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a b s t r a c t

Atopic dermatitis (AD) is a chronic and inflammatory disease characterized by skin barrier destruction, 
sustained inflammation, and immune imbalance. Increasing evidence has suggested mesenchymal stem 
cells (MSCs) exhibit great potentials in treating AD due to the strong anti-inflammatory, immuno
modulatory, and regenerative repair properties. As a cell-free nanocarrier, MSC-derived extracellular 
vesicles (MSC-EVs) play critical roles in mediating intercellular communications. Recent advance has 
suggested some bioengineering strategies have greatly improved the therapeutic potentials of MSCs and 
MSC-EVs in AD treatment, such as genetic reprogramming, biomimetic scaffold integration, and pre
cision surface functionalization. In this comprehensive review, we systematically evaluate the current 
landscape of both natural and engineered MSCs and MSC-EVs to provide updated insights into the 
exploration of therapeutic strategies for AD.
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1. Introduction

Atopic dermatitis (AD) is a chronic and inflammatory disease, 
characterized by dry skin, erosion, desquamation, and varying 
degrees of itching [1]. The global prevalence of AD is rising with a 
higher incidence in children than in adults, resulting in a signifi
cant social and economic burden worldwide [2–4]. The patho
genesis of AD is potentially associated with various risk factors, 
including genetic predispositions, environmental factors, and skin 
microbiomes imbalance [5]. The diagnosis of AD primarily relies 
on characteristic rash examinations and careful medical history 
inquiries. However, some patients may present with atypical 
clinical manifestations, making diagnosis challenging. Traditional 
treatment methods often show inadequate efficacy or poor safety 
profiles  in AD. Although biologic agents such as dupilumab 
represent an important therapeutic option for AD, the long-term 
effectiveness and safety warrant further investigations. Due to 
the chronic and recurrent nature of AD, long-term management 
becomes complex and different. Moreover, AD significantly  im
pairs the quality of life and imposes a substantial socioeconomic 
burden. Therefore, elucidating the precise pathogenic mechanisms 
of AD and developing more effective and safe therapeutic strate
gies are crucial directions for current research.

Mesenchymal stem cells (MSCs) are multipotent stem cells 
found in various tissues, including bone marrow, peripheral blood, 
umbilical cord, placenta, and adipose tissue. MSCs possess anti- 
apoptotic activity, anti-fibrotic effects, regenerative capabilities, 
and immunomodulatory properties, making them highly prom
ising for the treatment of various diseases [6,7]. Numerous pre
clinical and clinical studies have been conducted on MSC-based 
therapies for AD [8]. As the primary way of paracrine regulation of 
MSCs, MSC-derived extracellular vesicles (MSC-EVs) are rich in 
genetic substances, enzymes, signal transduction proteins, im
mune regulatory factors, and growth factors produced by MSCs [9]. 
MSC-EVs are classified  into apoptotic bodies, microvesicles, and 
exosomes (Exos) based on their diameter and cellular origins. EVs 
have “homing” properties, allowing them to travel to target loca
tions via body fluids. They can bind to specific membrane receptor 
or directly fuse with the cellular membrane, thereby releasing 
active components that regulate the target cells [9]. MSCs and 
MSC-EVs have shown great potentials in the treatment of AD. 
However, the heterogenicity of MSCs is significant. In recent years, 
engineering strategies have been introduced to enhance the 
functions of MSCs and MSC-EVs, such as ways of physical, chem
ical, and genetic approaches [10–12]. The engineered MSCs and 

MSC-EVs possess enhanced ability, efficiency, and stability, 
thereby augmenting their therapeutic effects.

This review summarizes recent advances in both natural and 
engineered MSCs and MSC-EVs for the treatment of AD. We also 
discuss the advantages and challenges associated with engineered 
MSCs and MSC-EVs in order to outline future research directions.

2. Regulatory roles of natural MSCs and MSC-EVs in AD

2.1. Improvement of skin barrier

Restoring the physiological function of the skin barrier is 
crucial for AD treatment. We have summarized the common 
causes of AD-related skin barrier disruption and the mechanisms 
by which MSCs and MSC-EVs contribute to barrier repair from the 
following aspects.

2.1.1. Inhibition of Staphylococcus aureus activity
A reduction in microbial diversity and an increase in the colo

nization of Staphylococcus aureus (SA) are correlated with the 
severity of AD [13]. SA can secrete superantigens, various toxins, 
and proteases to aggravate AD [14]. The activation of the Toll-like 
receptor (TLR) pathway by these toxins contributes to the 
destruction of skin barrier and immune dysfunction, thereby 
inducing AD [15]. Thus, SA is closely associated with AD barrier 
dysfunction. The antimicrobial peptide LL-37 produced by MSCs 
has been found to exhibit antibacterial activity against SA through 
the vitamin D receptor signaling [16]. Besides, MSC-conditioned 
medium can reduce the hydrophobicity of the SA membrane and 
inhibit SA biofilm formation, thereby achieving effective antibac
terial activity [17]. Marx C. et al. have demonstrated that condi
tioned medium from horse peripheral blood-derived MSCs 
significantly inhibited the growth of SA depending on the cysteine 
protease released by MSCs [18]. Similarly, MSCs treatment can 
prevent skin infections and reduce infection-induced inflamma
tory response in AD mice [19]. Accordingly, MSCs and MSC- 
conditioned medium can prevent or alleviate infections caused 
by SA colonization. AD patients with SA colonization infections 
may be potential candidates for MSC therapy.

2.1.2. Regulating barrier-belated genes expression and function
Normal skin structure consists of the epidermis and the dermis, 

collectively establishing the skin barrier. The skin barrier restricts 
the penetration of microorganisms, allergens, irritants, and toxins, 
while simultaneously preventing the percutaneous loss of skin 
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moisture [20]. However, external stimuli, genetic defects, and in
ternal immune disorders can lead to an impaired skin barrier in 
patients with AD.

MSCs and MSC-EVs have been shown to promote the repair of 
skin barrier in AD. Subcutaneous injection of human adipose 
tissue-derived Exos in AD mice increased long-chain ceramide 
production through de novo synthesis, which is the crucial 
component of the epidermal permeability barrier [21]. Besides, 
human adipose MSCs-derived Exos are also demonstrated to 
enhance keratinocyte differentiation and form an appropriate 
epidermal permeation barrier by regulating the activity of en
zymes involved in the synthesis and cleavage of sphingosine-1- 
phosphate (S1P), which promotes the continued conversion of 
ceramide to S1P [21]. Human immortal keratinocytes (HaCaT cells) 
play a vital role in maintaining the biochemical and physical 
integrity of the skin. Co-culturing MSCs or their medium with 
human immortal keratinocytes (HaCaT) cells can promote the 
migration and proliferation of HaCaT cells, suggesting that MSCs 
and MSCs cultural medium may contribute to the repair of 
epidermal cells and skin barrier [22]. Furthermore, increasing 
evidence suggests multiple genetic variants exist in AD patients. 
The most common genetic mutation in AD is the loss-of-function 
mutation in the Filaggrin (FLG) gene, encoding FLG protein 
essential for the skin barrier [23,24]. FLG gene mutation leads to 
impaired skin barrier function. It has been found that MSC- 
conditioned medium could reduce fibroblast senescence and the 
generation of IL-1α and tumor necrosis factor-α (TNF-α), but in
crease extracellular matrix secretion and the expression of the skin 
barrier protein FLG, thereby improving skin inflammation [25]. In 
mouse models, MSCs have been shown to increase the expression 
of FLG and Claudin (Cldn 3 and Cldn 23) in the skin, particularly at 
the tight junctions between cells [19]. The adipose tissue-derived 
MSCs are also found to upregulate FLG expression a canine AD 
model [26]. These findings have suggested the anti-inflammatory 
effect of MSCs secretome during skin barrier repair. Additionally, 
in a mouse AD model, some other epidermal differentiation pro
teins, such as keratin 1 (K1), Loricrin (LOR), and involucrin (INV), 
are significantly reduced, while MSCs and MSC-EVs treatment can 
markedly upregulate them [27]. The canine fat tissue-derived 
MSCs or MSC-EVs are demonstrate to alleviate the epidermal hy
perplasia and edema in AD, accompanied by a reduction in 
epidermal thickness [27–29]. Therefore, MSCs and MSC-EVs can 
promote skin barrier repair via restoring the expression and 
function of barrier-related genes.

2.2. Regulating immune and inflammatory disorders

An imbalance between Th2 and Th1 immune responses con
tributes to the development of AD, and the type 2 inflammation 
mediated by Th2 is predominant in AD [30]. Besides, the abnormal 
activation of innate immune cells is common in AD, such as mast 
cells, macrophages, and granulocytes [31]. In the acute phase of 
AD, Th22 cell-mediated inflammation  can occur in conjunction 
with type 2 inflammation,  whereas Th1 and Th17 cell-mediated 
inflammation  is progressively exacerbated in the chronic phase 
[32]. MSCs and MSC-EVs have the ability to regulate excessive or 
dysregulated innate and adaptive immunity, alleviating the im
mune and inflammatory response in AD [33]. Many studies have 
suggested MSCs or MSC-EVs can significantly  reduce the trans
epidermal water loss, itch score, and increase the hydration of the 
stratum corneum in AD by controlling inflammation and immune 
imbalance [21,27,28,34,35]. A previous study has suggested the 
subcutaneous injection of bone marrow-derived MSCs or the 
culture supernatant could inhibit the activation of astrocytes and 
microglia associated with chronic itch in the AD model [22]. The 

treatment with MSCs and MSC-EVs can effectively alleviate IL-31- 
induced itch symptoms via inhibiting the activation of STAT1 and 
STAT3 signaling and the expressions of IL-31 receptor and TRPA 1 
expression in 2, 4-dinitrochlorobenzol (DNCB)-induced AD mice 
[27]. Hua, C. et al. have found that MSCs can also interrupt the itch- 
scratching cycle by targeting neuroimmune receptors and 
reducing cytokine levels [19]. MSCs and MSCs-EVs can alleviate AD 
by reducing the infiltration of inflammatory T cells, mast cells and 
dendritic cells [19,29,34,36–41]. MSCs co-cultured with immature 
B cells can inhibit B cell maturation [38]. TGF-β secreted by MSCs 
can inhibit the activation of mast cells by reducing TNF-α and 
histamine release through the ERK and STAT3 signaling pathways, 
thereby alleviating AD [38]. MSC-secreted PGE2, TGF-β, and IDO 
significantly alleviates AD and psoriasis by upregulating Treg cells 
and inhibiting T cell apoptosis depending on Fas and Fas ligand 
signaling [42]. MSCs can also ameliorate AD by secreting 
epidermal growth factor (EGF) to regulate inflammation in kera
tinocytes, Th2 cells, and mast cells [43]. Fat-derived MSCs are 
found to inhibit IL-4R expression in mouse skin tissues and 
significantly suppressed Th17 cell proliferation and inflammatory 
cytokines expression via RORγt and PD-L1, TGF- β and PGE2 [37]. 
All these findings have strongly supported that MSCs and MSC-EVs 
play critical roles in the regulation of immune balance in AD. They 
not only attenuate the inflammatory activation of mast cells, the 
excessive Th2 and Th17 responses, but also increase the immu
nosuppressive activity of Treg subsets (Table 1). In addition, MSCs 
and MSC-EVs possess strong anti-inflammatory  effects by 
reducing the production of IL-4, IL-23, IL-31, IL-17, IL-1β, tumor 
necrosis factor-α(TNF-α), interferon-γ(IFN-γ), and immunoglobulin 
E(IgE) [19,21,27,29,34–37,40,41].They can also promote the pro
duction of anti-inflammatory mediators, such as PPARα, IκB, IL-10, 
and TGF-β1 [35,41]. Compared to JAK inhibitors, MSCs can more 
extensively downregulate the expression of IL-4 receptor, IL-13 
receptor, IgE receptor, toll-like receptor, and JAK1/2/3 in the skin 
and blood samples of AD [19]. Interestingly, when MSCs were co- 
cultured with PBMC from patients with AD, the Th2 transcription 
factor GATA3 is downregulated, while the Th1 transcription factor 
T-bet1 is upregulated, suggesting the pivotal immunomodulatory 
role of MSCs in treating AD [42]. Studies have found that AD mice 
exhibit an increased number of degranulated mast cells (MCs) and 
elevated expression of Th1 and Th2 cytokines, which is dependent 
on macrophage inflammatory protein-2 (MIP-2) or suppressor of 
cytokine signaling 1 (SOCS1). MSCs can prevent AD development 
by facilitating the downregulation of MIP-2, SOCS1, and C-X-C 
motif chemokine 13 (CXCL13) [39]. In summary, MSCs and MSC- 
EVs show significant advantages in alleviating AD by controlling 
inflammation and maintaining the immune balance.

3. Roles of engineered MSCs and MSC-EVs in AD

Engineered MSCs and MSC-EVs have been extensively studied 
in chronic lung diseases, neurological diseases, bone regeneration, 
cardiovascular diseases, cancer, and inflammatory diseases 
[12,44–49], offering new strategies to improve the therapeutic 
efficacy  of MSCs and MSC-EVs. To facilitate an understanding of 
what engineered MSCs and EVs are and the engineering strategy 
available, we provide a brief introduction from the following as
pects. This will help us better summarize the current advances of 
engineered MSCs and EVs in treating AD.

Compared to natural MSCs, engineered MSCs exhibit enhanced 
cellular functions, which are expected to improve therapeutic ef
ficiency, reduce toxicity, and broaden the clinical application of 
MSCs [50]. MSCs can be used to overexpress genes associated with 
disease treatment, augmenting the therapeutic effects. The tech
nical approaches include gene transduction via viral vectors, gene 
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transfection via non-viral vectors, and gene conversion through 
nanoinjection and electroporation [51]. Studies have shown that 
combining MSCs and EVs with biological scaffolds, such as 
hydrogels and 3D-printed porous scaffolds, can create a favorable 
environment for cell adhesion, proliferation, and differentiation. 
These scaffolds provide physical protection for cells and vesicles, 
allowing them to be released in response to environmental 
changes upon reaching specific  sites. This enables precise and 
sustained therapy, enhancing the immunomodulatory and tissue 
repair functions of MSCs and EVs [52–55]. Additionally, surface 
engineering modifications  of MSCs, employing peptides and 
glycan engineering, can improve their homing and transport ca
pabilities (decorating peptides and polymers on the surface of 
MSCs using covalent modification, noncovalent modification, and 
atom transfer radical polymerization (ATRP) methods can improve 
their homing and transport capacity) [56]. MSCs can be pre- 
activated with specific  inflammatory mediators, allowing MSCs 
and secreted EVs to contain higher concentrations of active sub
stances, thereby promoting the therapeutic efficacy  of MSCs 
[57–59].

The engineering of EVs for disease treatment mainly involves 
two strategies: engineering parental cells and modifying the EVs. 
The parental cell engineering strategy refers to loading desired 
molecules or drugs into parental cells through co-incubation and 
electroporation, leading to the secretion of EVs containing specific 
molecules or drugs. Parental cells can also use the molecular 
sorting module (MSM) and plasmid transfection to ensure that 
target proteins are encapsulated by or expressed on the surface of 
EVs. Engineering methods of EVs include chemical modification, 
surface functionalization, polymer nanoparticle modification, etc. 
Chemical modification  refers to introducing peptide sequences, 
immunomodulatory molecules, antibodies, cholesterol, and other 
affinity molecules on the surface of EVs through covalent coupling, 
non-covalent chimerism, and electrostatic interactions. These 
methods also enable the surface functionalization of EVs. Polymer 
nanoparticle modification  involves combining biocompatible 
polymers with EVs to form EVs-polymer hybrid nanocarriers by 
ultrasound, freeze-thawing, and coextrusion, which retain the 
endogenous properties of EVs while gaining the controllability of 
polymers. This hybrid carrier overcomes the limitations of using 

each component alone and facilitates the development of a drug 
delivery system. These engineering methods enhance EV's delivery 
capacity and targeting, improving the effectiveness of bioactive 
molecules and drug delivery [60,61]. Ongoing research has applied 
engineered MSCs and MSC-EVs in AD treatment to enhance the 
efficacy (Fig. 1). The engineering strategies and the altering effects 
of engineered MSCs and MSC-EVs have been listed as follows.

3.1. Induction by inflammatory mediators

Research indicates that stimulation by inflammatory mediators 
can induce nuclear reprogramming in MSCs, leading to increased 
expression of immunomodulatory molecules. These changes 
caused by inflammatory mediators are reversible [62]. Strategies 
involving inflammatory  mediator induction suggest that the 
immunomodulatory functions of MSCs and their EVs can be 
enhanced with increased secretion of immunosuppressive factors 
[63]. The pre-treating MSCs with inflammatory mediators poten
tially increases their survival rate and manipulates their secretion 
profiles, thereby improving their therapeutic efficacy [64].

3.1.1. Toll-like receptor 3 agonist induction
Priming with the Toll-like receptor 3 agonist poly (I: C) or IFN-γ 

enhanced the therapeutic efficacy of MSC in a mouse model of AD, 
which reduced clinical symptom scores, transepidermal water 
loss, epidermal thickness, and inflammatory cell infiltration. The 
MSCs priming with poly (I: C) and IFN-γ exhibited significant 
enrichment of the synthetic mRNA in immune-related classical 
pathways. Specifically, poly (I: C) influences the function of MSCs 
in regulating cell apoptosis, death, and survival. IFN-γ can regulate 
complex functions of MSCs, such as development, growth, prolif
eration, and intercellular signaling and interaction [65].

IDO inhibits the activation of effector T cells activation and the 
function of natural killer cells, stimulates T cell apoptosis, reduces 
the immunogenicity of dendritic cells, and promotes the conver
sion of Treg cells. Some researchers found that IFN-γ can increase 
the expression of 2,3-dioxygenase (IDO) in induced pluripotent 
stem cell-derived MSCs (iMSCs). The iExos derived from IFN-γ pre- 
treated MSCs improved the clinical symptom score, trans
epidermal water loss, skin thickness, and inflammatory cell 

Table 1 
Effects of MSCs and MSCs-derived biological mediators on immune cells.

Immune cells MSCs-derived 
biological mediators

Mechanisms Major effects References

T cell Unclassified/CD4+ T cell PGE2 PGE2 pathway Fas expression significantly; 
decreases on naive T cells.

[42]

Th2 cell EGF Inhibition of TARC/CCL17 
expression.

Th2 cell maturation is 
inhibited.

[43]

Th17 cell PD-L1, TGF-β, PGE2 Reduced expression of 
transcription factors RORγ T 
and IL-17A

Inhibition of proliferation and 
activation of Th17 cells

[37]

Treg cell PGE2,TGF-β,IDO PGE2 and TGF-β pathway. An increase in the number of 
tregs.

[42]

Mast cell TGF-β Activation of ERK and STAT3 
signaling in mast cells.

Histamine and TNF-α release 
reduction.

[38]

Microglia / Inhibition of cell activation Alleviate neuropathic itch [22]
B cell TGF-β Directly inhibits the 

maturation and proliferation of 
B cells; 
indirectly suppresses B cell 
activation by inhibiting 
TNF-α released from mast cells

Reduced serum IgE levels; 
alleviation of AD symptoms

[38]

MSCs: mesenchymal stem cell; Th: helper T; Treg: regulatory T; PGE2: prostaglandin E2; EGF: epidermal growth factor; PD-L1: programmed death-ligand 1; TGF-β: 
transforming growth factor-β; IDO: indoleamine 2,3-dioxygenase; TARC: thymus activation regulated chemokine; CCL17: chemokine (C–C motif) ligand 17; RORγ T: 
retinoid-related orphan receptor gamma T; IL-17A: interleukin-17A; ERK: extracellular regulated protein kinases; STAT3: signal transducer and activator of transcription 3; 
TNF-α: tumor necrosis factor-α.

T. Ren, K. He, D. Xu et al. Regenerative Therapy 30 (2025) 123–135

126



infiltration in AD mice. Bioinformatic analysis of mouse skin mRNA 
revealed that this treatment primarily affected skin barrier func
tion and T cell immune response [66]. The study has shown that 
IFN-γ induces iMSCs, producing transcriptional changes related to 
immune regulation, such as upregulation of genes that regulate 
Treg cell activation. The molecular and biological alterations in the 
iMSCs caused by IFN-γ can also cause corresponding changes in 
the composition of the EVs’ protein cargo. Among them, AD and 
infant eczema are the immune diseases with the highest associa
tion with EVs proteins induced by IFN-γ. This study shows that EVs 
obtained after pretreatment reduced the expression of the Th2 

cytokine receptor and the corresponding activation of intracellular 
JAK/STAT signaling molecules. Additionally, EVs can improve skin 
inflammation and prevent itching by reducing the NF-κB pathway 
activity, inhibiting TSLP expression and IL-31R-STAT signaling, and 
repairing skin barrier dysfunction and abnormal lipid synthesis in 
AD [67]. Proteomics and transcriptome sequencing analyses 
revealed that EVs, secreted by MSCs induced by poly (I: C) had 
increased levels of innate immune defense proteins, while miRNA 
and antimicrobial peptide content remained largely unchanged 
[68]. Furthermore, priming with Toll-like receptor 3 agonists can 
alter the composition of different functional mRNA and proteins in 

Fig. 1. Engineering methods for MSCs and EVs. MSCs: mesenchymal stem cells; EVs: Extracellular vesicles; ATRP: atom transfer radical polymerization; MSM: molecular sorting 
module.
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MSCs and EVs, increasing the production of active substances and 
enhancing their anti-inflammatory effects.

3.1.2. Mast cell granules induction
Mast cells (MCs) are crucial effector cells in AD and play a 

significant role in allergic reactions. MCs become sensitized by IgE 
and are activated upon binding to allergen. Once activated, MCs 
secrete several molecules that trigger allergic responses, such as 
itching and Th2 inflammation. Since MCs contain various disease- 
triggering molecules and pro-inflammatory cytokines, MC parti
cles have been considered for the pretreatment of MSCs. Notably, 
MSCs can inhibit MC degranulation and reduce TNF-α production 
and mast cell growth factor-mediated cell migration. However, 
following the induction of MC granules, MSCs exhibited increased 
secretion of COX2, which stimulated MSC growth via the COX2- 
PGE2 signaling pathway, enhancing their self-renewal and 
immunosuppressive properties. The pretreatment of MC particles 
enhanced the inhibitory effect of MSCs on both MCs and B cells. 
MSCs pretreated with MC particles significantly  reduced IgE 
expression, accelerated skin lesion healing, and notably alleviated 
the clinical severity in AD mice [69]. MCs particle pretreatment 
operates similarly to Toll-like receptor 3 agonists, as both alter the 
biological properties of MSCs through inflammatory  stimuli. 
Conversely, COX2, an inflammatory mediator whose secretion in
creases in MSCs after pretreatment with MC particles, is used to 
promote MSCs self-enhancement. Following this “self-reinforce
ment,” MSCs effectively alleviate AD inflammation.

3.2. Genetic modifications

The strategies for genetic alteration of MSCs include changing 
DNA by viral transduction, nuclear transfer or transfection, gene 
editing techniques, and various other approaches to achieve the 
desired phenotype. Gene manipulation can improve the migration 
and homing ability of MSCs and enhance the paracrine effects 
[70–72].

Extracellular superoxide dismutase 3 (SOD3), an extracellular 
antioxidant enzyme, has been shown to regulate adaptive immune 
responses. MSCs genetically modified to overexpress SOD3 (SOD3- 
MSCs) can regulate immune cells, reduce proinflammatory medi
ators, and inhibit the expression and activation of the histamine 
H4 receptor (H4R). SOD3-MSCs also mitigate splenomegaly, 
lymphadenopathy, and levels of reactive oxygen species in the 
skin, while altering the composition of effector cells in the spleen 
and lymph nodes. Besides, they reduce the phosphorylation levels 
of signaling pathway molecules such as ERK1/2, p38, NF-κB, and 
JAK/STAT, alleviating inflammation associated with AD. Moreover, 
SOD3 interacts with H4R and the IL-4 receptor α to suppress the 
pathogenesis of AD, showing a stronger inhibition compared to 
native MSCs [73]. SOD3-MSCs cells overexpressing SOD3 pre
served the migratory capacity of MSCs, enhanced the anti- 
inflammatory properties, and inhibited the Th cell differentiation 
and mast cell degranulation. The EVs derived from SOD3-MSCs 
retain the ability of MSC and deliver SOD3 to modulate immune 
cells and anti-fibrosis [74].

Some researchers found that the expression level of microRNA- 
147a (miR-147a) was significantly  downregulated in both the 
serum and skin tissues of AD mice. Moreover, the expression of 
miR-147a was also negatively correlated with the level of vascular 
endothelial growth factor A (VEGFA) and TSLP in AD mice, sug
gesting a potential role in the pathogenesis of the condition. To 
investigate the therapeutic potential of MSC-Exos enriched with 
miR-147a in AD, miR-147a mimics were transfected into MSCs, 
resulting in a significant increase in miR-147a levels within Exos. 

Compared to Exos without transfection, those with miR-147a 
transfection significantly  reduced the inflammatory response 
and apoptosis of HaCaT cells induced by TNF-ɑ/IFN-γ and inhibited 
the angiogenesis of human umbilical vein endothelial cells 
(HUVEC). The transcription factor MEF2A acts as an activator of 
TLSP transcription during the progression of AD. miR-147a- 
overexpressing Exos directly target VEGFA and MEF2A-TSLP axis, 
suppressing pathological angiogenesis and inflammatory damage 
in AD through a direct binding relationship [75]. Gene over
expression not only has barely negative effects on the properties of 
MSCs but also enhances the functions of MSCs and EVs. Therefore, 
the genetic engineering better improves the therapeutic efficacy of 
MSCs and MSC-EVs in AD beyond their original capabilities.

3.3. Gel loading project

With their chemical, physical, and biological properties similar 
to the extracellular matrix in natural tissues, gels can provide a 
suitable environment for cells, regulate cell function, and support 
cell attachment, proliferation, and differentiation. The three- 
dimensional hierarchy of gels allows cells to accumulate and 
grow in their interior, promoting the secretion of cellular active 
factors, thus improving cell physiology. Moreover, gels have high 
elasticity, excellent biocompatibility and degradability, making it 
an effective carrier for MSCs and their secretions. Gels can address 
the issue of rapid clearance of MSC secretions by tissues, enabling 
controlled and sustained release of these secretions. Hydrogels are 
made from various natural and synthetic polymers, such as hyal
uronic acid, alginate, and gelatin. These polymers have distinct 
chemical and physical properties, giving hydrogels diverse char
acteristics and applications. By selecting different composites, 
suitable hydrogels can be designed. For example, the design of 
appropriate gel thermal stability, biocompatibility, mechanical 
strength, etc., can meet the internal delivery of cells and their 
secretions, regulate cell physiological activities and secretion 
release [76,77].

Lee, H. et al. functionalized hyaluronic acid (HA) as HA-SH 
containing thiol groups to cross-link it under physiological con
ditions to form a three-dimensional HA-SH hydrogel structure. 
In vitro experiments on incubation of HA-SH hydrogel mixed with 
MSCs and in vivo experiments on treating mouse AD model using 
HA-SH hydrogel carrying MSCs (HA-SH/MSCs) all found that HA- 
SH hydrogel could significantly  increase the release of anti- 
inflammatory cytokine TSG-6 in MSCs, demonstrating its immu
nomodulatory effect. HA-SH/MSCs can reduce epidermal thickness 
and mast cell infiltration in AD mice. They also significantly down- 
regulate the inflammatory cytokines IL-13, CCL11, and CCL24. Re
searchers have found that HA-SH itself has anti-inflammatory ef
fects that help regulate inflammation.  Furthermore, HA-SH 
hydrogel as a carrier effectively improved the survival and reten
tion rate of MSCs in damaged tissues compared with the injection 
of MSCs alone [78].

3.4. Fusion nanovesicles

Hybrid membrane nanovesicles (HMNVs) are formed by the 
fusion of homologous and heterologous membrane materials from 
two different cell types, either naturally secreted or artificially 
synthesized. The synthesis method includes co-extrusion, freeze- 
thaw method, ultrasonic method, co-incubation, microfluidic and 
other physical methods, as well as chemical induction method and 
chimera strategy. HMNVs combine the superior properties of two 
different sources of nanovesicles to display more abundant bio
logical functions. The optimization of HMNVs encapsulated 
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biomolecules or surface cell membrane components through gene 
editing or chemical modification can demonstrate promising ap
plications in disease diagnosis, imaging, and treatment [79].

Plant-derived nanovesicles (PDNVs) share similarities with 
mammalian cell-derived EVs, possessing potential for promoting 
cell growth, migration, and differentiation into various tissues, as 
well as biological activities such as immune regulation, microbiota 
modulation, antioxidation, and anti-aging. Additionally, their 
unique structure provides an optimal platform for drug encapsu
lation [80]. Huang, R. et al. loaded the poorly soluble CX5461 (a 
specific rRNA synthesis inhibitor with immunosuppressive effects) 
into grapefruit-derived nanovesicles (GEVs) via electroporation. 
These were then fused with CCR6 gene-overexpressing MSC- 
derived nanovesicles (CCR6-NVs) to create fusion nanovesicles, 
FV@CX5461. FV@CX5461 can compete with immune cells to bind 
the chemokine CCL20 to exert anti-inflammatory  effects and 
demonstrates significant  immunosuppressive and antioxidative 
properties. It was found that miR159a in GEVs is retained in 
FV@CX5461, potentially exerting a cross-species target gene reg
ulatory effect on human cells. Since activated immune cells and 
excessive proliferation of keratinocytes contribute to AD skin le
sions, the researchers first conducted in vitro experiments to verify 
the function of FV@CX5461. The results indicate that FV@CX5461 
inhibits reactive oxygen species and the expression of inflamma
tory factors in HaCaT cells, promotes macrophage polarization 
toward the M2 phenotype, and suppresses PBMC proliferation and 
the migration of CCR6-expressing T cells. Additionally, it affects the 
T cell receptor pathway and the JAK/STAT pathway, thereby 
inhibiting T cell proliferation, activation, and the production of 
inflammatory cytokines. Subsequently, FV@CX5461's therapeutic 
effects were observed in a mouse AD model, revealing that 
FV@CX5461 reduced skin inflammatory cytokines and the pro
portion of CD4+ T cells, while increasing the proportion of Treg 
cells, thereby effectively treating AD [81]. HMNVs, as a novel 
technology product, retain the biological characteristics of two 
different nanovesicles, and appropriately processing before the 
fusion of the two nanovesicles can maximize the therapeutic effect 
of both as far as possible. After the fusion of nanovesicles, the 
biological effects are also combined. Compared to the original 
nanovesicles, HMNVs offer more advantages in treating immune 
inflammation.

Different engineering techniques yield MSCs and EVs with 
distinct features, all aimed at enhancing the efficacy, targeting, or 
intra-tissue retention of MSCs and EVs (Table 2). Appropriate 
methods can be selected based on treatment needs and objectives.

In summary, the current preclinical research indicates that 
natural and engineered MSCs and MSC-EVs can alleviate AD im
mune inflammation and repair the skin barrier. For natural MSCs 
and MSC-EVs, they can secrete bioactive substances that inhibit 
barrier damage caused by SA colonization, suppress neural cell 
activation, neuroimmune receptors, pruritus-related cytokines, 
and pruritus signaling pathways, thereby blocking the itch-scratch 
cycle. They also enhance the expression of barrier-protective 
genes, proteins, and lipids to facilitate barrier repair. Their regu
lation of immune inflammation occurs through direct actions or 
the secretion of active components such as IL-10, PGE2, TGF-β, EGF, 
and IDO, which modulate T cell proliferation, apoptosis, and dif
ferentiation, inhibit mast cell and macrophage inflammatory 
activation, reduce the infiltration  of inflammatory  cells into the 
skin, adjust cytokine levels, and weaken the signal activation of 
ERK, JAK/STAT, NF-κB and other pathways. These processes restore 
immune inflammation. For engineered MSCs and EVs, almost all 
engineering methods enhance the secretion of active regulatory 
components from MSCs. However, the substances secreted and the 
biological characteristics of MSCs and EVs differ depending on the 

engineering method used. Nevertheless, the immune regulatory 
functions of modified  MSCs and EVs are enhanced, similarly 
reducing the activation of ERK, JAK/STAT, and NF-κB pathways 
(Fig. 2).

4. Advances in clinical research on MSCs and MSC-EVs for AD

A clinical trial investigated the safety and efficacy  of human 
umbilical cord blood MSCs in treating moderate to severe AD over 
a 12-week period. The study recruited 34 adult patients, randomly 
assigning them to receive either low-dose (2.5 × 107 cell) or high- 
dose (5.0 × 107 cell) subcutaneous MSC injections. Among par
ticipants receiving low or high doses of MSCs, the proportion of 
those with more than a 50 % decrease in the eczema area and 
severity index (EASI) and the scoring atopic dermatitis index 
(SCORAD) was 33.3 % and 66.7 %, respectively, indicating a dose- 
dependent effect. At week 12, although the investigator's global 
assessment (IGA) showed less reduction compared to EASI and 
SCORAD scores, both dosing groups exhibited significant decreases 
compared to baseline IGA scores. MSCs at all doses reduced serum 
total IgE levels and blood eosinophil counts. No serious adverse 
events were reported. Most adverse events were local reactions at 
the injection site, such as nodule, bruising, erythema, or pain, and 
some cases of skin infections and gastrointestinal diseases, but all 
were transient and of mild severity [82]. In another clinical trial, 
the long-term efficacy and safety of intravenous injection of bone 
marrow-derived MSCs were evaluated in 5 AD patients. Results 
showed significant improvements in body surface area (BSA), EASI, 
SCORAD, and IGA scores approximately 16 weeks later. Eighty 
percent of these patients achieved a EASI 50 response after one or 
two courses of treatment. In addition, eosinophil counts and 
eosinophil cationic protein decreased, though not significantly. 
During the subsequent 16–86 weeks of follow-up, three partici
pants maintained EASI 50 response for over 84 weeks, while two 
others experienced symptom exacerbation and used additional 
systemic medications, leading to discontinuation of the study. No 
severe adverse events, including local inflammatory  reactions, 
severe allergic reactions, or vascular obstruction, were reported. 
Due to the small sample size, larger-scale clinical trials are needed 
to confirm long-term efficacy and safety [83]. Recently, a research 
team conducted a Phase I/II clinical trial to evaluate the safety and 
efficacy  of human bone marrow-derived MSCs in adults with 
moderate to severe AD. In the Phase I trial, 20 subjects were 
randomly assigned to receive an intravenous infusion of either a 
high dose (1 ×106 cells/kg) or a low dose (5 ×105 cells/kg) of MSCs. 
Since no significant difference was observed between the two dose 
groups, the low dose was selected for the Phase II trial. The Phase II 
trial was a randomized, double-blind, placebo-controlled study 
involving 72 subjects, who received three weekly intravenous in
fusions of 5 × 105 cells/kg MSCs. At weeks 12 and 24, the EASI 50 
and EASI 90 response rates were significantly higher in the MSC- 
treated group compared to the placebo group. Additionally, at 
weeks 16 and 24, the proportion of patients achieving IGA 0/1 was 
significantly greater in the MSC group than in the control group. 
Most adverse events in this trial were mild to moderate and 
resolved by the end of the study. The most commonly reported 
side effects included herpetic ophthalmitis, rash, and upper res
piratory tract infections [84].

A previous study of 28 AD patients has shown that the cream 
containing human umbilical cord blood-derived MSCs culture 
medium (MSCs-CM) could improve the skin barrier, as evidenced 
by significant improvements in skin hydration and transepidermal 
water loss (TEWL) at both lesional and non-lesional sites [85]. Skin 
sensitivity and skin barrier function have been implicated in many 
skin diseases, including AD. Researchers explored the safety and 
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Table 2 
Roles of engineered-MSCs and MSC-EVs in AD.

Classification of 
Engineering Strategies

Processing method Effects of engineered-MSCs and 
MSC-EVs

Advantages References

Inducing with 
inflammatory 
mediators

Ploy I:C primed Modifying the gene expression 
profile of MSCs. Regulating Th2 and 
Th17 immunity. The protein 
content of EVs is regulated.

Improving the loading rate of 
active ingredients.

[65,68]

IFN-γ primed Altering the gene expression profile 
of MSCs. Regulating Th17 
immunity. Increased expression of 
IDO. The transcriptional profile of 
iMSCs and the protein composition 
of EVs have significantly changed.

Improving the loading rate of 
active ingredients.

[65–67]

Mast cell granule induction Increased expression level of COX2. Improving the loading rate of 
active ingredients.

[69]

Genetic manipulation SOD3 transduction Increased expression and secretion 
of SOD3.

Improving the loading rate of 
active ingredients.

[73,74]

MiR-147a transduction Increased expression of miR-147a. Improving the loading rate of 
active ingredients.

[75]

Gel loading technology HA-SH Hydrogel Increased release of TSG-6, survival 
rate increases.

Increasing the retention of 
lesion site.

[78]

Fusion nanovesicles CX5461 loaded into GEV,Chronic 
viral infection of GMSCs, 
Coextrusion facilitates the fusion of 
nanocapsules

Conferring immunomodulatory, 
anti-inflammatory and antioxidant 
functions, as well as the ability to 
target CCL20

Improving the targeting and 
active ingredient loading rate.

[81]

MSCs: mesenchymal stem cell; EVs: extracellular vesicles; AD: atopic dermatitis; IFN-γ: interferon-gamma; SOD3: superoxide dismutase 3, extracellular; HA-SH: hyaluronic 
acid-thiol; GEV: grapefruit-derived exosome-like nanovesicles; GMSCs: Gingiva-derived mesenchymal stem cells; Th: helper T; IDO: indoleamine 2,3-dioxygenase; COX2: 
cyclooxygenase-2; TSG-6: tumor necrosis factor-inducible gene 6 protein; CCL20: chemokine (C–C motif) ligand 20.

Fig. 2. Effects and molecular mechanisms of natural- and engineered-MSCs and MSC-EVs in regulating AD. SA: staphylococcus aureus; LL-37: antibacterial protein LL-37; MSCs: 
mesenchymal stem cell; miR-147a: microRNA-147a; TSLP: thymic stromal lymphopoietin; TGF-β: transforming growth factor-β; EGF: epidermal growth factor; PD-L1: pro
grammed death-ligand 1; PGE2: prostaglandin E2; IDO: indoleamine 2,3-dioxygenase; IL: interleukin; EVs: Extracellular vesicles; TRPA1: transient receptor potential A1; Hrh2: 
histamine receptor H2; Bdkrb1/2: bradykinin receptor B1/2; Th: helper T; Treg: regulatory T; M1/2: macrophages M1/2; IgE: immunoglobulin E; Exos: exosomes; SOD3: su
peroxide dismutase 3,extracellular.
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efficacy  of topical treatment with MSC-Exos for sensitive skin. 
Twenty-two women diagnosed with sensitive skin (scoring ≥3 on 
a 5 % lactic acid sting test, experiencing repeated dryness, stinging, 
burning, itching, or other discomforts) were enrolled in the study. 
Patients apply 1 mL of MSC-Exos fluid  derived from umbilical 
wharton glue twice daily to the face. Patient symptoms and 
improvement indices were assessed before product use and at day 
7,14 and 28 after product use. Among the 20 patients who 
completed the follow-up, dryness scores, objective symptoms 
(including roughness, scaling, erythema), and subjective symp
toms (including tightness, burning, or itching) significantly 
decreased. The improvement index and skin a* values (measuring 
product efficacy on sensitive skin) were markedly reduced. Lactic 
acid sting test scores decreased significantly compared to baseline, 
skin sebum levels were notably reduced, and the percentage of 
participants with a very satisfactory score exceeded 75 %. Although 
no significant differences were found in skin TEWL and hydration 
compared to baseline, a gradual decrease in TEWL and an increase 
in hydration were observed over time with continued use of the 
product [86]. MSCs and MSC-EVs have shown promise in 
improving AD symptoms and clinical scores in clinical studies, 
with optimistic response rates (Table 3). However, variations in 
MSCs and EVs administration methods across studies highlight the 
need for further research to validate and standardize their clinical 
applications.

5. Conclusion

AD usually presents as chronic and recurrent, requiring long- 
term treatment to alleviate clinical symptoms. Traditional anti- 
inflammatory drugs for treating AD are topical and systemic cor
ticosteroids, immunosuppressants, and local calcineurin inhibitors 

[87]. Long-term use of these medications can result in adverse 
effects, including skin atrophy, liver and kidney damage, and an 
increased risk of infection [88]. Currently, several biological agents 
and janus kinase (JAK) inhibitors have been approved to treat AD, 
targeting specific inflammatory cytokine receptors and pathways. 
Local JAK inhibitors, phosphodiesterase-4 (PDE-4) inhibitors, and 
other novel topical drugs have emerged [89]. These treatments 
provide a relatively high response rate and long-term benefits, 
particularly for patients with moderately severe AD. However, 
these novel targeted therapies, when used alone, only address 
specific inflammatory factor receptors or signaling pathways (such 
as blocking IL-4 receptors, IL-13 receptors, IgE receptors, or the 
JAK/STAT pathway). The pathogenesis of AD involves numerous 
inflammatory factors and pathways. Given the complexity of the 
inflammatory  response network, these new therapies cannot 
comprehensively resolve these issues [89–91].

In recent years, MSCs and MSC-EVs have attracted significant 
attention for their potential applications in the treatment of AD. 
Firstly, MSCs have been shown to promote the repair of damaged 
skin barriers by combating or reducing inflammation  caused by 
infections, regulating the expression of barrier proteins and lipids, 
and secreting growth factors and cytokines [19,21,26,27,92,93]. 
Additionally, MSCs exert their immune-regulatory effects by sup
pressing the activity of inflammatory cells and the production of 
inflammatory  mediators, and by promoting the generation of 
regulatory T cells [94,95], thus alleviating the abnormal immune 
responses observed in AD. MSCs interact with immune cells 
through cell-to-cell contact or by secreting bioactive molecules. 
Among these interactions, MSC-EVs are effective mediators of 
intercellular communication, which can deliver bioactive mole
cules to the target cells and regulate their functions [64]. EVs carry 
proteins, nucleic acids, and lipids, which contribute to their ability 

Table 3 
Current status of clinical research on MSCs and MSC-EVs for the treatment of AD.

Number of 
participants

Source of MSCs/MSC- 
EVs

Administration route Treatment duration Therapeutic effects Adverse reactions References

34 Umbilical cord blood 
MSCs

Subcutaneous injection 12 weeks Significant reduction in 
EASI and SCORAD 
scores; decreased 
serum IgE levels and 
peripheral blood 
eosinophil counts

Transient mild lesions, 
skin pain, infections, 
gastrointestinal 
disorders

[82]

5 Bone marrow MSCs Intravenous injection 16 weeks Significant 
improvement in BSA, 
EASI, SCORAD, and IGA 
scores

No severe adverse 
events

[83]

72 Bone marrow MSCs Intravenous infusion 24 weeks Significant 
improvement in EASI 
and IGA scores 
compared to control 
group

Herpetic keratitis, rash, 
and respiratory 
infections

[84]

28 Umbilical cord blood 
MSC-Exos

Topical emulsion 4 weeks Significant 
improvement in skin 
hydration and TEWL

Not reported [85]

22 Umbilical cord MSC- 
Exos

Topical liquid 
application

28 days Significant decrease in 
dryness scores, 
objective and 
subjective symptoms; 
Significant decrease in 
improvement index 
and skin a* values.; 
Significant decrease in 
lactic acid tingling test 
score and significant 
decrease in skin sebum 
level

No adverse events [86]

MSCs: mesenchymal stem cell; MSC-Exos: MSC-derived exosomes; EASI: eczema area and severity index; SCORAD: scoring atopic dermatitis index; IgE: Immunoglobulin E; 
BSA: body surface area; IGA: investigator's global assessment; TEWL: transepidermal water loss.
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to regulate immune responses and promote tissue repair in AD. 
Compared to MSCs, EVs have very low immunogenicity, higher 
concentrations of active components, efficient  biological barrier 
penetration, do not accumulate in highly vascularized areas, and 
are easier to store and quality control [33,95]. To enhance thera
peutic effects, researchers have started engineering MSCs and 
MSC-EVs, such as increasing the expression of specific therapeutic 
molecules through gene editing technologies, improving their 
biocompatibility and targeting capabilities through surface 
modification  techniques, extending cell survival and function 
through gel loading, and activating MSCs using various pretreat
ment methods [56,64]. Currently, the experiments on engineered 
MSCs and MSC-EVs for AD treatment are still in the preliminary 
stages, with many issues yet to be explored: (1) More research is 
needed to confirm  their safety and efficacy. (2) Maintaining the 
biological characteristics and functions of MSCs and MSC-EVs 
during large-scale engineered production is an urgent issue to 
address. (3) Developing unified  quality control standards and 
regulatory frameworks in the future is also crucial for advancing 
the clinical application of engineered stem cell therapies.

From the perspective of the skin microbiome, the diversity of 
symbiotic microorganisms can maintain a normal skin microen
vironment, with some microorganisms secreting SA growth in
hibitors. Increasing skin microbiome diversity and reducing 
pathogenic SA colonization are considered promising therapeutic 
approaches [13,96–98]. The antimicrobial effects of MSCs and 
MSC-EVs are well-established, and it is worth exploring whether 
they can complement new AD drugs to achieve better antimicro
bial treatment outcomes. Additionally, one study found that MSCs 
were more effective than the JAK inhibitor Oclacitinib in 
improving symptoms and enhancing clinical scores, significantly 
reducing epidermal thickness, mast cell infiltration and degranu
lation, and inflammation  factor expression, and demonstrating 
stronger immunomodulatory effects. MSCs showed greater effi
cacy in local wound repair without side effects, indicating superior 
effectiveness [40]. MSCs and MSC-EVs may offer a more compre
hensive therapeutic effect, impacting multiple pathological pro
cesses of AD. In contrast, biologics and small-molecule drugs 
target only a few key disease pathways, but their production 
processes are relatively mature, with strict quality control stan
dards and easier large-scale production. Although MSCs, MSC-EVs 
and new drugs each have advantages in AD treatment, there are 
not simple antagonistic relationships between them. Future 
research may explore the synergistic effects between these treat
ments to provide more comprehensive and personalized treat
ment options. It is also important to note that some drugs 
combined with MSCs might reduce the efficacy  of MSCs. Re
searchers have found that Pimecrolimus, a commonly used drug 
for AD, can block the therapeutic potential of MSCs when used in 
combination. The main mechanism is through the inhibition of the 
nuclear translocation of the COX2 transcription factor NFAT3 in 
MSCs, which downregulates the COX2-PGE2 axis, thereby sup
pressing COX2 expression and reducing PGE2 production, 
impacting the immunomodulatory function of MSCs [99]. This 
indicates that combination therapies are not simply additive, and 
standardized clinical combination protocols for MSCs and other 
drugs still have a long way to go.

Despite their vast potential, MSCs and MSC-EVs also have limi
tations that must be considered. MSCs-based therapies face chal
lenges such as low cell survival rates, low engraftment rates, and 
potential tumorigenicity. Research has demonstrated that MSCs 
exhibit significant tumor tropism and can promote tumor growth 
in vivo. After prolonged exposure to tumor-conditioned medium, 
MSCs form a cancer-associated fibroblast (CAFs) -like phenotype 
and produce growth factors, cytokines, and chemokines to promote 

tumor progression. TNF-ɑ -activated MSCs can promote tumor 
growth and tumor metastasis through the recruitment of CXCR2+

neutrophils [95]. Both normal MSCs and cancer tissue-derived 
MSCs can direct T lymphocytes to specific regulatory phenotypes 
that may support immune evasion and tumor growth [100]. We had 
to consider the risk of MSCs leading to occurrence and accelerated 
tumor development under certain conditions. EV-based cell-free 
therapy can address the tumorigenic concerns associated with 
MSCs; however, the cargo capacity and efficacy  of EVs vary 
depending on their source. Large-scale production and standardi
zation continue to be major obstacles to clinical translation. Addi
tionally, the lack of standardized protocols for the isolation, 
characterization, and management of MSCs and MSC-EVs further 
complicates their therapeutic application in AD.

In conclusion, current research highlights the therapeutic po
tential of MSCs and MSC-EVs in AD but also underscores the need 
to address their limitations and develop more effective strategies 
to harness their beneficial effects.

6. Summary and outlook

MSCs and MSC-EVs exhibit distinct abilities in promoting bar
rier repair and regulating immune responses in AD. The regener
ative and immunomodulatory properties of MSCs and MSC-EVs 
provide a potential avenue for developing innovative treatments 
for AD. Currently, MSCs and MSC-EVs have undergone clinical 
trials; however, the limitations in large-scale and standardized 
production have, to some extent, restricted their further clinical 
applications. This highlights the necessity of addressing these 
challenges to fully realize their therapeutic potential. With ad
vancements in the field of bioengineering, future research should 
focus on optimizing the properties of MSCs and MSC-EVs, over
coming their limitations, and establishing standardized protocols 
to maximize their efficacy  and safety in the treatment of AD. 
Further exploration of the mechanisms underlying MSC- and MSC- 
EV-based therapies for AD, combined with a series of bioengi
neering approaches to facilitate their clinical application, holds 
promise for advancing new therapeutic strategies for AD and 
addressing the limitations of existing treatments.
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