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Hair follicle‑derived mesenchymal stem 
cells decrease alopecia areata mouse hair loss 
and reduce inflammation around the hair follicle
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Abstract 

Background:  Alopecia areata (AA) is a common autoimmune hair loss disease with increasing incidence. Corticos‑
teroids are the most widely used for hair loss treatment; however, long-term usage of hormonal drugs is associated 
with various side effects. Mesenchymal stem cells (MSCs) therapy has been studied extensively to curb autoimmune 
diseases without affecting immunity against diseases.

Methods:  Hair follicle-derived MSCs (HF-MSCs) were harvested from the waste material of hair transplants, isolated 
and expanded. The therapeutic effect of HF-MSCs for AA treatment was investigated in vitro AA-like hair follicle organ 
model and in vivo C3H/HeJ AA mice model.

Results:  AA-like hair follicle organ in vitro model was successfully established by pre-treatment of mouse vibrissa 
follicles by interferon-γ (IFN-γ). The AA-like symptoms were relieved when IFN-γ induced AA in vitro model was co-
cultured with HF-MSC for 2 days. In addition, when skin grafted C3H/HeJ AA mice models were injected with 106 HF-
MSCs once a week for 3 weeks, the transcription profiling and immunofluorescence analysis depicted that HF-MSCs 
treatment significantly decreased mouse hair loss and reduced inflammation around HF both in vitro and in vivo.

Conclusions:  This study provides a new therapeutic approach for alopecia areata based on HF-MSCs toward its 
future clinical application.
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Introduction
The distress caused by hair loss is rising with increasing 
life pressure and environmental factors. Hair loss is usu-
ally associated with abnormal hair follicle cycling and 
morphology. Stem cells drive the hair cycle from hair 

follicles growth rest (telogen) to a new growth phase 
(anagen) [1].

Alopecia areata (AA) is a common non-scarring auto-
immune disorder that occurs in genetically susceptible 
individuals, and it is triggered by some unknown envi-
ronmental factors [2]. The incidence of this disease scaled 
up from 0.1% in 1970 to 2.11% in recent years [3, 4]. It 
has an apparent effect and brings more psychological 
pressure to the patients than other dermatological disor-
ders [5]. Although its etiology and pathogenesis are still 
elusive, CD8+ T cells infiltration was identified as the 
major irritant in AA [6, 7]. Hair follicles keep immune 
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privilege by suppression of autoantigen presentation sys-
tem like major histocompatibility complex (MHC) class I 
[8]. Some proinflammatory cytokines like tumor necrosis 
factor-α (TNF-α) and interleukin-6 (IL-6) also coordinate 
cyclical hair growth within the AA pathogenesis [9–11]. 
Hormone drugs are the most used topical treatment clin-
ically, though they could exhibit some side effects [12]. 
Some alternatives treatments of androgenetic alopecia 
(AGA) have been reported like platelet-rich plasma (PRP) 
local injection [13], but research in AA is still limited. 
Therefore, there is a need for the development of alterna-
tive therapy in AA.

Mesenchymal stem cells (MSCs) exhibit excellent inter-
action with immune cells and immunoregulation [14]. 
MSCs injection can suppress lymphocyte proliferation in 
some immunopathy like leucoderma and lung injury [15]. 
A clinical study showed that autologous adipose-derived 
stromal vascular cells (ADSVCs) injection could treat 
alopecia areata safely and effectively [16]. Besides, MSCs 
isolated from hair follicles (HF) have great differentiation 
potential and are user-friendly [17–19]. The injection of 
hair follicle stem cells (HFSCs) to a rat model of middle 
cerebral artery ischemia/reperfusion reduced infarct vol-
ume and promoted neurological recovery [20]. Sun et al. 
group reported that intravenous injection of HF-MSCs 
to the rats with acute pancreatitis regenerated damaged 
pancreas and reduced IL-6 and TNF-α in the serum [21]. 
The pluripotent factor octamer-binding transcription 
factor 4 generated HF-MSCs can differentiate to enucle-
ated adult-type erythrocytes, providing a new pathway 
for patient-specific transfusion [22]. Furthermore, engi-
neered HF-MSCs released human insulin in a controlled 
manner that reversed hyperglycemia in mice with type 1 
diabetes [23].

In this study, we established an in vitro AA-like model 
by using IFN-γ-induced mouse vibrissa follicle. We 
observed immunotoxicity cytokines suppression and hair 
shaft elongation in vibrissa follicles after HF-MSC treat-
ment in vitro. The injection of HF-MSCs restrained AA 
mice hair loss and reduced inflammation around HF. 
Overall, the finding of this study provides a new stem 
cell-based therapeutic method for AA treatment.

Methods
Isolation and cultivation of human hair follicle 
mesenchymal stem cells
HF-MSCs were isolated as described previously [18, 24]. 
Briefly, human hair follicles were obtained from the waste 
material of an informed hair transplant patient. The hair 
follicles were drawn off from surrounding tissue by twee-
zers and washed extensively with Hank’s balanced salt 
solution containing 1% penicillin–streptomycin. After 
cutting hair shafts, hair follicles were transferred into 

a 24-well culture plate, with one follicle per well con-
taining Dulbecco’s modified Eagle Medium-Ham F-12 
(DMEM/F-12; Gibco, Life, USA) supplemented with 
10% fetal bovine serum (FBS; Gibco, Life, USA) and 
2 ng mL−1 of basic fibroblast growth factor (bFGF; Santa 
Cruz Biotechnology, USA) at 37  °C with 5% CO2. The 
culture medium was changed every 3  days. After fibro-
blast-like cells migration from the hair follicles, cells orig-
inating from the dermal sheath or papilla were selected 
and digested with 0.25% trypsin and then subsequently 
subcultured in DMEM/F-12 supplemented with 10% FBS 
until 80% confluency.

Animals
This study was approved by the Guangzhou Institutes of 
Biomedicine and Health-Chinese Academy of Science 
experimental animal center, and all animal housing and 
handling were carried out according to IACUC guide-
lines (Permit No. 2018051). The C3H/HeJ mice were pur-
chased from The Jackson Laboratory, USA, and C57BL/6 
mice were purchased from Charles River Laboratories, 
China.

Isolation and cultivation of hair follicle organ
Mouse vibrissa follicles were isolated from a 6-week-old 
female C57BL/6 mouse. Animals were anesthetized with 
CO2 and killed by cervical dislocation. The skin around 
the nose was cut with the aid of a stereomicroscope and 
pulled up sharply to expose clean vibrissa follicles by 
using forceps. After extensive washing with phosphate-
buffered saline (PBS) containing 100 IU mL−1 penicillin, 
one hair follicle per well was cultured at 37 °C in 5% CO2 
[25].

Mouse vibrissa follicles were cultured in 48-well plates 
with HF medium or inflammation-induced medium. HF 
medium [26]: William’s E medium(Gibco, Life, USA) was 
supplemented with 10  mg  mL−1 insulin (Sigma, Ger-
many), 10  ng  mL−1 hydrocortisone (Sigma, Germany), 
100 IU mL−1 penicillin (Sigma, Germany), 100 mg mL−1 
streptomycin (Gibco, Life, USA) and 1 mmol  L−1 l-glu-
tamine (Gibco, Life, USA). Inflammation-induced 
medium: complete HF medium was supplemented with 
100 IU mL−1 IFN-γ.

Hair follicle organ co‑culture with HF‑MSC
HF-MSCs were seeded for 48  h in advance with a con-
centration of 104 per well with F12 and 10% FBS in 
24-well plates. When mouse vibrissa follicles were cul-
tured with 100  IU  mL−1 IFN-γ for 4  days, the medium 
was removed, and the follicles were washed three times 
using PBS. After HF-MSC reached 80–90% confluency, 
the medium was removed and rewashed three times by 
PBS, then 300  µL HF medium was added per well. The 
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mouse vibrissa follicles were then transferred carefully 
from the 48-well plate to the 24-well plate with HF-MSC 
and ensured every vibrissa follicles were immersed and 
floated in the medium.

Generation of alopecia areata in the C3H/HeJ mouse 
and treatment with HF‑MSC
First, mice were anesthetized using intraperitoneal injec-
tion of pentobarbital (ZaoZhuang Water Tailan Chemi-
cal, China). Then, transplanted a full-thickness circular 
piece of lesional skin, approximately 1–1.5  cm in diam-
eter graft, from an older C3H/HeJ mouse that almost 
total hair loss to recipient C3H/HeJ mice (8-week-old, 
female) as previously described [25]. After 8–10  weeks, 
nine recipient mice with severe alopecia in the abdomen 
and 20% hair loss in the back were selected and divided 
randomly into two groups: Five mice received MSCs 
with a concentration of 106 in 300 µL PBS, and four mice 
received 300 µL phosphate-buffered saline (PBS) intrave-
nously injection weekly, 3 weeks in a row. Six weeks after 
injection, we grafted the lesion skin and then dipped the 
skin in 4% paraformaldehyde or liquid nitrogen.

Flow cytometry
Trypsinized Human HF-MSCs were resuspended in 
0.5 mL of PBS and then conjugated with antibodies using 
Human MSC Analysis Kit (BD Biosciences, USA). The 
human HF-MSCs were subsequently washed with PBS 
and resuspended in 4% PFA prior to flow cytometric 
analysis performed using a FACS Calibur cytometer.

Real‑time PCR
Total RNA was extracted with TRIzol (Invitrogen, USA), 
and cDNA was transcribed using a cDNA synthesis 
kit (Vazyme, China). Concentrations of genomic RNA 
were measured by Nanodrop (Thermo Fisher Scien-
tific, USA). Real-time PCR was performed in a volume 
of 20× QuantiTect SYBR Green PCR Master Mix 5  µL 
(Vazyme, China), 0.4  µL forward and reverse mixture 
primers (5  μM) and 2.6  µL template cDNA. RT-qPCR 
reactions were performed using a CFX96 Real-Time Sys-
tem (Bio-Rad, USA) at 95 °C for 10 min and followed by 
39 cycles at 95 °C for 15 s, 60 °C for 1 min, finally get the 
melt curve from 65 to 95 °C. The following gene-specific 
primers were used (forward and reverse sequence): Ki67 
(F: 5′-ATC​ATT​GAC​CGC​TCC​TTT​AGGT-3′; R:5′-GCT​
CGC​CTT​GAT​GGT​TCC​T-3′), Caspase1 (F: 5′-AAT​ACA​
ACCAC TCG​TAC​ACGTC-3′; R: 5′-AGC​TCC​AAC​CCT​
CGG​AGA​AA-3′), MHC I (F: 5′-ACC​AGC​AGT​ACG​CCT​
ACG​ A-3′; R: 5′-AAC​CAG​AAC​AGC​AAC​GGT​CG-3′), 
TNF-α (F: 5′-CCC​TCA​CAC​TCA​GAT​CAT​CTTC-3′; R: 
5′-GCT​ACG​ACG​TGG​GCT ACAG-3′), IL-6 (F: 5′-TAG​

TCC​TTC​CTA​CCC​CAA​TTTCC-3′; R: 5′-TTG​GTC​CT 
TAG​CCA​CTC​CTT​C-3′).

Western blot analysis
Total protein was extracted from twenty mouse vibrissa 
follicles. Protein concentrations were determined using a 
Bicinchoninic Acid protein assay kit (Beyotime, China). 
Briefly, 30 µg of protein was loaded on 7.5–12.5% acryla-
mide gels for the electrophoretic separation of pro-
teins under denaturing conditions and transferred to 
PVDF (Bio-Rad, USA), followed by overnight incuba-
tion at 4  °C with the corresponding primary antibodies 
(1:500-diluted Ki67 Rabbit mAb (Cell Signaling Technol-
ogy, USA); 1:800-diluted Cleaved Caspase-1 Rabbit mAb 
(Cell Signaling Technology, USA); 1:500-diluted MHC 
I mouse mAb (Santa, USA) and 1:1000-diluted β-actin 
Rabbit mAb (Bioss, China). After incubation with peroxi-
dase-conjugated secondary antibodies (Beyotime, China), 
the bands were visualized using Chemocam imager 6.0 
(Intas, Germany). Protein expression levels were normal-
ized to corresponding β-actin levels. Western blots were 
quantified by Image J (version 1.8.0).

Immunohistochemical staining
HF-MSCs were fixed in 4% paraformaldehyde for 15 min, 
washed by PBS, then incubated with 10% goat serum and 
0.1% Triton X-100 in PBS 1  h and 1:200-diluted mouse 
anti-human CD90, CD 44, CD73, CD105, CD31, CD34, 
CD45 antibody (BD Biosciences, USA) at 4 °C overnight.

Skin or hair follicles organs were fixed in 4% para-
formaldehyde. Then, tissues were dehydrated by graded 
sucrose. Then, the tissues were embedded in an optimal 
cutting temperature compound (Sakura Finetek, USA) 
and cut into 10-μm-thick sections by freezing microtome 
(Leica, Germany).

Tissues sections were incubated at 4 °C overnight with 
10% goat serum and 0.1% Triton X-100 in PBS 1  h and 
1:400-diluted rabbit anti-ki67 (Cell Signaling Technol-
ogy, USA), 1:100-diluted rat anti-CD8 (Santa Cruz Bio-
technology, USA), 1:200-diluted rabbit anti-cytokeratin 
15 antibodies (Abcam, USA), 1:100-diluted mouse SOX9 
(Santa Cruz Biotechnology, USA) and 1:500-diluted rab-
bit anti-Lhx2/LH2 (Abcam, USA).

After primary antibody incubation, the sections and 
cells were reacted with Alexa Fluor 488 or 594-conju-
gated anti-rabbit/rat/mouse IgG (Molecular probes, 
Life, USA) (1:400) for 1  h. 4′-6-diamidino-2-phenylin-
dole (DAPI; Beyotime, China) was used to stain the Cell 
nucleus for 15 min, and then the sections were mounted 
with an anti-fluorescence quenching agent (Biosharp, 
China). Representative images were captured using an 
inverted fluorescence microscope (Leica, Germany). 
All experimental procedures described above were 
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conducted in a dark room. And fluorescence intensity 
and areas were analyzed by Image J (version 1.8.0).

Histological eosin analysis
Tissue sections were stained with hematoxylin–eosin 
(HE) staining Kit (Beyotime, China). The images were 
captured on an inverted fluorescence microscope (Leica, 
Germany).

Statistical analysis
The data were expressed as Mean ± SD. Prism Graph 
Pad (version 8.0, La Jolla, CA) was used to perform the 
statistical analysis. One-way ANOVA and Tukey’s test 
(analysis of variance) were used to verify the differences 
between groups. *p < 0.05 or **p < 0.01 was considered 
statistically significant.

Results
Isolation and identification of HF‑MSCs
HF-MSCs migrated out from human hair follicles and 
proliferated onto the culture plate. It displayed a fibro-
blast-like morphology (Fig.  1A). Flow cytometry assays 
showed that HF-MSCs expressed CD29, CD44, CD73, 
CD90, and CD105 while negative control expressed 
CD24, CD31, CD45, HLA-DR (Fig. 1B). Immunofluores-
cence staining showed a similar result that CD44, CD73, 
CD90, and CD105 were highly positive, but negative for 
CD31, CD34, and CD45 (Fig. 1C).

Vibrissa follicle can be induced to AA‑like symptoms 
by using IFN‑γ treatment
Hair follicle organ in vitro culture has been used exten-
sively in hair regeneration research because it is appropri-
ate to isolate, and its hair shaft proliferates [27, 28]. IFN-γ 
expresses in AA patients’ lesional skin and contributes to 
destroying hair follicle immune privilege by upregulat-
ing MHC I expression, which correlated directly with AA 
occurrence [29]. It is reported that IFN-γ-upregulating of 
MHC I expression in hair follicles can induce experimen-
tal catagen in vitro, and the addition of 100 IU mL−1 pro-
duced significant impairment of hair shaft elongation [6]. 
Therefore, we established a mouse vibrissa follicles organ 
model in vitro. Our results confirmed that IFN-γ addition 
decreased the hair shaft growth within 4  days (Fig.  2A, 
B) and increased the MHC I expression level of mouse 
vibrissa follicles (Fig. 2C). Those pathological phenomena 
are consistent with the main pathogenesis in the C3H/

HeJ mouse model with AA [7]. Furthermore, Ki67 mRNA 
expression levels were significantly inhibited, while cas-
pase1 mRNA expression levels were significantly upregu-
lated by IFN-γ treatment (Fig. 2D, E). The same result is 
shown in Western blot analysis (Fig. 2F, H). This finding 
implied that using IFN-γ induction could lead to mouse 
vibrissa AA-like symptoms.

Co‑culture with HF‑MSC decrease AA‑like symptoms 
in vibrissa follicle
We then investigated whether HF-MSC treatment affects 
survival and immune regulation of mouse vibrissa folli-
cles organ models. Two groups (n = 12/group) of mouse 
vibrissa follicles had been isolated and cultured with 
100  IU  mL−1 IFN-γ for 4  days, and then both groups 
changed ordinary medium and one group co-cultured 
with HF-MSCs for 2  days. Besides, the control group 
was cultured in the ordinarily defined medium over 
6 days (Fig. 3A). Images of follicles were taken on day 0 
and day 6 (Fig. 3B). IFN-γ induction retarded hair shaft 
growth, but this retardation was navigated by co-culture 
HF-MSC (Fig. 3C). Interestingly, the effect on co-culture 
with HF-MSC completely reversed the effect of IFN-γ 
treatment in gene and protein levels. HF-MSC treat-
ment upregulated the expression of Ki67 (Fig. 3D) at the 
mRNA level and suppressed the mRNA expression of 
caspase1 and MHC I (Fig. 3E, F). TNF-α plays a critical 
role in the pathogenesis of certain autoimmune diseases 
[5], and AA is associated with the increase in levels of 
IL-6 [30]. The genes expression level for TNF-α (Fig. 3G) 
and IL-6 (Fig. 3H) decreased in co-culture with the HF-
MSC group. Ki67 protein is closely related to cell prolif-
eration, which exists during all active phases of the cell 
cycle but disappears from resting cells [31]. In co-culture 
with the HF-MSC group, we observed more fluores-
cent marked Ki67 protein (Fig. 3I). In AA patients’ skin, 
we identified significant infiltration of CD8+ T in and 
around hair follicles [29]. When the CD8 was marked 
with red, the CD8+ T cells were less observed in HF-
MSCs treated mouse vibrissa follicles compared with 
the single  cultivation (Fig.  3J). Cytokeratin (CK) 15 is 
the best marker for bulge stem cells in the hair and it is 
selectively throughout all stages of the hair cycle in dif-
ferent types of follicles [1]. The sex-determining region 
Y-Box 9 (SOX9) directs differentiation of the outer root 
sheath and is required to form hair stem cell compart-
ment [32], while LIM Homeobox 2 (LHX2) is an essential 

Fig. 1  Isolation and characterization of human hair follicle-derived mesenchymal stem cells (HF-MSCs). A Cells that migrated from hair follicles and 
proliferated onto the culture plate exhibited fibroblast-like characteristics (bar = 200 μm). B Flow cytometry was used to measure the cell surface 
expression of MSC biomarkers. The cells expressed CD29, CD44, CD73, CD90, CD105 but not CD31, CD34, CD45, HLA-DR. C Immunofluorescence 
analysis was used to measure the surface markers of HF-MSCs. The cells expressed CD44, CD73, CD90, CD105 but not CD31, CD34, CD45 
(bar = 100 μm)

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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factor in follicular organogenesis and cycling [33]. The 
immunofluorescent assay showed that IFN-γ interven-
tion reduced CK15 (Fig. 3K) and SOX9 (Fig. 3L) markers 
expression, HF-MSC treatment reversed the reduction of 
those two markers, but dispensable for LHX2 (Additional 
file 1: Fig. S1).

Injection of HF‑MSC suppressed AA in C3H/HeJ mice
Next, we evaluated whether HF-MSC could treat AA 
in  vivo. HF-MSC was injected into the tail vein of 
the  C3H/HeJ mice at 8–10  weeks after skin grafted (a 
time point that grafted C3H/HeJ mice with severe alo-
pecia in the abdomen and starting to lose hair in the 
back). Mice treated with HF-MSC showed decreased 
hair loss compared to the PBS group (Fig.  4A). 
After 6  weeks, in the PBS group, the area of hair loss 

increased by 69.9%, whereas in the HF-MSC treated 
group was 12.6% more than the previous injection, 
however with intact abdominal hair (Fig. 4A, B). H&E-
stained tissues revealed that MSC-injected mice exhib-
ited more hair follicles in anagen, while the PBS group 
had dystrophic hairs with lymphocyte infiltration 
(Fig. 4C, D). Then, we investigated the lesional distribu-
tion to test whether HF-MSCs inhibit CD8+ T cell pro-
liferation. As shown in Fig. 4E, the red-labeled CD8+ T 
immunofluorescent assay showed that the CD8+ T cells 
were less observed in the HF-MSC treated group than 
the PBS. Contrary, the ki67 was highly detected around 
HF in the HF-MSCs group and faint in the PBS group 
(Fig.  4F). RT-qPCR results revealed that, in HF-MSC 
group skin, Ki67 mRNA expression levels were upreg-
ulated, but gene expression related to apoptosis and 

Fig. 2  Growth-suppression and MHC I expression upregulation of interferon (IFN)-γ treatment in the organ-cultured model. Mouse vibrissa follicles 
were isolated and cultured in HF medium with PBS or 100 IU mL−1 IFN-γ addition. A Mouse vibrissa follicles were photographed on day 0 and day 
4. B Hair shaft growth was inhibited by interferon (IFN)-γ in organ-cultured mouse vibrissa follicles on the 4 days (n = 12/each group). C–E The 
mRNA transcript levels of MHC I, caspase1 and Ki67 in mouse vibrissa after 4 days of PBS or IFN-γ treatment measured by qRT-PCR, expression levels 
of those mRNA were normalized with GAPDH. F–H The protein expression levels of MHC I, caspase1 and Ki67 in mouse vibrissa after 4 days of PBS 
or IFN-γ treatment measured by western blotting. Relative protein expression levels were averaged from three groups of biology repeatedly and 
normalized with β-actin. The results were expressed as the Mean ± SD, *p < 0.05

Fig. 3  Co-culture with HF-MSC suppressed inflammation, increased hair shaft growth in IFN-γ treated mouse vibrissa follicles. Two groups (n = 12/
group) of Mouse vibrissa follicles had been isolated and cultured with 100 IU mL−1 IFN-γ for 4 days than both groups changed HF medium and 
one group co-culture with HF-MSC for 2 days. And one group was cultured in an ordinary HF medium over 6 days as a control. A Illustration of 
co-culture with HF-MSC in IFN-γ induced mouse vibrissa follicles in vitro model. Hair shafts were measured on day 0 and day 6. B–C Co-culture with 
HF-MSC significantly enhance hair shaft length (n = 12). D–H The mRNA transcript levels of Ki67, caspase1, MHC I, TNF-α, IL-6 in mouse vibrissa were 
examined using qRT-PCR on day 6, expression levels of those mRNA were normalized with GAPDH. I–L Immunofluorescence staining on day 6 of 
mouse vibrissa follicles (bar = 200 μm), co-culture with MSC increased Ki67 expression (green) (I), and suppressed CD8 expression (red) (J). IFN-γ 
intervention reduced CK15 (K) and SOX9 (L) markers expression levels, HF-MSC treatment reversed the reduction of those two markers. Relative 
fluorescence areas were averaged from 6 to 8 fields. The results were expressed as the Mean ± SD, *p < 0.05

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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damage of immune privilege was reduced, including 
caspase1, MHC I, TNF-α, and IL-6 (Fig. 4G–K).

Discussion
The growing social pressure leads to poor physical and 
psychological health. Pressure is the important inducer 
of AA, which can cause deeper psychological problems, 
such as the high risk of neurotic personality, depression, 
anxiety, and deficiency [34], and some patients with sui-
cidal tendencies have been also reported [5]. Corticoster-
oids are the most consensus achieved topical treatment 
in AA, but their side effects, short-term prescription 
condition, and limited age-group treatment still hinder 
it [12]. Considering safety and efficiency, more feasible 
therapies are required for this disease.

Some clinical studies have revealed alternative ther-
apy options against hair loss. PRP has been proved to be 
medicative in regenerative plastic surgery and positively 
affects hair regrowth [35]. Local injection of autologous 
PRP upregulated AGA patients epidermal thickness, 
Ki67+ keratinocytes, and in the number of follicles [36]. 
Wingless-type (Wnt) signaling plays an important role in 
dermal papilla cell growth and is a key factor in stimu-
lating hair growth. MSC transmit signaling and growth 
factors by platelets then platelets increase cell prolifera-
tion to lengthen the anagen phase, stimulate hair follicle 
development and suppress apoptotic cues [37]. Relative 
to the PRP, HF-MSC treatment shown lower injection 
frequency and more hair regrowth [38]. Gentile P. study 
the mechanical fragmented and centrifugated dermal 
adipose tissue-derived HF-MSC from scalp biopsy’s 
were autologous infiltrated on hair loss lesion [39], which 
indicated significant treatment in androgenic alopecia 
patients. But clinical studies for AA therapy are limited.

The preclinical study indicated that short-term IL-7 
receptors in combination with low doses of Treg-tropic 
cytokines increased therapeutic effects in AA treatment 
[40]. The Janus kinase (JAK) family protein mediates 
IFN-γ receptors and γc family receptors signal. L. Xing 
et al. investigated that oral gavage or osmotic minipumps 
JAK inhibitors reduced effectors of the IFN-γ and γc 
cytokine receptors, blocked out the IFN signal, and pre-
vented the development of AA. The local delivery JAK 
inhibitors promoted hair regrowth [41].

MSCs have remarkable therapeutic effects on the 
immune disease by reducing lymphocyte infiltration 
and releasing proinflammatory cytokines to promote the 
survival of damaged tissues [42–44]. The mechanism of 
MSC therapeutic function includes paracrine activity, 
transfer of mitochondria, and transfer of exosomes [42]. 
Dermal papilla cells co-cultured with human embryos 
mesenchymal stem cells have a higher propagation rate 
[45], depicting that MSC might promote hair growth. We 
confirm this phenomenon using a more accessible MSC 
for a cultural experiment and C3H/HeJ hair loss model 
treatment. Moreover, an MSC large-scale culturing 
technique (the United States Patent Application Num-
ber 13/517,068) generated HF-MSC in large numbers 
by using microspheres and spinning bottles, providing 
sufficient quantity for treatment supply.Bone marrow-
derived MSC (BMSC) decreases AA incidence by inhib-
iting IFNG, Chemokine Ligand 1 Protein (CXCL) 9, and 
CXCL10 production and reducing CD8+NKG2D+ T cell 
infiltration [46]. Furthermore, BMSC and MSC-condi-
tioned medium  injection led hair follicles to be trans-
lated from telogen to anagen and enhanced proliferation 
of HFSCs positive for Krt15 and Sox9 [47]. In our study, 
we explored HF-MSC therapeutical effect in vitro using 
AA hair follicle organ model and in an AA mouse model.

AA is associated with CD8+ T cell infiltration and 
MHC I upregulation [48]. Therefore, we establish the 
AA model in  vitro, which is the IFN-γ induced mouse 
vibrissa follicle with excessive CD8 and MHC I expres-
sion (Fig.  2). We observed that mouse vibrissa follicle 
co-culture with HF-MSC leads to immunotoxicity sup-
pression and hair shaft elongation (Fig. 3). And HF-MSC 
treatment decreased AA mouse hair loss and reduced 
inflammation around HF in vivo (Fig. 4).

AA patients have higher IL-6 and TNF-α levels [49]. 
IL-6 suppressed HFSCs in a quiescent through JAK-
STAT signaling (activate HFSCs to renew damaged hair 
follicles) [24]. TNF-α has an essential role in AA, but in 
clinical trials, TNF inhibitor treatments are contentious 
[50]. Also, adalimumab (a TNF-α inhibitor) effectively 
treating a case of alopecia Universalis (a severe AA stage) 
prove it again that TNF-α negative regulation is effective 
in the treatment of AA [51]. In this study, we observed 
that HF-MSCs treated hair follicles retained unbroken 

(See figure on next page.)
Fig. 4  Injection of HF-MSC suppressed AA in C3H/HeJ mice. A Hair loss in C3H/HeJ mice intravenously injection of HF-MSC weekly. At 0 and 
6 weeks after injection, the image of mice were photographed. B Compared with injected PBS (n = 4), mice did not continue to lose his hair that 
injected HF-MSC (n = 5). C H&E showed that HF-MSC-injected mice exhibited more hair follicles in anagen, while the PBS group had dystrophic 
hairs with lymphocyte infiltration (bar = 100 μm).The skin samples were harvested after 6 weeks treatment. D The number of hair follicle growth in 
the skin, which was averaged from 6 slides (10×). E–F HF-MSC-injection increased Ki67 expression (green) (bar = 100 μm) (E) and suppressed CD8 
expression (red) (bar = 200 μm) (F) in C3H/HeJ skin. Relative fluorescence areas were averaged from 6 to 8 fields. G-K The mRNA transcript levels of 
caspase1, Ki67, MHC I, TNF-α, IL-6 in C3H/HeJ skin at 6 weeks after injection were examined using qRT-PCR, expression levels of those mRNA were 
normalized with GAPDH. The results were expressed as the Mean ± SD, *p < 0.05
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Fig. 4  (See legend on previous page.)
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morphology is might benefit from negatively regulated 
IL-6 and TNF-α expression levels (Figs. 3, 4).

Conclusion
Developing new therapeutic approaches that reverse 
multiple diseases is of great importance; however, AA 
treatment is still a challenge in the clinic. Our findings 
showed that HF-MSC promoted hair follicles prolifera-
tion and reduced HF inflammation as CD8+ T cells were 
less observed in HF-MSC treated Vibrissa follicles. More-
over, in the C3H/HeJ mice models, HF-MSC injection 
suppressed AA and inhibited immune privilege. Here 
we provide a potential therapeutic method for AA treat-
ment, which is promising and beneficial for AA patients.
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