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Review

Introduction

Systemic lupus erythematosus (SLE) is a chronic, systemic 
inflammatory disease that affects the urinary, motor, circu
latory, respiratory, digestive, and nervous systems (Fig. 1).  
It develops in various populations, especially in women  
of childbearing age and is particularly prevalent among 
Africans1. It is generally characterized by alternating periods 
of remission and relapse, with little progressive deteriora
tion2. The cellular and molecular mechanisms involved in the 
pathogenesis of SLE are highly complex and are probably 
affected by intricate interactions among genetic, environ
mental, and hormonal factors3.

A complete cure and universally effective treatment for 
SLE are not available. Most therapeutic schedules are 
designed to control and reduce disease activity. Therapeutic 
pharmaceuticals used to relieve lupus symptoms include 
nonsteroidal antiinflammatory, antimalarial, immunosup
pressant drugs, and glucocorticoids4. However, these drugs 
carry a high risk of serious adverse reactions. In particular, 
longterm medication with glucocorticoids is often associ
ated with serious adverse events involving the endocrine, 
musculoskeletal, hematopoietic, and cardiovascular systems. 
Osteonecrosis of the femoral head is a common and serious 
complication of glucocorticoids5.

Considering the severity of the disease, other feasible 
treatments for SLE have been investigated. Extracellular 

vesicles (EVs) derived from mesenchymal stromal cells 
(MSCs)6, exosomes and their micro (mi) RNAs might serve 
as cellfree approaches to treating SLE. Here, we review the 
application of potential of exosomes derived from MSCs and 
miRNAs to treating SLE.

Mesenchymal Stromal Cells

Mesenchymal stromal cells are a subset of nonhematopoietic 
adult stromal cells7 with remarkable proliferative ability and 
potential for multiple differentiation, as well as repair, anti
inflammatory, and immunomodulatory properties (Fig. 2). 
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Abstract
Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease associated with impaired organ functions 
that can seriously affect the daily life of patients. Recent SLE therapies frequently elicit adverse reactions and side effects in 
patients, and clinical heterogeneity is considerable. Mesenchymal stromal cells (MSCs) have anti-inflammatory, tissue repair, 
and immunomodulatory properties. Their ability to treat autoimmune diseases largely depends on secreted extracellular 
vesicles, especially exosomes. The effects of exosomes and microRNAs (miRNAs) on SLE have recently attracted interest. 
This review summarizes the applications of MSCs derived from bone marrow, adipocyte tissue, umbilical cord, synovial 
membrane, and gingival tissue, as well as exosomes to treating SLE and the key roles of miRNAs. The efficacy of MSCs 
infusion in SLE patients with impaired autologous MSCs are reviewed, and the potential of exosomes and their contents as 
drug delivery vectors for treating SLE and other autoimmune diseases in the future are briefly described.
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Figure 1. Main clinical manifestations of systemic lupus erythematosus. Systemic lupus erythematosus is a chronic, systemic 
inflammatory disease that affects the urinary system, motor system, circulatory system, respiratory system, digestive system, and 
nervous system. Different patients are often affected by different systems and, so the clinical manifestations are also different. Clinically, 
skin and mucosal injuries (e.g., lupus malar rash, oral ulcer, photosensitivity, alopecia, maculopapular rash, etc.) and lupus nephritis are 
most common, but arthritis and serositis may also occur, and the condition is critical when neuropsychiatric manifestation is present. 
The clinical heterogeneity of the disease highlights the important influence of genetic factors, autoimmunity, and external environment 
on the disease development model, and brings challenges to the diagnosis and treatment.

Figure 2. General characteristics of mesenchymal stromal cells. Mesenchymal stromal cells can be isolated from a variety of 
organs and tissues such as bone marrow, adipose tissue, umbilical cord, synovial membrane and gingiva. In addition to their good 
proliferative capacity and typical tri-lineage differentiation (osteogenic, chondrogenic, and lipogenic differentiation) potential, the 
potential for differentiation to other cells such as neurocyte, endothelial, cardiocyte, and hepatocyte, which are essential for their 
tissue repair function, is gradually being explored. In addition, MSCs have received extensive attention for their anti-inflammatory and 
immunomodulatory roles (both acquired and innate immunity) through secretion of cytokines and extracellular vesicles.
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Techniques for isolating and culturing MSCs from tissues, 
including bone marrow, adipose tissue, synovium, umbilical 
cord (UC), and gingiva, are gradually being refined.

Anti-Inflammatory and Restorative Functions  
of MSCs

Mesenchymal stromal cells exert antiinflammatory effects by 
alleviating inflammation and reducing cytokine production8. 
Exosomes from bone marrow–derived MSCs (BMMSCs) 
express miR146a5p, which inhibits the expression of inter
leukin1 receptorassociated kinase 1 (IRAK1)9, regulates 
the Th17/Treg cell imbalance, and reduces proinflammatory 
cytokine production. Furthermore, MSCs eliminate the 
inflammatory effects of neutrophils, inhibit the formation of 
neutrophil extracellular traps (NETs), and reduce thrombosis, 
inflammation, and fibrosis induced by NETs10. Mesenchymal 
stromal cells can migrate and aggregate to sites of inflamma
tion and promote injury repair. For example, allogeneic 
MSCs can migrate to an injured kidney after infusion. In 
addition to their immunomodulatory role and suppressing 
the autoimmune response, MSCs can be differentiated into 
mesangial cells to treat lupus nephritis (LN)11.

Immunoregulatory Properties of MSCs

Mesenchymal stromal cells exert unique immunosuppres
sive effects in innate and adaptive immunity by inhibiting the 
proliferation and activities of immune cells such as macro
phages, dendritic cells (DCs), natural killer (NK) cells, B 
lymphocytes, and T lymphocytes11.

Mesenchymal stromal cells derived from human gingiva 
(GMSCs) reduce the infiltration of CD8+ T, Th1, Th17, and 
other proinflammatory cells, and increase the proportion of 
immunosuppressive cells such as regulatory T (Treg) cells12. 
Mesenchymal stromal cells interfere with B cell proliferation 
and migration, as well as antibody and cytokine production1. 
They can also indirectly inhibit B cell function by inhibiting 
T cells13. Macrophages can take on two main phenotypes: 
inflammatory M1 and antiinflammatory M2 macrophages. 
Most MSCs injected intravenously into mouse models of 
asthma travel through the bloodstream and eventually reach 
the lungs, where they die and are phagocytosed by macro
phages. Such macrophages can differentiate into the immu
nosuppressive M2 phenotype and decrease the M1/M2 ratio 
in vivo, which is one mechanism through which MSCs play 
a regulatory role14.

Extracellular Vesicles Released From MSCs

In addition to classical soluble factors such as cytokines that 
play a role in paracrine signaling, the role of EVs released 
from MSCs (MSCEVs) in intercellular communication 
should not be ignored15. Extracellular vesicles are a class 

of cellderived heterogeneous membrane structures that 
can be apoptotic bodies, microvesicles, microparticles, or 
exosomes16. The immunosuppressive effects of MSCs are 
mainly manifested through their EVs17. Exosomes are rich in 
proteins, transcription factors, lipids, DNA, miRNAs, 
mRNAs, and cytokines. They act on target cells by binding 
to receptors in target tissues or by fusion with plasma 
membranes18.

Diagnostic Value of Exosomes and Their miRNAs

Exosomes are involved in cell migration, the immune 
response, cell differentiation, antigen presentation, and 
tumor invasion, among which miRNAs play important 
roles19,20. Noncoding miRNAs can regulate pathways  
associated with gene expression by interacting with specific 
targets after their extracellular transport by EVs21. Micro 
RNA entry into exosomes is not random and is mediated by 
unique miRNA sorting mechanisms22, such as the Endo
somal Sorting Complex Required for Transport (ESCRT)23. 
Exosomes and their miRNAs have potential as diagnostic 
and therapeutic agents in autoimmune diseases24. For exam
ple, primary fibrosis in LN is closely associated with exo
somal miR129 isolated from urine, suggesting a predictive 
role of miR129 in disease progression24. The expression of 
miR21 and let7A in urinary exosomes is obviously down
regulated in patients with active LN compared with those 
who have inactive LN, but this rebounds during remission, 
suggesting that they could serve as biomarkers of active LN 
activity25. Using MSCEVs to deliver miRNAs to specific 
cells is a potential mechanism of alleviating tissue damage26. 
Elevating the expression of programmed cell death ligand 1 
via gene transfection in EVs of MSCs enhances their immu
nosuppressive ability27. This indicated that enhancing EV 
function has potential clinical applications.

Advances in exosomes and their miRNAs as biomarkers 
have suggested their potential therapeutic value. Exosome
based therapies avoid the need to administer live cells6. 
Therefore, exosomebased therapies might be suitable alter
natives to conventional cell therapy for SLE. Exosomes 
derived from antigenpresenting cells such as DCs and MSCs 
are currently regarded as potential cellfree approaches to 
treating autoimmune diseases28.

MSCs in SLE Treatment

Allogenic MSC Transplantation in SLE

Bone marrow, adipose tissues, gingival tissues, UCs, and the 
synovium are sources of allogenic MSCs that can be used to 
treat SLE.

Bone marrow–derived MSCs and exosomes. For 40 years since 
their initial description, BMMSCs have become the most 
widely studied MSC population and are considered the gold 
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standard for clinical MSC application29. The production of 
autoantibodies in patients with SLE depends on the activa
tion of Tcellassisted B cells. Therefore, regulating the 
activity of upstream T cells might restrict excessive Bcell 
activity in SLE13. Clinically, the immunological regulation 
of MSCs is applicable not only as therapy for SLE but also 
for connective tissue diseases (CTDs), graftversushost dis
ease (GVHD), and other immune disorders. For example,  
a clinical trial found that BMMSCs relieved symptoms in 
25 patients with GVHD without significant adverse events30.

Not only do BMMSCs inhibit the differentiation of  
T cells into T follicular helper (Tfh) cells, they also inhibit 
differentiated Tfh cell proliferation and interleukin (IL)21 
production, thus alleviating LN in mice31. Human BMMSCs 
inhibit Tcellmediated Bcell proliferation, plasma cell  
differentiation, and antibody production in vitro13. In  
addition, MSCs secrete exosomes containing miRNAs that 
inhibit cytokine secretion in macrophages by regulating 
Tolllike receptor (TLR)related signaling pathways32. 
Transfer RNA–derived small RNA (tsRNA)21109 in 
BMMSC exosomes inhibits macrophage polarization 
toward the M1 phenotype in vitro, thus contributing to the 
development of a new specific therapeutic target for SLE33. 
Allogeneic BMMSC transplantation also enhances the 
function of autologous BMMSCs and improves osteopenia 
in a mouse model of lupus34.

However, bone marrow might not be the optimal source 
of MSCs. In addition to an invasive and painful isolation 
procedure, MSCs are scant in bone marrow aspirates, and 
their qualitative and quantitative properties are affected by 
donor age35.

Adipose tissue–derived MSCs and exosomes. Differentiation 
potential, proteomic characteristics, gene expression, and 
immunological characteristics differ between adipose tissue–
derived MSCs (ADSCs) and BMMSCs. Adipose tissue–
derived MSCs are easier to isolate and clinically safer to 
collect than BMMSCs36. Furthermore, ADSCs more effec
tively inhibit peripheral blood T cells, are more regenerative, 
and have more adaptable electrokinetic properties than 
BMMSCs37. Combining ADSCs with exosomes is more 
effective than injecting them alone and could be considered 
as a future stromal cell treatment option38,39. The results of 
treating a patient with SLE in Canada using autologous 
ADSCs were significant and stable40. A clinical trial in Iran 
found that ADSC transplantation is effective against LN, 
whereas a single dose might be insufficient to maintain 
remission41.

Adipose tissue–derived MSCs inhibit the initial differen
tiation of T cells into Th17 cells and reduce IL17 secretion 
by regulating the protein kinase B/mammalian target of 
rapamycin complex 1/Ribosomal protein S6 kinase beta1/
Hypoxiainducible factor 1alpha/Th17 (AKT/mTORC1/
p70S6K/HIF1A)/Th17 signaling pathway in MLR/lpr 
mice42. Adipose tissue–derived MSCs also induce the 

differentiation of macrophages into the M2 phenotype via 
the exosomalmediated transfection of active signal trans
ducer and activator of transcription 3 (STAT3)43. Controlled 
clinical trials of autologous ADSCs for osteoarthritis found 
that intraarticular injections of ADSCs improved joint func
tion and pain relief in patients44. Exosomes of ADSCs in 
patients with osteoarthritis are rich in miR145 and miR221, 
which can downregulate proinflammatory factor expression 
in periosteum cells in vitro45.

The properties of ADSCs can be enhanced in several 
ways. For example, incubating them with glial cellderived 
neurotrophic factor promotes their migration and differentia
tion46. Conditioning ADSCs with interferongamma (IFNγ) 
improves their immunosuppressive potential in conditioned 
media and EVs47.

Umbilical cord–derived MSCs and exosomes. Umbilical cords 
might be an ideal substitute for ADSCs and BMMSCs, as 
they are discarded after birth and thus can be easily collected. 
The amplification rate is higher in vitro for umbilical cord–
derived mesenchymal stromal cells (UCMSCs) than 
BMMSCs48. More importantly, UCMSCs have similar or 
superior immunomodulatory characteristics to MSCs derived 
from other sources48,49.

Clinical trials have revealed that UCMSCs are signifi
cantly effective for treating SLE (Table 1). In fact, MSC 
therapy can reduce abnormal apoptotic cell accumulation in 
SLE through phagocytosis, resulting in the promotion of 
prostaglandin E2 (PGE2)mediated immunosuppression50. 
Moreover, MSCs promote CD1c+ DC upregulation in 
peripheral blood and FLT3L in serum, inhibiting the inflam
matory response to lupus51. Furthermore, UCMSCs can pre
vent SLE by synthesizing transforming growth factor 
(TGF)β1 that promotes the production of IL10+ B regula
tory cells (Bregs) and correct the Treg/Th17/Th1 imbalance 
in mice52.

Overactivated complement C5a and C5B9 might be 
involved in the progression of LN, and UCMSCs can 
improve LN in mice by secreting factor H to inhibit C5 acti
vation58. Current investigations into human UCMSCs 
(hUCMSCs) mainly focus on the application of exosomes. 
For example, hUCMSCs induce Tcell senescence and ame
liorate lupus by regulating sirtuin 1 (SIRT1)/tumor protein 
P53 (p53) signaling in CD4+ T cells via miR199a5p trans
fer59. Human UCMSCs can also release exosomes to induce 
the antiinflammatory polarization of macrophages and 
improve SLEassociated diffuse alveolar hemorrhage in 
mice60. Exosomes released by UCMSCs significantly 
inhibit the production of proinflammatory cytokines such 
as IFNγ, IL2, and TNFα and increase the production of 
antiinflammatory cytokines such as IL1061.

Several clinical trials have confirmed the safety and effec
tiveness of UCMSCs in patients with SLE. However, 
repeated injections of MSCs are necessary to avoid disease 
recurrence62.
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Gingival MSCs and exosomes. A population of human gingival 
stromal cells (GMSCs) has selfrenewal and multipotent 
differentiation capabilities63. Furthermore, GMSCs have 
better stem cell properties and immune characteristics than 
BMMSCs64, are not dependent on growth factor and serum 
supplements, are nontumorigenic, and have phenotypic  
stability and high telomerase activity in longterm culture 
in vitro65. The phenotype and immunoregulatory functions of 
GMSCs isolated from patients with active SLE and healthy 
controls might be similar65. However, clinical trials of 
GMSCs for treating SLE have not substantially progressed.

Gingival MSCs exert preventive and therapeutic effects 
on lupus, and their exosomes promote M2 polarization  
of macrophages66,67. Gingival MSCs convert ADP or ATP 
to adenosine via elevated CD39 and CD7368 expression. 
They also promote transformation from an ATPdriven pro
inflammatory to an adenosinedriven antiinflammatory 
environment, thus regulating naive CD4+ Tcell differentia
tion68. Furthermore, GMSCs limit the development of  
proteinuria as well as autoantibodies, and decrease the fre
quency of plasma cells and severity of LN by directly 
inhibiting Bcell activation, proliferation, and differentia
tion69. Abnormal activation of the mTOR signaling path
way plays a central role in cell aging and GMSCEVs can 
significantly inhibit mTOR/PS6 signaling; thus, GMSC
EVs might help to alleviate abnormal cell senescence in 
lupus tissues70.

Synovium-derived MSCs (SMSCs) and exosomes. Arthritis is a 
generally noninvasive, common clinical manifestation of 
SLE. Advances in imaging technology have clarified that 
chronic synovitis is more prevalent than was previously esti
mated71. Immune cells, especially T cells, play a critical role 
in the pathogenesis of lupus arthritis72. Synoviumderived 
MSCs have powerful immunomodulatory activities73, such 
as the inhibition of Tcell proliferation. Human synovium–
derived mesenchymal stromal cell (hSMSCs) cocultured 
with T cells inhibit their proliferation while having high pro
liferative capacity and limited senescence74. Intraarticular 
hSMSC injections restore the Th17/Treg and Th1/Th2 cell 
balance in animal models of rheumatoid arthritis75. There
fore, SMSCs might have similar therapeutic potential against 
SLE arthritis. However, the effects of SMSCs on NK, anti
genpresenting, and B cells await exploration.

Exosomes of hSMSCs have abundant miR1295p, which 
significantly reduces cartilage cell inflammation and apopto
sis. Human SMSCs injected into patients with osteoarthritis 
results in miR1295p in exosomes specifically targeting 
high mobility group box 1 (HMGB1) and attenuating the 
HMGB1mediated inflammatory response76.

The pathogenesis of lupus also involves upregulated 
HMGB177; therefore, HMGB1 might be a potential target for 
treating SLE. Lupus is often treated using glucocorticoids, but 
prolonged exposure can lead to necrosis of the femoral head. 
Infused SMSCs prevent glucocorticoidinduced femoral head 

Table 1. Clinical Trial and Application of MSCs in Systemic Lupus Erythematosus.

MSCs Disease Patients Administration Outcome Adverse events Year

BMMSCs 
(Autologous)

SLE53 2 1 × 106/kg; 
intravenous infusion

CD4+CD25+FoxP3+ cells increased but 
the disease did not exhibit remission.

Not found. 2010

ADMSCs 
(Autologous)

SLE40 1 Intranasal injection  
(1 × 108), lymph node 
injection (1 × 108), 
intravenous transfusions 
(379 × 106, 234 × 106).

The result was good, and the subsequent 
physical condition remained stable.

There were only mild 
adverse reactions 
and spontaneous 
recovery.

2021

UC-MSCs SLE51 21 1 × 107/kg;
intravenous infusion

CD1c+ dendritic cells and the cytokine 
FMS-related Tyrosine kinase 3-ligand 
increased. Most patients experience 
varying degrees of remission.

Not found. 2019

UC-MSCs Lupus nephritis54 12 2 × 108;
intravenous infusion

The trial was stopped when it did not 
show the expected efficacy.

Subcutaneous 
abscess, leucopenia, 
and pneumonia.

2017

BMMSCs SLE-IV active 
proliferative 
nephritis55

3 9 × 108;
intravenous infusion

Proteinuria levels improved. SLE disease 
activity index was improved. Symptoms 
are relieved to varying degrees.

Not found. 2018

UC-MSCs
BMMSCs

Persistently active 
SLE56

87 1 × 106/kg;
intravenous infusion

Disease activity declined. Symptoms 
were relieved and organ dysfunction 
improved.

Not found. 2013

ADMSCs Refractory lupus 
nephritis41

9 2 × 106/kg;
intravenous infusion

Urinary protein levels and disease activity 
decreased. A single dose may not 
provide long-term relief.

Not found. 2021

UC-MSCs Lupus nephritis57 20 3 × 107/kg
intravenous infusion

The disease improved significantly and the 
recurrence rate was low.

Not found. 2014

ADSCs: adipose tissue–derived stem cells; BMMSCs: bone marrow–derived mesenchymal stromal cells; IL: interleukin; MSC: mesenchymal stromal cell; SLE: systemic lupus 
erythematosus; UC-MSC: umbilical cord–derived mesenchymal stromal cell.
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necrosis in rats by promoting bone tissue maintenance and 
regeneration via exosome secretion78. In addition, the extra
cellular matrix associated with SMSCs enhances antiinflam
matory properties and the proliferative potential of articular 
cartilage via the SIRT1 pathway79. Therefore, SMSCs are 
more suitable for treating joint lesions than other sources of 
MSCs.

Currently, MSCs derived from various sources have 
shown immunomodulatory effects in animal models, and 
allogeneic MSCs have exerted substantial clinical effects in 
SLE treatment. However, the mechanism through which 
MSCs alleviate SLE remains unclear. Mesenchymal stem 
cells have immuneregulatory, antiinflammatory, and tissue 
repair functions. Specific MSCs might exert superior effects 
on individual systemic symptoms of SLE, like those of 
SMSCs in arthritis. Therefore, the feasibility and safety of 
sampling MSCs must be determined to obtain ethical 
approval before their clinical application can be promoted. 
Moreover, the effects and potential side effects of MSCs 
obtained from various sources should be compared. Like 
MSCs, exosomes derived from them might be a potential 
therapeutic approach.

Autologous MSC Transplantation in SLE

Application of autologous MSCs. Therapy is more suitable with 
autologous cells to prevent immune reactions to allogeneic 
cells in humans80. Although autologous MSCs to treat SLE 
does not elicit side effects and increased CD4+CD25+Foxp3+ 
Treg cells, disease activity is not affected, and later stages of 
the disease were not prevented53. Lupus MSCs are ineffec
tive against SLE mice, and autologous MSCs are ineffective 
in treating human SLE80. Thus, autologous MSCs might not 
produce desirable effects in patients with SLA80.

MSC dysfunction in patients with SLE. Mesenchymal stem 
cells from patients with SLE have abnormal proliferation, 
immune regulation, and phenotypes81, as well as an altered 
intracellular constitution, especially pertaining to miRNA 
expression.

MicroRNA signaling in BMMSCs from patients with 
SLE is unique; abnormal miR663 elevation might be associ
ated with disease activity. Specifically, miR663 targets 
TGFβ1 and inhibits BMMSC proliferation and migration, 
thus inhibiting any decrease in the proportion of Tfh cells or 
increase in the proportion of Treg cells normally mediated by 
BMMSCs82. Intracellular miR1533p overexpression 
reduces UCMSC proliferation and migration, inhibits the 
UCMSCmediated decrease in the population of Tfh cells, 
and increases that of Tregs by inhibiting PELI183. The onset 
of lupus is associated with a triggered Treg/Th17 imbalance 
in BMMSCs due to decreased Let7f expression84. 
Furthermore, MSCs in patients with SLE have abnormal dif
ferentiation and senescence phenotypes, a senescent mor
phology, and increased proportions (%) of apoptotic cells. 

The proliferation potential of MSCs is limited in vitro, and 
gene expression associated with the senescence secretion 
phenotype is significantly increased85.

Gingival MSCs isolated from patients with active SLE 
have phenotypes and persistent immunomodulatory func
tions like those of healthy controls65. The application of 
autologous MSCs to SLE requires further investigation.

Conditioned MSCs. Because autologous cell therapy can 
prevent allogeneic reactions in humans80, effort has been 
directed to repair autologous MSCs using manipulations in 
vivo and ex vivo (Table 2).

Altering agingrelated genes or signaling pathways can 
partially or completely reverse the aging phenotype and the 
defective immunoregulatory features of MSCs in patients 
with SLE95. Therefore, reversing MSC senescence might 
improve its therapeutic effects on SLE81.

The activated mTOR pathway is involved in MSC senes
cence in patients with SLE. Treating autologous MSCs 
derived from patients with SLE with the mTOR signaling 
inhibitor rapamycin (RAPA) ex vivo then infusing them 
might improve the immuneregulation ability of BMMSCs. 
Notably, RAPA increases the proportion of Treg/Th17 cells 
and regulates the secretion of related cytokines86. In addition, 
treating BMMSCs with ethyl pyruvate reverses BMMSC 
aging by blocking the HMGB1/TLR4/NFκB signaling path
way, thus improving Tregcellrelated immune regulation87. 
Let7f5p can somewhat reduce the inflammatory response 
of SLEBMMSCs by targeting NODlike receptor protein 3 
(NLRP3)96. Other MSC preconditioning methods might be 
applied to restore the functions of autoimmune MSCs. Such 
modulators might increase the possibility of applying auto
immune MSCs to autoimmune diseases. For example, incu
bating inflammatory GMSCs (IGMSCs) that have impaired 
immuneregulation ability with acetylsalicylic acid upregu
lates Fas ligand expression, thus enhancing the apoptosis of 
T cells mediated by IGMSC88.

Development of Combination Therapy

Among the drugs that are currently prescribed to treat SLE, 
immunosuppressants are often limited due to the risk of side 
effects. A combination of MSCs and immunosuppressants 
has shown promise for patients with refractory SLE. 
Combination therapies decrease the amount of immunosup
pressants required to reduce immune activity in SLE93.

Mesenchymal stromal cells exert synergistic effects on 
immunosuppressants such as the calcineurin inhibitor CsA, 
the mTOR inhibitor RAPA, mycophenolate mofetil (MMF), 
dexamethasone (Dex), and prednisone. The combination of 
MSCs and immunosuppressants significantly alters the acti
vation and balance of Tlymphocyte subsets and reverses the 
adverse effects of immunosuppressants such as the predni
sone, Dex, or MMFinduced increase in Tcell differentia
tion into Th17 cells. However, MSC activity and function 



Liu et al 7

have not been significantly inhibited93. The results of combi
nations of immunosuppressants on MSCs differ based on the 
included drugs. For example, a combination of tacrolimus 
and RAPA antagonizes, whereas Dex does not alter the 
immunosuppressive effects of transplanted MSCs93.

In conclusion, although combining drugs with MSC 
transplantation is a promising new therapeutic strategy, fur
ther studies are warranted to ensure their effectiveness and 
safety (Table 2).

Prospects and Challenges of Cell-Free 
Therapy

Although live MSCs have gradually been applied in clinical 
practice as therapy, dangers include degrees of immune 
rejection, low cell survival rates, senescence, and carcino
genic potential97. Adequate funding and technology are also 
required to prepare and preserve live cells, which limits the 
widespread application of MSCs as therapy in hospital envi
ronments. However, the therapeutic effects of MSCderived 

EVs, especially exosomes, are similar to those of MSCs. 
Being cellfree, exosomes have more advantages than MSCs, 
are easier to preserve and manage, have no immunogenicity, 
and can easily cross the blood–brain barrier98, which is con
sidered a promising new treatment option. However, many 
aspects still require optimization before large quantities of 
such exosomes can serve as human therapies17.

The first issue is the high cost and low efficiency of cur
rent methods of extracting exosomes from cells, and related 
processes have not been standardized99. Differential ultra
centrifugation can generate the purest exosomes, but it is 
timeconsuming100. Artificial exosomes might guarantee 
production and facilitate widespread commercialization. 
Attempts are ongoing to increase EV production by modi
fying culture conditions and conducting specific interven
tions for MSCs101. Another issue is the efficiency of 
exosome homing to specific lesion sites. Extracellular ves
icles such as exosomes can be homed to a portion of injured 
tissue dependent on the expression of CD44, CD29, or 
CD73102. However, most intravenously injected exosomes 

Table 2. Effects of Pre-Treated MSCs Combined With Other Cell Types and Drugs.

Pre-treatment Type Response Specific effect Year

Rapamycin86 BMMSCs Improved Reverse aging phenotype of Lupus BMMSCs
Improved immune regulation and increased the 

proportion of Treg/Th17 cells

2016

Ethyl pyruvate87 BMMSCs Improved Reverse aging phenotype of BMMSCs
Improved immune regulation of Treg

2019

Acetylsalicylic acid88 Inflamed GMSCs Improved Restore the immunomodulatory properties of impaired 
inflamed GMSCs. Improve T cell apoptosis mediated by 
IGMSCs

2019

HCQ89 hUC-MSCs Improved Enhance MSCs to improve renal morphology and 
function

2018

GDNF46 ADSCs Improved Protective effect of GDNF modified ADSC on renal 
interstitial fibrosis was enhanced.

2021

Phorbol ester90 BMMSCs Improved Activate mesenchymal stem cells to regulate B cells and 
improve lupus symptoms

2020

Metformin91 ADSCs Improved Metformin enhanced STAT1 expression of ADSCs and 
enhanced its immunomodulatory effect

2020

Combination therapy Type Response Specific effect Year

Hematopoietic stem cells92 Amnion-derived 
MSCs

Improved Transfusion-related graft-versus-host reaction is rare.
Improve kidney function

2021

CsA93 ADSCs Improved Reduce immunosuppressant dosage while maintaining or 
improving therapeutic effect

2017

Rapamycin93 ADSCs Improved Promotes the function of anti-inflammatory Treg 
lymphocytes.

2017

MMF93 ADSCs Improved Synergistic effect 2017
Glucocorticoids93 ADSCs Improved Induced upregulation of Th17-related responses 2017
HCQ89 hUC-MSCs Ineffective Less effective than HCQ and MSCs alone in mice 2018

IL-3794 BMMSCs Improved To systemic lupus erythematosus additive therapeutic 
effect

2020

ADSCs: adipose tissue–derived stem cells; BMMSCs: bone marrow–derived mesenchymal stromal cells; GDNF: glial cell line–derived neurotrophic factor; GMSCs: gingiva-
derived mesenchymal stromal cells; HCQ: hydroxychloroquine; HSC: haematopoietic stem cell; MMF: mycophenolate mofetil; IGMSCs: inflammatory gingiva-derived 
mesenchymal stromal cells; MSC: mesenchymal stromal cell; hUC-MSC: human umbilical cord–derived mesenchymal stromal cell.
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accumulate at sites where the mononuclear phagocyte sys
tem (MPS) is active103. Artificial modification of exosome 
membranes to increase the proportions of them that reach 
target cells is essential to improve bioavailability17. Because 
the pathogenesis of lupus is different caused by different 
factors, conventional drugs are only effective for a certain 
type of patients. Most current studies of potential thera
peutic mechanisms of miRNAs in MSC exosomes target a 
specific miRNA, which provides great support for the 
development of targeted therapy. However, whether trans
fecting several miRNAs together into exosomes or inhibit
ing them will increase their effectiveness or cause side 
effects is unknown. A single miRNA can target multiple 
mRNAs, so exosomes carrying specific miRNAs delivered 
intravenously might elicit side effects104. Further studies 
are needed to decode the complexity of exosome compo
nents to better understand the safety of their combined 
effects on target tissues. Bioengineering efforts are also 
needed to achieve the amplification and safe production of 
compositionally homogeneous exosomes containing spe
cific miRNAs or inhibitors105 of miRNAs106. The optimal 
dose and frequency of exosome administration should also 
be determined to maximize efficiency107.

Conclusions
The antiinflammatory repair potential, immunomodulatory, and 
specific immunological properties of MSCs hold promise for using 
allogeneic MSCs to treat SLE with abnormal autologous MSC 
function. Investigations into the effects of chemical and other 
manipulations to improve MSCs before delivery and the application 
of exosomes as drug delivery vectors in treating SLE are currently 
underway. Roles for exosomes and their miRNAs in the diagnosis 
and treatment of SLE have been demonstrated. Tissue engineering, 
biomaterials, and stem cell biology offer a brighter future for 
patients with SLE through the largescale preparation of specific 
exosomes/miRNAs.
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