “Cotrimoxazole prophylaxis prevents major infective episodes in patients with systemic lupus erythematosus
on immunosuppressants: a non-concurrent cohort study,”
Lupus, vol. 30, no. 6, pp. 893–900, 2021.
[5] T. Zhou, S. Lin, S. Yang, and W. Lin, “Eﬃcacy and safety of
tacrolimus in induction therapy of patients with lupus nephritis,” Drug Design, Development and Therapy, vol. Volume 13,
pp. 857–869, 2019.
[6] Z. Zhong, H. Li, H. Zhong, and T. Zhou, “Clinical eﬃcacy and
safety of rituximab in lupus nephritis,” Drug Design, Development and Therapy, vol. Volume 13, pp. 845–856, 2019.
[7] T. Zhou, X. Zhang, W. Lin, and S. Lin, “Multitarget therapy: an
eﬀective and safe therapeutic regimen for lupus nephritis,”
Journal of Pharmacy & Pharmaceutical Sciences, vol. 22,
no. 1, pp. 365–375, 2019.
[8] T. Zhou, H. Y. Li, C. Liao, W. Lin, and S. Lin, “Clinical eﬃcacy
and safety of mesenchymal stem cells for systemic lupus ery-

[12]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

thematosus,” Stem Cells International, vol. 2020, Article ID
6518508, 11 pages, 2020.
S. Lin, W. Lin, C. Liao, and T. Zhou, “Nephroprotective eﬀect
of mesenchymal stem cell-based therapy of kidney disease
induced by toxicants,” Stem Cells International, vol. 2020,
Article ID 8819757, 12 pages, 2020.
E. W. Choi, M. Lee, J. W. Song, I. S. Shin, and S. J. Kim, “Mesenchymal stem cell transplantation can restore lupus diseaseassociated miRNA expression and Th1/Th2 ratios in a murine
model of SLE,” Scientiﬁc Reports, vol. 6, no. 1, article 38237,
2016.
S. Huang, S. Wu, Z. Zhang et al., “Mesenchymal stem cells
induced CD4+ T cell apoptosis in treatment of lupus mice,”
Biochemical and Biophysical Research Communications,
vol. 507, no. 1-4, pp. 30–35, 2018.
L. Yuan, Z. T. Xiao, X. Z. Huang, M. J. Wu, H. Shi, and A. F. Liu,
“Human embryonic mesenchymal stem cells alleviate pathologic changes of MRL/Lpr mice by regulating Th7 cell diﬀerentiation,” Renal Failure, vol. 38, no. 9, pp. 1432–1440, 2016.
E. Jang, M. Jeong, S. Kim et al., “Infusion of human bone
marrow-derived mesenchymal stem cells alleviates autoimmune nephritis in a lupus model by suppressing follicular
helper T-cell development,” Cell Transplantation, vol. 25,
no. 1, pp. 1–15, 2016.
X. Li, D. Wang, J. Liang, H. Zhang, and L. Sun, “Mesenchymal
SCT ameliorates refractory cytopenia in patients with systemic
lupus erythematosus,” Bone Marrow Transplantation, vol. 48,
no. 4, pp. 544–550, 2013.
J. Liu, X. Lu, Y. Lou et al., “Xenogeneic transplantation of
human placenta-derived mesenchymal stem cells alleviates
renal injury and reduces inﬂammation in a mouse model of
lupus nephritis,” BioMed Research International, vol. 2019,
Article ID 9370919, 11 pages, 2019.
G. P. Ruan, X. Yao, S. J. Yang et al., “Transplanted human
umbilical cord mesenchymal stem cells facilitate lesion repair
in B6.Fas mice,” Journal of Immunology Research, vol. 2014,
Article ID 530501, 13 pages, 2014.
S. Smith-Berdan, D. Gille, I. L. Weissman, and J. L. Christensen, “Reversal of autoimmune disease in lupus-prone New
Zealand black/New Zealand white mice by nonmyeloablative
transplantation of puriﬁed allogeneic hematopoietic stem
cells,” Blood, vol. 110, no. 4, pp. 1370–1378, 2007.
H. Ma, C. Liu, B. Shi et al., “Mesenchymal stem cells control
complement C5 activation by factor H in lupus nephritis,”
eBioMedicine, vol. 32, pp. 21–30, 2018.
W. Zhang, Y. L. Feng, C. Y. Pang, F. A. Lu, and Y. F. Wang,
“Transplantation of adipose tissue-derived stem cells ameliorates autoimmune pathogenesis in MRL/lpr mice: modulation
of the balance between Th17 and Treg,” Zeitschrift für Rheumatologie, vol. 78, no. 1, pp. 82–88, 2019.
Z. Zhang, R. Feng, L. Niu et al., “Human umbilical cord mesenchymal stem cells inhibit T follicular helper cell expansion
through the activation of iNOS in lupus-prone B6.MRL-Faslpr
mice,” Cell Transplantation, vol. 26, no. 6, pp. 1031–1042, 2017.
L. Sun, K. Akiyama, H. Zhang et al., “Mesenchymal stem cell
transplantation reverses multiorgan dysfunction in systemic
lupus erythematosus mice and humans,” Stem Cells, vol. 27,
no. 6, pp. 1421–1432, 2009.
S. Ji, Q. Guo, Y. Han, G. Tan, Y. Luo, and F. Zeng, “Mesenchymal stem cell transplantation inhibits abnormal activation of
Akt/GSK3β signaling pathway in T cells from systemic lupus

8

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Stem Cells International
erythematosus mice,” Cellular Physiology and Biochemistry:
International Journal of Experimental Cellular Physiology, Biochemistry, and Pharmacology, vol. 29, no. 5-6, pp. 705–712,
2012.
K. Zhou, H. Zhang, O. Jin et al., “Transplantation of human
bone marrow mesenchymal stem cell ameliorates the autoimmune pathogenesis in MRL/lpr mice,” Cellular & Molecular
Immunology, vol. 5, no. 6, pp. 417–424, 2008.
J. Barbado, S. Tabera, A. Sánchez, and J. García-Sancho,
“Therapeutic potential of allogeneic mesenchymal stromal
cells transplantation for lupus nephritis,” Lupus, vol. 27,
no. 13, pp. 2161–2165, 2018.
X. M. Leng, Y. Jiang, D. B. Zhou et al., “Good outcome of
severe lupus patients with high-dose immunosuppressive therapy and autologous peripheral blood stem cell transplantation:
a 10-year follow-up study,” Clinical and Experimental Rheumatology, vol. 35, no. 3, pp. 494–499, 2017.
J. Liang, H. Zhang, B. Hua et al., “Allogenic mesenchymal stem
cells transplantation in refractory systemic lupus erythematosus: a pilot clinical study,” Annals of the Rheumatic Diseases,
vol. 69, no. 8, pp. 1423–1429, 2010.
L. Fouillard, N. C. Gorin, J. P. Laporte, A. Leon, J. F. Brantus,
and P. Miossec, “Control of severe systemic lupus erythematosus after high-dose immunusuppressive therapy and transplantation of CD34+ puriﬁed autologous stem cells from
peripheral blood,” Lupus, vol. 8, no. 4, pp. 320–323, 1999.
A. E. Traynor, W. G. Barr, R. M. Rosa et al., “Hematopoietic
stem cell transplantation for severe and refractory lupus. Analysis after ﬁve years and ﬁfteen patients,” Arthritis and Rheumatism, vol. 46, no. 11, pp. 2917–2923, 2002.
O. Rosen, A. Thiel, G. Massenkeil et al., “Autologous stem-cell
transplantation in refractory autoimmune diseases after
in vivo immunoablation and ex vivo depletion of mononuclear
cells,” Arthritis Research, vol. 2, no. 4, pp. 327–336, 2000.
H. Wada, K. Terasako, Y. Kamiya et al., “Immune recovery after
autologous PBSC transplantation without_in vitro_graft manipulation for refractory systemic lupus erythematosus,” Bone Marrow Transplantation, vol. 46, no. 11, pp. 1450–1454, 2011.
E. Trysberg, I. Lindgren, and A. Tarkowski, “Autologous stem
cell transplantation in a case of treatment resistant central nervous system lupus,” Annals of the Rheumatic Diseases, vol. 59,
no. 3, pp. 236–238, 2000.
A. M. Marmont, F. Gualandi, M. T. van Lint, C. Guastoni, and
A. Bacigalupo, “Long term complete remission of severe
nephrotic syndrome secondary to diﬀuse global (IV-G) lupus
nephritis following autologous, haematopoietic peripheral
stem (CD34+) cell transplantation,” Lupus, vol. 15, no. 1,
pp. 44–46, 2006.
Y. Yang, Y. Zhao, L. Zhang, F. Zhang, and L. Li, “The application of mesenchymal stem cells in the treatment of liver diseases: mechanism, eﬃcacy, and safety issues,” Frontiers in
Medicine, vol. 8, p. 655268, 2021.
Y. Li, F. Wang, H. Liang et al., “Eﬃcacy of mesenchymal stem
cell transplantation therapy for type 1 and type 2 diabetes mellitus: a meta-analysis,” Stem Cell Research & Therapy, vol. 12,
no. 1, p. 273, 2021.
M. Schiess, J. Suescun, M. F. Doursout et al., “Allogeneic bone
marrow-derived mesenchymal stem cell safety in idiopathic
Parkinson's disease,” Movement Disorders, 2021.
D. Wang, L. Niu, X. Feng et al., “Long-term safety of umbilical
cord mesenchymal stem cells transplantation for systemic

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

lupus erythematosus: a 6-year follow-up study,” Clinical and
Experimental Medicine, vol. 17, no. 3, pp. 333–340, 2017.
D. Talaulikar, K. E. Tymms, I. Prosser, and R. Smith,
“Autologous peripheral blood stem cell transplantation with
in vivo T-cell depletion for life threatening refractory systemic
lupus erythematosus,” Lupus, vol. 14, no. 2, pp. 159–163, 2005.
F. Gualandi, B. Bruno, M. T. Van Lint et al., “Autologous stem
cell transplantation for severe autoimmune diseases: a 10-year
experience,” Annals of the New York Academy of Sciences,
vol. 1110, no. 1, pp. 455–464, 2007.
X. Yuan, X. Qin, D. Wang et al., “Mesenchymal stem cell therapy induces FLT3L and CD1c+ dendritic cells in systemic
lupus erythematosus patients,” Nature Communications,
vol. 10, no. 1, p. 2498, 2019.
D. Wang, H. Zhang, J. Liang et al., “A long-term follow-up
study of allogeneic mesenchymal stem/stromal cell transplantation in patients with drug-resistant systemic lupus erythematosus,” Stem Cell Reports, vol. 10, no. 3, pp. 933–941, 2018.
D. Farge, M. Labopin, A. Tyndall et al., “Autologous hematopoietic stem cell transplantation for autoimmune diseases: an
observational study on 12 years' experience from the European
Group for Blood and Marrow Transplantation Working Party
on Autoimmune Diseases,” Haematologica, vol. 95, no. 2,
pp. 284–292, 2010.
J. Meng, J. Wang, W. Liang, S. Qin, and C. Wu, “Long-term
remission after successful pregnancy in autologous peripheral
blood stem cell transplanted system lupus erythematosus
patients,” Rheumatology International, vol. 31, no. 5,
pp. 691–694, 2011.
S. Wei, S. Xie, Z. Yang et al., “Allogeneic adipose-derived stem
cells suppress mTORC1 pathway in a murine model of systemic lupus erythematosus,” Lupus, vol. 28, no. 2, pp. 199–
209, 2019.
J. W. Chang, S. P. Hung, H. H. Wu et al., “Therapeutic eﬀects
of umbilical cord blood-derived mesenchymal stem cell transplantation in experimental lupus nephritis,” Cell Transplantation, vol. 20, no. 2, pp. 245–258, 2011.
Z. Gu, K. Akiyama, X. Ma et al., “Transplantation of umbilical cord mesenchymal stem cells alleviates lupus nephritis
in MRL/lpr mice,” Lupus, vol. 19, no. 13, pp. 1502–1514,
2010.
E. W. Choi, I. S. Shin, S. Y. Park et al., “Reversal of serologic,
immunologic, and histologic dysfunction in mice with systemic lupus erythematosus by long-term serial adipose
tissue-derived mesenchymal stem cell transplantation,”
Arthritis and Rheumatism, vol. 64, no. 1, pp. 243–253, 2012.
K. Lai, K. Zeng, F. Zeng, J. Wei, and G. Tan, “Allogeneic
adipose-derived stem cells suppress Th17 lymphocytes in
patients with active lupus in vitro,” Acta Biochimica et Biophysica Sinica, vol. 43, no. 10, pp. 805–812, 2011.
C. Chen, J. Liang, G. Yao et al., “Mesenchymal stem cells upregulate Treg cells via sHLA-G in SLE patients,” International
Immunopharmacology, vol. 44, pp. 234–241, 2017.
F. Carrion, E. Nova, C. Ruiz et al., “Autologous mesenchymal
stem cell treatment increased T regulatory cells with no eﬀect
on disease activity in two systemic lupus erythematosus
patients,” Lupus, vol. 19, no. 3, pp. 317–322, 2010.
X. Yang, J. Yang, X. Li, W. Ma, and H. Zou, “Bone
marrow-derived mesenchymal stem cells inhibit T follicular
helper cell in lupus-prone mice,” Lupus, vol. 27, no. 1,
pp. 49–59, 2018.

