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Lupus nephritis (LN), a common manifestation of systemic lupus erythematosus (SLE),
accounts for significant morbidity and mortality in SLE patients. Since the available standard
therapies and biologic agents for LN are yet to achieve the desired response and have con-
siderable secondary effects, stem cell therapy has now emerged as a new approach. This
therapy involves the transplantation of hematopoietic stem cells (HSCs) and mesenchymal
stem cells (MSCs). Our current review will highlight the progress of stem cell therapy for LN,
along with the challenges encountered and the future direction of this approach. Lupus
(2018) 0, 1–17.
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Introduction

Systemic lupus erythematosus (SLE) is an auto-
immune disease with multi-organ manifestations
due to the widespread deposition of immune com-
plexes. It accounts for 81–129 cases per 100,000
people annually in the United States1,2 and ranges
from 30 to 50 cases per 100,000 people in Asia.3

SLE predominantly affects women of childbearing
age, with 6–10-fold higher prevalence in females
than in males.4

Renal involvement in SLE, manifested as lupus
nephritis (LN), occurs in 60% of cases and correl-
ates with a higher mortality rate.5 Despite low
prevalence in pediatric patients, SLE commonly
presents with a wider range of systemic manifest-
ations, so such patients are at risk for a poor prog-
nosis and worse survival rate.6 Approximately
50–75% of pediatric SLE patients suffer from
LN, with renal manifestations appearing within
two years after the diagnosis in 90% of patients.7

Therefore, pediatric patients may receive the most
benefit from aggressive treatment for LN.

Corticosteroid and immunosuppressive regimens
are the standard therapy for LN patients.8

However, despite the aggressive regimen, 20% of
patients do not respond to these medications.9

A brief summary of current available pharmaco-
logic therapies of LN is presented in Table 1.
Since those studies did not use the same definition
of complete response, the response and failure
rates in Table 1 could not be compared directly.
Long-term consumption of certain types of
these immunosuppressive agents may lead to
ovarian failure, serious infection, and secondary
malignancy.22,23

Newer drugs have been developed to suppress
B-cell activity, such as rituximab, a monoclonal
antibody to human cluster of differentiation
(CD)20 of B cells, and belimumab, a B-lymphocyte
activating factor inhibitor.24 Belimumab targets
B-cell-activating factor (BAFF) and was approved
as the first biologic agent for SLE treatment by the
Food and Drug Administration (FDA) in 2011.25

However, a phase III trial of belimumab revealed
that fewer than 45% patients with SLE showed
clinical response.18 In clinical practice, the use of
biologic agents is currently limited due to their
high cost.26
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The need for more effective therapy is becoming
a big concern, as a considerable number of SLE
patients will develop end-stage renal disease.27

Interest has grown during the past few years in
developing stem cell transplantation for LN.
This review will highlight the pathogenesis of LN,
followed by the application of stem cells in LN to
date. The future prospects of stem cell transplant-
ation for LN will also be discussed.

Pathogenesis of LN: the challenge to overcome

The production of autoantibodies

Recognition of self-antigen leads to the activation of
naı̈ve CD4þ T cells, which, in turn, differentiate into
T follicular helper (Tfh) cells, which later migrate
into the germinal center28 to assist in differentiation
of B cells and production of autoantibodies.29

Autoreactive B cells in SLE are able to pass through
the tolerance checkpoint in the germinal center.30

BAFF regulates the maturation of B cells and
serves as an important factor that allows the survival
of long-lived plasma cells in the bone marrow.31

Upon B cells’ differentiation, plasmoblasts migrate
into the bone marrow or inflamed tissue to undergo
further maturation into immunosuppressive ther-
apy-resistant long-lived plasma cells.

Regulatory T (Treg) cells maintain immune
homeostasis, and administration of thymic-derived

Treg cells into lupus-prone mice was shown to sup-
press LN.32 Treg cells express transcription factor
FoxP3 to control their development and function
following its release, so any functional defect in
the FoxP3 gene may result in disturbance of Treg
generation.33,34

The involvement of cytokines

The pathogenesis of LN involves imbalance
between T helper (Th)1 and Th2 cell-related cyto-
kines. Th1 predominance is associated with up-reg-
ulation of interleukin (IL)-18, which leads to
disease acceleration.35,36 CD4þ T cells’ differenti-
ation in SLE with compensated renal function is
skewed in the Th2 direction, whereas those with
end-stage renal disease undergoing hemodialysis
show a predominance of Th1 cell-related cyto-
kines.37 Th17 in LN produces IL-17, contributing
to the inflammatory condition.23 Tumor necrosis
factor (TNF)-a up-regulates IL-6 and acts as a
growth factor for B lymphocytes via an autocrine
loop.38 IL-6 promotes B and T cells’ differentiation
into immunoglobulin-producing and effector cells,
respectively.

The progressive nature of LN is associated with
increased expression of glomerular monocyte
chemoattractant protein (MCP)-1,39 which acts as
a chemoattractant for monocytes, T cells, and nat-
ural killer (NK) cells in response to inflammatory
cytokines. High-mobility group box 1 (HMGB1), a

Table 1 Current available therapeutic agents for LN

Agents Response rate Survival rate Failure rate Common side effects Phase

Azathioprine
(AZA)10–12

48.3% 99% 32.4% Teratogenic, infection, gastro
intestinal and hematological
side effects

Maintenance

Cyclophosphamide
(CYC)13–15

62%;
in regard to the
dose: 71% (low
dose) vs. 54%
(high dose)
(not statistically
significant)

90% 43%; in regard to the
dose: 16% (low dose)
vs. 20% (high dose)
(not statistically
significant)

Teratogenic, premature ovarian
failure, severe infections,
amenorrhea, infertility,
cytopenias and opportunistic
infections such as herpes zoster

Induction and
maintenance

Mycophenolate mofe-
til (MMF) 10,16,17

56.2% 95.1% 16.4% Teratogenic, viral infection of the
upper respiratory tract, gastro-
intestinal and hematological
side effects, hepatotoxicity

Induction and
maintenance

Belimumab18,19 41.5% (low dose)
51.5% (high dose)

99.3% (low dose)
99% (high dose)

NA Infection, laboratory abnormal-
ities, malignancies

Added to standard
therapy

Rituximab20 56.9% 97.3% NA Infection, neutropenia,
hypotension

Added to MMF and
corticosteroids

Abatacept21 33% (complete
response),

59% (complete or
partial response)

NA NA Headache, upper respiratory tract
infection, sore throat, and
nausea

Added to regimen of
low-dose CYC
followed by AZA
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non-histone protein with proinflammatory proper-
ties, mediates DNA-containing immune complex to
stimulate toll-like receptor-9, which later contrib-
utes to the activation of dendritic and B cells.40

HMGB1 antibodies in SLE are shown to be corre-
lated with disease activity.41

The insult to renal tissues

Glomerular pathology remains a predominant fea-
ture of LN.42 An animal model of lupus exhibits
glomerular basal membrane disorder, proliferation
of mesangial cells, complement C3 and IgG depos-
ition, and CD3þ cell infiltration.43 The initiation of
an inflammatory reaction, and subsequent glom-
erular injury, is facilitated by the activation and
proliferation of mesangium that releases proinflam-
matory substances, such as prostaglandins, oxi-
dants, and proteases.44

Potential sources of stem cells for LN

Hematopoietic stem cells

Hematopoietic stem cells (HSCs) can be harvested
from bone marrow, umbilical cord blood, or per-
ipheral blood. Some studies showed clinical advan-
tages of HSC injection for lupus patients,45,46 yet
secondary autoimmune disorders may arise after
the infusion of HSCs.47

Results from clinical studies
Starting from 1997, autologous HSC transplant-
ation has become an alternative therapy for severe
or refractory lupus.48 The European Group for
Blood and Marrow Transplantation considers
severe and refractory SLE as one of indications
for HSC transplantation.49 Several parameters
have been utilized to evaluate and monitor the
effect of stem cell therapies for lupus patients,
such as the SLE Disease Activity Index
(SLEDAI) and the British Isles Lupus Assessment
Group (BILAG) score.

Here, we discuss some clinical trials with LN
patients as a subset of SLE subjects. The age of
the patients recruited in the trials ranged between
6 and 53 years old. Different doses of peripheral
blood-derived HSCs were introduced in the clinical
trials (Table 2). Following mobilization using
cyclophosphamide and granulocyte colony-stimu-
lating factor, HSCs were harvested and then puri-
fied to select cells expressing CD34þ, a surface
marker of undifferentiated HSCs. CD34þ cells
were injected with a range of 1.4–27 � 106 cells/kg T
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body weight. The injection of autologous HSCs
into lupus patients was able to decrease the titer
of antinuclear antibodies (ANA), anti-dsDNA anti-
bodies, and anti-Sm antibodies, reduce proteinuria,
and normalize the serum level of C3 and C4.55

Although autologous HSCs could induce remis-
sion in patients with refractory SLE, the mortality
rate related to the treatment should be taken into
account.52 Life-threatening events were reported,
the majority of which were due to infection, throm-
botic thrombocytopenic purpura, gastrointestinal
bleeding, secondary leukemia, and post-transplant
lymphoproliferative disorder associated with
Epstein–Barr viremia. This study suggested that
careful selection of SLE patients treated with
HSCs might prevent the high mortality rate due to
the treatment procedure.54

Another study involving 50 lupus patients
reported one death after stem cell mobilization
caused by disseminated mucomycosis before the
start of HSC transplantation.53 Other complica-
tions were reported, including infection during
either HSC mobilization or transplantation or
after hospital discharge, lung complication that
required intubation or oxygen supplementation,
or secondary autoimmune complications, including
factor VIII deficiency and idiopathic thrombocyto-
penic purpura.

Injection of autologous HSCs into pediatric
patients resulted in non-lethal infection, which
occurred in four out of five patients with LN.
Three of these infections were caused by cyto-
megalovirus infection and one by mixed infection
with cytomegalovirus and Epstein–Barr virus.6

Autologous HSC transplantation without in vitro
graft manipulation was shown to be successful in
resetting the impaired immune system, although a
large number of T cells were included in the
injection.56

As well as autologous HSCs, allogeneic HSCs
were also investigated for treating lupus.
Allogeneic HSC transplantation performed in 27
SLE patients demonstrated a disease-free period
of 7.35 (range, 2.1–12.7) months.57 Although the
use of allogeneic HSCs provided 75% response
rate among patients with autoimmune diseases,
treatment-related mortality was still high (20%).58

The reported mortality did not differ between
hematological and non-hematological autoimmune
diseases or among patients of different ages or
those with different donor sources.

Possible mechanisms
The administration of HSCs is commonly preceded
by a conditioning regimen, such as with

cyclophosphamide or antithymocyte globulin.49

These regimens are expected to immune-ablate the
existing immune component in SLE patients;
accordingly, injection of either autologous or allo-
geneic HSCs can restart the immune system.
Autologous HSCs decreased the number of CD4þ

and CD19þ cells.6 Moreover, a marker of T-cell
activation, CD69, was found to be decreased or
normal.50 Yet, disease flare might occur after
autologous HSC infusion, related to the expression
of interferon regulatory factor (IRF)-7, which regu-
lates the response of type I interferon (IFN).59

Because autologous HSCs may be beneficial for
selected patients with LN, but not for others, allo-
geneic HSCs then emerged as an alternative.
Allogeneic HSCs are considered not only to reset
but also to replace the defective immune system in
LN.49 Nonetheless, existing evidence shows high
treatment-related mortality for allogeneic HSC
transplantation (22.1% at two years).58

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) can be obtained
from bone marrow (the non-hematopoietic compo-
nent), umbilical cord, umbilical cord blood, adipose
tissue, or embryonic tissue.

Results from preclinical studies
Table 3 presents several preclinical studies of MSC
application in lupus-prone mice. Preclinical studies
of MSCs commonly take cells from passage 4 of
cell culture, which have undergone approximately
10 population doublings.77 The cell number of
MSCs injected in the lupus mice model shows vari-
ation among published preclinical studies, with the
vast majority transplanting as many as 1� 106

cells/animal. The search for the optimal dose is of
pivotal importance, as increasing the dose, for
instance to 1.25� 106 cells/animal, did not show
any greater effect.63 Regarding the administration
route, almost all MSCs were injected into mice
intravenously via the tail vein; one study intro-
duced MSCs retro-orbitally via the venous sinus,
and one study administered them intraperitoneally.

While most studies elucidated MSCs’ ability to
ameliorate LN, two studies presented conflicting
results. Schena et al. injected bone marrow-MSCs
(BM-MSCs) via the tail vein in the lupus mice
model and reported no improvement of protein-
uria. A rationale for this result is due to the old
passage (P20–25) used in the experiment.63 Old
MSCs lose their function sooner than young
ones,78 and extended in vitro culture impairs
homing.79 Therefore, limited in vitro expansion is
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Table 3 Examples of in vivo studies using MSCs to treat LN

Reference Species MSC source

Number of
cells injected/
animal

Administration
route

Murine age
when injected
(weeks old) Results

Zhou et al.,
200860

MRL/lpr mice Human bone
marrow

1� 106 Tail vein 16–20 � Decrease in proteinuria and level of auto-
antibodies
� Improvement of histopathological

structure

Sun et al.,
200943

Female MRL/lpr
mice

Allogeneic bone
marrow

0.1� 106 cells/10 g
of body weight

Tail vein Group 1: 9
Group 1: 16

� In both groups: decrease in levels of
autoantibodies, complement C3, and
glomerular IgG deposition; improvement
of renal function
� Improvement of histopathological

structure

Gu et al.,
201061

MRL/lpr mice Human umbilical
cord

1� 106

Group 1: once
Group 2: three

times, weekly

Tail vein 18 � Decrease in proteinuria, serum creatinine,
and level of autoantibodies; improvement
of histopathological structure (related to
crescent formation); with greater extent
found in group 2

Youd et al.,
201062

NZB/WF1 mice Allogeneic bone
marrow

1� 106

biweekly
Intraperitoneal

injection
Group 1: 21

(before disease
onset)

Group 2: 32
(after disease
onset)

� Worsening of proteinuria, glomerular
immune complex deposition, and histo-
pathological structure in both groups
� Increase in level of serum autoantibodies

and number of plasma cells in bone
marrow

Schena et al.,
201063

NZB/WF1 mice Allogeneic bone
marrow

1.25� 106

three times,
weekly

Intravenous 27 � No improvement of levels of autoantibo-
dies, proteinuria, or mortality rate
� Decrease in glomerular immune complex

deposition, lymphocytic infiltration, and
glomerular proliferation

Chang et al.,
201164

NZB/WF1 mice Human umbilical
cord blood

1� 106 Tail vein Group 1: 8
Group 2: 24

� Delayed onset of proteinuria, decrease in
level of autoantibodies, improvement of
histopathological structure, and increase
in survival; with greater extent found in
group 1
� No long-term engraftment of MSCs in the

kidney

Gu et al.,
201265

MRL/lpr and
NZB/WF1
mice

Allogeneic or
syngeneic (pre-
lupus or lupus)
bone marrow

1� 106 Intravenous MRL/lpr mice:
17–20

NZB/W F1 mice:
24–25

� In both species, allogeneic and pre-lupus
syngeneic MSCs: decrease in proteinuria,
level of autoantibodies, reduction of spleen
size, and improvement of histopatho-
logical structure; with greater extent found
in allogeneic MSCs injection

Choi et al.,
201266

NZB/WF1 mice Human adipose
tissue

Group 1: 5� 105

28 times,
biweekly

Group 2: 2� 106

5 times, biweekly

Intravenous Group 1: 6
Group 2: 32

� Increase in survival, with greater extent in
group 1
� Decrease in proteinuria, level of autoanti-

bodies, and blood urea nitrogen
� Improvement of histopathological struc-

ture and immunologic function

Ji et al., 201267MRL/lpr mice Allogeneic bone
marrow

Group
1: 0.05� 106

Group 2: 0.2� 106

Tail vein 14 � Improvement of histopathological struc-
ture
� Decrease in proteinuria and level of auto-

antibodies in group 2

Ma et al.,
201368

MRL/lpr mice Allogeneic bone
marrow

1� 106 Tail vein 18 � Increase in survival
� Decrease in proteinuria and level of auto-

antibodies
� Reduction of spleen size

Collins et al.,
201469

MRL/lpr mice Group 1: human
umbilical cord

Group 2: healthy
human bone
marrow

Group 3: lupus
human bone
marrow

1� 106 Intravenous 15–17 � Groups 1 and 2: decrease in proteinuria
and improvement of histopathological
structure
� Group 3: delayed onset of proteinuria and

no improvement of histopathological
structure

Thiel et al.,
201570

NZB/WF1 mice Human
embryonic

0.5 or 5� 105

Group 1: 3 times,
weekly

Tail vein Group 1: 24–26
Group 2: 23–33

� Increase in survival
� Decrease in proteinuria and level of serum

creatinine

(continued)
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better to maintain MSC phenotype. The other
study revealed that BM-MSCs even exacerbated
lupus when given biweekly starting either before
or after the onset of disease in lupus-prone mice.
It is worth noting that this study used intraperito-
neal injection for MSC administration, which
might be one factor influencing the contrasting
result.62 Human MSCs intraperitoneally injected
into mice are known to form aggregates with
B220þ lymphocytes and macrophages, which then
become attached to the peritoneal wall, thus limit-
ing the number of MSCs entering the systemic
circulation.80

Allogeneic BM-MSCs are preferred to syngeneic
ones, which have impaired immunomodulatory
properties.65 BM-MSCs from lupus patients only
delayed the onset of proteinuria,69 suggesting that
lupus-derived MSCs are defective. The time of
MSC administration into lupus-prone mice,

whether prior to disease manifestation or after,
can affect the degree to which MSCs ameliorate
LN. Several studies comparing early and late
administration of MSCs suggested that early
administration of MSCs was better able to improve
the histopathological structure and SLE clinical
manifestation in lupus models.66,71 In addition,
multiple injections of umbilical cord-MSCs (UC-
MSCs) into MRL/lpr mice, given three times at
weekly intervals, showed better enhancement of
LN compared with a single injection.61

While possessing properties that may improve
nephritis, MSCs can also be utilized as a vehicle
to introduce specific genes to alleviate LN.
Kallikreins are associated with experimental anti-
GBM antibody-induced nephritis and LN that acts
through the kinin B2 receptor.81 The human kallik-
rein (hKLK)1 gene was integrated into murine
MSCs using a retroviral vector to produce

Table 3 Continued

Reference Species MSC source

Number of
cells injected/
animal

Administration
route

Murine age
when injected
(weeks old) Results

Group 2: 6 times,
biweekly

� Improvement of histopathological
structure

Jang et al.,
201671

NZB/WF1 mice Human bone
marrow

1� 106

Group 1: 3 times,
biweekly

Group 2: 5 times,
weekly

Retro-orbital
injection of the
venous sinus

Group 1: 17
Group 2: 28

� Increase in survival, decrease in protein-
uria, level of autoantibodies, and
improvement of histopathological struc-
ture in group 1
� Decrease in level of autoantibodies but no

improvement of proteinuria in group 2

Yuan et al.,
201672

MRL/lpr mice Human
embryonic

Group 1: 1� 106

Group 2: saline
Twice, 3 week

interval

Tail vein 16 � Increase in survival, decrease in protein-
uria, improvement of renal histopatho-
logical structure
� Decrease in the proportion of Th7 cells

and the concentration of IL-17

He et al.,
201673

MRL/lpr mice Allogeneic adipose
tissue

1� 106

5 times, biweekly
Intravenous 30 � Decrease in proteinuria and anti-dsDNA

antibodies
� Decrease in IL-17 and IL-6 expression
� Improvement of renal histopathological

structure
� Decrease in IL-17 and CD68 expression

Choi et al.,
201674

Groups C, Y, H:
MRL/lpr mice

Group N: control
C3H/HeJ mice

Human adipose
tissue

Group C: saline
Group Y: CYC

20mg/kg
Group H: MSCs

1� 106

Group N: saline
18 times,
biweekly

Group C, H, N:
intravenous

Group Y:
intraperitoneal

5 � Group Y: best improvement of disease
parameters, damaged trabecular integrity
� Group H: decrease in anti-dsDNA levels,

glomerular C3 deposition, and CD138
proportion, preserved trabecular integrity
� Group Y and H: decrease in Th1/Th2 ratio

Yang et al.,
201775

MRL/lpr mice Allogeneic bone
marrow

Group 1: 2� 106

Group 2: saline
Twice, 2 week

interval

Tail vein 18 � Inhibition of T cell proliferation dose-
dependently
� Decrease in proteinuria and level of anti-

dsDNA antibody
� Increase in survival

Yang et al.,
201876

MRL/lpr mice Human umbilical
cord

Group 1: 5� 105

Group 2: saline
Intravenous 18 � Decrease in proteinuria

anti-dsDNA: anti-double stranded DNA; AP-1: activator protein 1; CD: cluster of differentiation; CYC: cyclophosphamide; IgG: immunoglobulin

G; IL: interleukin; MMP: matrix metalloproteinase; MSCs: mesenchymal stem cells; NF-kB: nuclear factor kappa B; SP-1: specificity protein 1;

Th: T helper.
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hKLK1-MSCs. Given to anti-GBM-induced neph-
ritis 129/svj mice and lupus-prone B6.Sle1.Sle3
bicongenic mice, hKLK1-MSCs were able to
improve nephritis by reducing the infiltration of
macrophages and T-lymphocytes.82 Another
experiment utilized MSCs to suppress the oxidative
stress involved in the pathogenesis of LN. Human
oxidation resistance (hOXR)-1, expressed in vari-
ous eukaryotes, is crucial for detoxification of
reactive oxygen species and protects human cells
against oxidative damage. hOXR-1 was inserted
into genome MSCs via lentiviral vector to produce
hOXR1-MSCs. Administration of these cells into
nephritis mice model has been shown to ameliorate
LN, prevent H2O2-induced oxidative stress, and
inhibit tubular cell apoptosis.83

It is desirable to assess the effectiveness of MSC
therapy in several animal models, given the fact
that each model has its own limitations in mimick-
ing SLE manifestations in humans. Another animal
model that could be considered to investigate LN is
the Chinese tree shrew (Tupaia belangeri).
Intraperitoneal injection of pristane and lipopoly-
saccharide into that animal is one of the best ways
to induce pathological changes as seen in lupus
patients. Injection of UC-MSCs into these animals
improved histopathological finding in the kidney.84

Results from clinical studies
A research group from Nanjing, China, which has
been intensively reporting the clinical application of
MSCs for SLE since 2009, standardized the injected
dose of MSCs to 1� 106 cells/kg body weight of
patient intravenously.43 In 2010, Liang et al.
reported a pilot study of allogeneic MSC trans-
plantation into 15 SLE patients, with the promising
result that MSC therapy could improve SLEDAI
score and 24-hour proteinuria.85 A single-arm trial
revealed the efficacy and safety of allogeneic
UC-MSC infusion in patients with severe and treat-
ment-refractory SLE.86 In patients with LN, pro-
teinuria decreased significantly at the three-month
follow-up.

A case report revealed that combined therapy
with infusion of autologous HSCs and allogeneic
MSCs resulted in clinical remission in a 25-year-old
female SLE patient with multiple life-threatening
complications and refractory to standard conven-
tional therapy. Remission in clinical symptoms
was observed after infusion and remained after
36-month follow-up. LN and hematologic abnorm-
alities in this patient were ameliorated, as evidenced
by a decrease in 24-hour proteinuria and an
increase in creatinine clearance, complement C3,
leukocyte count, and platelet count.87

Single or double allogeneic BM-MSC infusion in
a randomized trial showed no remarkable differ-
ences in disease remission and relapse, or improve-
ment of serum index, after one-year follow-up.88

Yet, the short interval of one week between the
first and second injections, which may contribute
to these comparable results, should be taken into
consideration. This hypothesis is further supported
by the result of a multicenter clinical study showing
that repeated infusion after 6 months might be
beneficial, as relapse occurred in 12.5% patients
after 9 months and 16.7% patients after
12 months.89

Improvement after MSC transplantation was
also observed for extra-renal manifestations of
SLE, including the integumentum and hematopoi-
etic systems, as assessed by BILAG score.89 While
some other trials reported improvement in both
renal and extra-renal manifestations of SLE, the
majority did not mention sufficient detail of the
SLE subgroups that received the greatest benefit
from the treatment.

The combination of UC-MSCs and globulin
component protein macrophage activating factor
(GcMAF) therapy in a young adult female suffer-
ing from SLE and Sjogren’s syndrome resulted in a
complete reversal of both clinical and laboratory
parameters without any side effects. This combin-
ation is considered to be a mild immunosuppres-
sant regimen with robust anti-inflammatory effects
and the ability to repair damaged cell lines.90

In contrast to the above results, the recent clin-
ical trial of UC-MSCs conducted by Deng et al.
showed no advantage of stem cell transfusion.
There were four serious adverse events encoun-
tered, two from the UC-MSC group and two
from the placebo group. In the UC-MSC arm,
one death occurred due to severe pneumonia, and
one patient suffered from leukopenia, pneumonia,
and subcutaneous abscess. In the placebo group,
there was one patient with stroke and one patient
with ascites of unknown cause.91 The adverse
events encountered in the MSC group were related
to the immunocompromised condition of the
patients. The highly intensive immunosuppressive
regimen for induction prior to MSC transplant-
ation (pulse dose of intravenous methylpredniso-
lone followed by low-dose intravenous
cyclophosphamide) could explain the devastating
side effects in this arm. Better selection of patients
for clinical trial should also be considered, as a
study conducted by Wang revealed that the
higher level of IFN-g prior to MSC transplantation
could better predict the clinical response in lupus
patients.92
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Table 4 describes clinical trials of MSC trans-
plantation to treat LN. MSC transplantation in
LN cases resulted in remission in 60.5–75% of
patients, with a relapse rate of 22.4–23% and a
survival rate of 92.5–95%.89,91,93,94 Currently avail-
able studies did not provide detailed results of stem
cell transplantation based on the demographic
and clinical characteristics of patients. Therefore,
we could not identify specific populations who
showed better response to stem cell transplantation.
Available therapies for LN patients listed in
Table 1 provide a response rate of 33–71%, a sur-
vival rate of 90–99%, and a failure rate of 16–43%.
Although the study designs, populations, and oper-
ational definitions in those studies are not compar-
able, MSC application is expected to be a potential
alternative therapy compared with current standard
therapies.

Possible mechanisms
Allogeneic MSCs are increasingly regarded as a
promising source for cell-based therapy of LN.
Co-culture of umbilical cord blood-MSCs (UCB-
MSCs) with mesangial cells promoted inhibition
of lymphocytes and proliferation of splenocytes,
but not mesangial cells.64 Embryonic tissue-derived
MSCs could limit protein cast deposition, CD3þ

lymphocyte infiltration, and interstitial inflamma-
tion in the kidney.70 Furthermore, BM-MSCs
decreased deposition of complement C3.60 Several
mechanisms are proposed regarding the potential
of MSCs to ameliorate LN, including, but not lim-
ited to, homing, immunomodulatory properties,
secretion of trophic factors, and differentiation
ability (Figure 1).

Later studies on the roles of stem cells in SLE also
focus on the epigenetic factors involved, such as
microRNAs (miRNAs), in addition to biological
factors that have been mentioned in the earlier
part of this review. miRNAs regulate the homing
of stem cells; for instance, miR-27b, miR-126,
miR-146a-5p, and miR886-3p inhibit the translation
of SDF-1a, a chemokine that is important for the
homing of stem cells.95 The role of miRNA in the
proliferation and differentiation of muscle, hemato-
poietic, skin, and neural stem cells is also well
described.96 Furthermore, osteogenic and adipo-
genic differentiation of MSCs is determined by the
expression of miRNAs.97,98 However, further inves-
tigation is still needed to elucidate miRNA expres-
sion in the application of MSCs for lupus patients.

Seven miRNAs were found to be significantly
downregulated in peripheral blood samples of
23 SLE patients: hsa_miR_196a, hsa_miR_17_5p,
hsa_miR_409_3p, HMP_PREDICTED_MIR141, T
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hsa_miR_383, HMP_PREDICTED_MIR112, and
hsa_miR_184. On the other hand, nine were
upregulated: HMP_PREDICTED_MIR189,
HMP_PREDICTED_MIR61, HMP_
PREDICTED_MIR78, hsa_miR_21, hsa_miR_
142_3p, hsa_miR_342, hsa_miR_299_3p,
hsa_miR_198, and mmu_miR_298.99 miRNAs
have been involved in the various stages of cell
development, so their disregulation might also take
part in the pathophysiology of autoimmune dis-
eases. miRNAs play a pivotal role in both the acti-
vation of innate immunity and regulation of
adaptive immunity. Microarray analysis of
miRNAs in African American and European
American populations has also demonstrated that
a number of miRNAs are differentially expressed
in LN patients of both races.100 Treatment with
MSCs was shown to reduce the expression of

miR-96-5p and miR-182-5p, showing that
miRNAs might also take part in mediating the
therapeutic mechanism elicited by MSC treatment.74

Thus, examining and regulating these miRNAs
could also potentially be a future approach to the
management of LN.

Homing
In an animal model of acute kidney injury, in vivo
microscopic study has observed the ability of MSCs
to reach the glomeruli and attach to the peritubular
capillaries, suggesting an ability referred to as
‘‘homing’’.101 Tubular localization of MSCs from
transgenic mice expressing green fluorescent protein
was observed in an animal model of acute tubular
epithelial injury, with significant accumulation that
persisted until 21 days after injection.102 In experi-
mental administration of carboxyfluorescein

Figure 1 Schematic diagram depicts the possible mechanism of autologous HSCs, allogeneic HSCs, and MSCs in ameliorating
LN. Myeloid dendritic cells facilitate B cells, CD4þ cells, and CD8þ cells to undergo subsequent events contributing to the
impaired immune system in LN. Autologous HSCs are considered to restart the defective immune system, while allogeneic
HSCs may replace the abnormal immune cells. MSCs exhibit immunomodulatory properties in LN by not only affecting Tfh,
Th1, Th2, and T17 but also increasing Treg. Furthermore, they are expected to induce the secretion of trophic factors, suppress
proinflammatory mediators and fibronectin, and differentiate into renal parenchyma.
BAFF: belimumab targets B-cell-activating factor; CD: cluster of differentiation; HGF: hepatocyte growth factor; HMG: high-
mobility group; HSCs: hematopoietic stem cells; IFN: interferon; IGF: insulin-like growth factor; IL: interleukin; MCP: monocyte
chemoattractant protein; MSCs: mesenchymal stem cells; Tfh: T follicular helper; Th: T helper; Treg: regulatory T; VEGF:
vascular endothelial growth factor.
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diacetate succinimidyl ester (CFSE)-labeled human
UC-MSCs to MRL/lpr mice, CFSE was found in
the lungs and kidneys one week post injection.
Human cells could then be found in the kidneys 11
weeks post injection.61 Injection of human UCB-
MSCs into BWF1 mice resulted in temporary detec-
tion of human specific b2-microglobulin in kidney
tissue two weeks after transplantation. Despite this
positive finding, no human DNA was found eight
months after transplantation.64 Moreover, BM-
MSCs obtained from a lupus patient had impaired
migration capacity, as no human indolamine 2,3
dioxygenase (IDO)1 or complement factor H
(CFH) gene expression was found in the kidney
post transplantation,69 suggesting that a particular
mechanism may contribute to the homing of MSCs.

Immunomodulatory properties
MSCs inhibit the development of proinflammatory
Th1 cytokines, such as IFN-g and IL-2, and other
proinflammatory cytokines, namely TNF-a, IL-6,
IL-1b, IL-12,43,64,101 that are involved in SLE pro-
gression. A decrease in lymphocyte secretion of
TNF-a and IL-6 as well as an increase in the
number of T cells was observed in a co-culture
experiment with human embryonic stem cells and
lipopolysaccharide-stimulated BWF1 lympho-
cytes.70 Besides, MSCs increase the secretion of
IL-4 and IL-10, which belong to Th2 cyto-
kines.66,103 MSCs promote shifting from Th1 to
Th2 polarization by direct interaction with
immune cells or by altering the cytokine secretion
profile.104 Furthermore, MSCs modulate diverse
lymphoid-lineage cells, including T and B lympho-
cytes and NK cells, through contact-dependent
engagement involving programmed death (PD)-1
or contact-independent mechanisms by secretion
of IDO, prostaglandin E2, IL-10, and tumor
growth factor (TGF)-b.105–107

Stimulation of IFNg towards human embryonic
MSCs could increase the expression of IL-10, pros-
taglandin E2 (PGE2), and TGF-b, thus affecting
the differentiation of Th17. Therapy with human
embryonic MSCs could suppress T17 cells in
spleen and decrease the concentration of IL-17.72

The decrease in IL-17 expression was further sup-
ported by the work of He et al., showing that
mouse adipose-derived MSCs could decrease IL-
17 mRNA expression and increase Foxp3, retinoic
acid receptor-related orphan receptor gamma
(ROR-gt), and miR-23b mRNA expression. These
MSCs were shown to be able to decrease infiltra-
tion of inflammatory cells to renal tissue and edema
of renal interstitium.73 The treatment effect of
human UC-MSCs in alleviating LN might also be

mediated by the suppression of the expression of
matrix metalloproteinase (MMP-2), MMP-9, tran-
scription factor AP-1, SP-1, NF-kB, and osteopon-
tin, a cytokine related to inflammatory and
autoimmune diseases.76

MSCs suppress B cells’ proliferation and differen-
tiation to plasma cells via an IFN-g-dependent
mechanism and PD ligand pathway.63 Thereafter,
MSCs decrease infiltration of plasma cells into
kidney in a murine model of LN.71 Though defective,
MSCs from SLE patients are able to inhibit B cells’
proliferation and terminal differentiation when the
expression of the olfactory 1/early B cell factor-asso-
ciated zinc-finger protein gene is down-regulated.108

Improvement of proteinuria and level of anti-
dsDNA autoantibodies in the MSC-treated lupus-
prone murine model is associated with decrease in
BAFF expression in the kidney. Secretion of
BAFF by dendritic cells is also inhibited by MSCs.68

MSCs suppress lymphocyte reactivity by inhibit-
ing the response of both naı̈ve and memory T
cells.109 Likewise, MSCs decrease the proliferation
of T lymphocytes; specifically, they decrease the
number of CD4þ T cells, thus enhancing their
effect in ameliorating lupus progression.60,65

Human UC-MSCs were able to inhibit Tfh cell
expansion in lupus-prone mice related to the upre-
gulation of inducible nitric oxide synthase produc-
tion. This process is highly dependent on cell to cell
contact.110 BM-MSCs were shown to possess the
ability to inhibit the differentiation of Tfh cells
from naive CD4þ cells and splenocytes, as well as
to inhibit IL-21 gene expression and STAT3 phos-
phorylation.75 In a lupus murine model experiment,
MSCs suppressed abnormal activation of Akt/
GSK3b cascade in T cells and disrupted the cell
cycle of T lymphocytes in G1/S transition by up-
regulating the expression of p21WAF1/CIP1 and
p27KIP1 as well as down-regulating the expression
of cyclin-dependent kinase-2.67

T cells from SLE patients showed aberrant
autophagic activity, which plays a pivotal role in
the pathogenesis of SLE. UC-MSCs could inhibit
autophagy by suppressing respiratory mitochon-
drial biogenesis and inhibit T-cell apoptosis
through mitochondrial transfer.111

MSC transplantation into lupus-prone mice and
lupus patients leads to an increase in the number of
CD4þFoxP3þ Treg cells.86 Moreover, the func-
tional defect of lupus Treg cells is reversible,112 sug-
gesting that MSC transplantation may have the
potential to improve both the quantity and the
quality of Treg cells. An in vitro experiment using
purified CD4þ cells, incubated with or without
UC-MSCs in a 1:1 ratio with the addition of IL-
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10 and anti-TGF-b, showed a significant increase in
the percentage of Treg cells in UC-MSC-treated
cells. This implies that UC-MSCs increase the
population of Treg cells with the presence of IL-
10 or anti-TGF-b.61 Despite the decline in number
of Treg cells due to an increase in the secretion of
TGF-b, TGF-b1 is required to maintain the sup-
pressive function of Treg cells.113

Compared with BM and cord blood MSCs, adi-
pose tissue MSCs (AT-MSCs) exhibited a more
potent inhibitory effect in preventing the activation
of CD4þ, CD8þ T cells, and NK cells. On the other
hand, UC-MSCs did not affect the activation of B
cells and NK cells.114 A review comparing AT-
MSCs and BM-MSCs showed that at equal cell
numbers, AT-MSCs exhibited stronger immuno-
modulatory effects and promoted higher secretion
of cytokines involved in the immunomodulation
process, such as IL-6 and TGF-b1.115 With regard
to LN, currently there is no evidence comparing the
immunomodulatory effect of each MSC source,
indicating a potential area to investigate further.

Secretion of other factors
MSCs play a crucial role in kidney regeneration
through a paracrine mechanism by secreting several
growth factors that exert antiapoptotic and anti-
inflammatory properties, such as insulin-like
growth factor (IGF)-1, hepatocyte growth factor
(HGF), and vascular endothelial growth factor
(VEGF).101,116,117 In addition, MSCs inhibited
renal MCP-1 and HMGB-1,61 thereby suppressing
the inflammation process and activation of B cells,
which may inhibit the progression of LN. Protection
against oxidative stress is provided by MSCs, since
they are able to up-regulate mRNA expression of
inducible nitric oxide synthase.65 By suppressing
the production of fibronectin, MSCs may prevent
the progression of fibrosis in the kidney.60

Differentiation potential
MSCs injected into a murine model of acute kidney
injury were able to differentiate into functional tubu-
lar cells to replace damaged cells, maintain structural
integrity, and further improve kidney function.118 In
contrast, another study did not show UCB-MSCs
undergoing direct engraftment and differentiating
into renal tissue. Rather, they suppressed the produc-
tion of lymphocytes and proinflammatory cytokines
and induced polarization of Th2 cytokines, leading to
improvement of LN.64

The limitations of MSCs
The transplantation of MSCs has some limitations,
such as the aging of MSCs, malignant transformation

of MSCs, possibility of cross contamination, poor
engraftment, and limited differentiation. For the pur-
pose of treating LN, allogeneic MSCs are preferred
to autologous ones, since acquiring MSCs from a
diseased individual will raise concern over abnorm-
alities of the cells related to their phenotype, prolif-
eration, and differentiation. Normal BM-MSCs can
be cultured until 10 passages while maintaining their
basic characteristics. In contrast, BM-MSCs from
SLE patients could only be cultured until five
passages prior to showing senescence behavior.119

BM-MSCs from individuals with SLE exhibited sen-
escent activity due to the low proliferation rate,
higher production of reactive oxygen species,
increased DNA damage and repair, increased cell
cycle blockage associated with higher expression of
p53 and p16, and altered cytokine production. These
senescence criteria are mediated by a mitochondrial
antiviral signaling protein (MAVS) and IFN-b posi-
tive feedback loop.120

BM-MSCs from SLE patients showed early signs
of senescence in that they demonstrated morpho-
logical changes starting from passage 3. In add-
ition, BM-MSCs from SLE patients were unable
to reach confluence at passage 4. These aging
behaviors were suggested to be related to telomer-
ase activity.121 Autologous BM-MSCs express a
lower level of Bcl-2 and a higher level of cyto-
chrome C in cytoplasm, indicating the involvement
of the mitochondrial death pathway related to
apoptotic activity. The death receptor pathway
also plays a role, as shown by the activation of
caspase 8 in BM-MSCs from SLE patients.122

Supported by their impaired migratory capacity123

as well as altered gene expression profiles in path-
ways directing cell cycle and protein binding,124

autologous BM-MSCs are confirmed to be defect-
ive. Hence, allogeneic MSC transplantation
becomes a promising therapy for active and refrac-
tory LN. However, a preclinical study showed that
intraperitoneally injected allogeneic BM-MSCs
could increase the production of anti-dsDNA anti-
body and worsen lupus manifestations and kidney
histopathology as well.62

Future direction

Stem cell transplantation has shown the ability to
elicit therapeutic effects in SLE patients, even
though the cells’ in vivo mechanism needs to be
studied further. Some remaining issues of stem
cell therapy for SLE are the ideal source of stem
cells, the exact dose to be administered, the
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necessity for a preconditioning regimen, and the
best time to introduce the cells.125 Grading of LN
prior to the application of stem cells, assessed by
histopathological examination, plays an important
role in determining the appropriate therapy and
predicting the prognosis. A randomized controlled
trial comparing the effects of stem cell injection
with those of conventional therapy while consider-
ing the grade of nephritis may provide more insight
related to the clinical benefit. Further investigation
is needed to reveal specific populations (for
instance, according to age, sex, race, disease dur-
ation, prior treatment protocol, and histopatho-
logical class) that may be potential candidates for
stem cell transplantation.

Several procedures may be considered to achieve
a better outcome of MSC transplantation in LN
patients, such as optimizing preconditioning
in vitro using pharmacological or chemical agents,
growth factors, cytokines, chemokines, and hor-
mones.126 Homing can be optimized by modifying
the MSCs’ culture conditions, cell surface engineer-
ing, or genetic modifications,127 as well as stimulat-
ing the target site to recruit MSC mobilization.128
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