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Purpose: Exosomes are important regulators of keratinocytes (KCs) that have been implicated in a variety of skin disorders. The 
effect of circulatory exosomes on KCs in pediatric atopic dermatitis (AD) has not been well studied. This study aims to explore the 
effect of plasma exosomes on KC activation, apoptosis and inflammation in pediatric AD patients.
Patients and Methods: Exosomes were extracted from plasma collected from 20 pediatric AD patients and 20 age-matched healthy 
controls. AD-exosomes were added with KCs at concentrations of 0 g/L, 10 g/L, 20 g/L and 30 g/L. Proliferation of KCs in each group 
was measured using Ki67 staining flow cytometry. Apoptosis was measured using Annexin V-FITC/PI double staining flow cytometry. 
KCs were divided into three groups according to the source of the exosomes they were cultured with: patients with AD, healthy 
controls and blank controls. Q-PCR was used to detect the activation (K6) and differentiation (K10) of cells, as well as inflammatory 
indicators (thymic stromal lymphopoietin (TSLP) and IL-33).
Results: The proliferation rate of KCs treated with 20 g/L exosomes from AD patients was significantly lower than that of other 
groups, while the apoptosis rate was significantly increased. Additionally, expression levels of K6, K10, TSLP and IL-33 were all up- 
regulated compared to keratinocytes treated with exosomes from healthy controls.
Conclusion: Exosomes from the peripheral blood of pediatric AD patients can regulate the activation, apoptosis and inflammatory 
cytokine secretion of KCs in vivo, which may participate in the pathogenesis of AD.
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Introduction
Atopic dermatitis (AD) is a chronic and recurrent inflammatory skin disease, characterized by pruritis.1 It usually first 
presents in childhood, affecting the physical and mental health of pediatric patients. Recent studies have broadened our 
knowledge of the immune mechanisms involved in AD, leading to the current understanding that the pathophysiology 
of AD stems from crosstalk between keratinocytes (KCs) and the immune system.2 KCs are the main functional and 
structural component of the epidermis, composing the most external layer of the skin that is essential as the first line of 
defense against external agents, as well as being important for the retention of body fluids and maintaining osmotic 
pressure in cells.3 Basal KCs can become either differentiated or activated, and specific keratin genes are often used as 
markers for these two alternative pathways. K5 and K14 are produced in basal KCs, while K6 and K16 are character-
istically produced in activated KCs. That’s the reason for choosing K6 as our marker for KCs activation. Further the 
expression of K10 distinct the differentiated KCs from the keratins of the healthy epidermis.4 In AD patients, KCs have 
decreased filaggrin, loricrin and involucrin gene expression,5 even in patients without those genetic mutations, 
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contributing to a defective skin barrier. Aberrant KC differentiation and altered epidermal barrier are crucial to the 
pathogenesis of AD.6

Exosomes are nanovesicles released by almost all cells and found in all body fluids.7 Exosome-delivered cargos 
include proteins, RNA, microRNA, and DNA, and their transfer between cells is essential to intercellular 
communication.8 Depending on the specific cargo packaged into exosomes, they can be involved in various cellular 
behaviors such as modulation of cell proliferation, migration, cytokine secretion and apoptosis.9 Some studies have 
demonstrated that exosomes can regulate the activation of KCs in certain skin diseases.10 However, there have been few 
reports of exosomes on pediatric AD patients, and the regulatory role of exosomes on KCs is still unclear. To address 
this gap, we explore the effect of plasma exosomes on KC activation and inflammation in AD patients, providing new 
insight on the crosstalk between circulatory exosomes and KCs, and expanding our understanding of the pathogenesis 
of AD.

Materials and Methods
Subject Recruitment and Data Collection
The study consisted of 20 patients with AD who were admitted to department of dermatology at the Beijing Children’s 
Hospital between 2018 and 2020 and 20 age-matched healthy controls. All patients met the Williams diagnostic criteria 
for AD. The patients enrolled in our study had no other known autoimmune or systemic diseases. This study was 
approved by the Ethics Committee of Beijing Children’s Hospital and was conducted according to the principles of the 
Helsinki Declaration. All individuals and their guardians signed informed consent forms. The average age of AD group 
was 4.3 and gender radio was 9/11 (female/male).

Exosome Isolation
Exosomes were isolated from the plasma by ultracentrifugation. 4 mL of peripheral blood was collected from each 
enrolled participant in a tube containing anti-coagulant EDTA. The blood samples were centrifuged for 15 min at 1500 
xg at room temperature. After rewarming, the previously collected plasma sample was filtered and ultracentrifuged at 
10,000 xg for 30 min at 4°C. The supernatant was collected and equalized in mass with cold 1X PBS, which were then 
spined in the preparative ultracentrifuge for 2 hours at 10,000 xg, 4°C. Resuspend the pellet with PBS and centrifuge for 
another 2 hours at 10,000 xg at 4°C to wash the pellet containing exosome. Discard the supernatant and resuspend the 
pellet in 150μml PBS, store them at −80°C until use.

Exosome Characterization
Exosomes were analyzed by nanoparticle tracking analysis (NTA) using a NanoSight NS300 (Malvern Panalytical, 
Amesbury, UK). Their movements were then analyzed by the NTA 3.2 software. A 3 μL aliquot of exosome preparation 
with a concentration of approximately 1000 particles/mL was placed on a formvar/carbon-coated grid and allowed to 
settle for 2 min. The samples were negatively stained with 2% phosphotungstic acid for 1 min. The grids were imaged 
with a transmission electron microscope(TEM)(HT-7700, Hitachi, Japan) operating at 120 kV.

Western blot was used to verify exosomal markers including CD9 and CD81. Plasma-derived exosomes were 
systematically lysed in RIPA buffer (Thermo Fisher Scientific Inc., USA) and sonicated in a 4°C water bath (10 s, 2 
times). Protein concentration was then quantified by a bicinchoninic acid (BCA) assay using the Pierce™ BCA Protein 
Assay kit (Thermo Fisher Scientific Inc., USA) according to manufacturer’s instructions. The protein concentration was 
adjusted to 10 μg/20 μL. Following electrophoresis on a 12% polyacrylamide gel, the proteins were transferred to 
a polyvinylidene fluoride membrane (PVDF, Millipore, USA) using a Trans-Blot Turbo Transfer System (Bio–Rad, 
USA). The membrane was blocked with 5% nonfat dry milk in TBST for 30 min at room temperature and incubated with 
primary antibodies (rabbit monoclonal anti-human CD9 antibody and rabbit monoclonal anti-human CD81 antibody, 
Abcam, UK) overnight at 4°C. After incubation with secondary antibody (horseradish peroxidase-labeled goat anti-rabbit 
antibody, Abcam, UK), images were captured on an Amersham Imager 600 (GE Healthcare Life Sciences, USA).
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Cell Culture and Establishment of an Exosome Treatment Dose Curve
HaCaT cells (Morey biosciences, China) were cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal 
bovine serum and 1% penicillin-streptomycin antibiotic in a humidified incubator at 37°C under 5% CO2. The protein 
concentration of the peripheral blood exosomes extracted from AD patients were adjusted and exosomes added to culture 
dishes containing HaCaT cells in their growth phases at concentrations of 0g/L, 10 g/l,20 g/L, and 30g/L.

Detection of Cell Proliferation by Flow Cytometry Ki67 Staining
After culturing the HaCaT cells with exosomes for 24 h, the media was aspirated and the cells were digested with 0.25% 
trypsin (Thermo Fisher Scientific Inc., USA). Serum was added to terminate the digestion, then centrifugation at 300 x g 
for 5 min, then the supernatant was discarded. The cells were washed with ice cold PBS and centrifuged at 300 x g for 5 
min. 3 mL of pre-cooled 70% ethanol was added dropwise to the cell solution, and incubate at −20 °C for 1 hour for 
streaming on-board analysis.

Detection of Apoptosis by Annexin V-FITC/PI Double Staining
HaCaT cells were cultured with exosomes for 48h, then the media was removed, the cells were digested with 0.25% 
trypsin, then serum terminated, and cells were collected by centrifugation at 300 x g for 5 min. Cells were then washed 
with ice cold PBS and centrifuged at 300 x g for 5 min and 200μL Binding Buffer (1X) was used to suspend cells; 5μL 
Annexin V-FITC (20μg/mL, BD, USA) were added and incubated at room temperature for 15 min in the dark; 5μL PI 
(50μg/mL, BD, USA) was added for staining for 5 min before the flow operation.

Detection of RNA Expression in HaCaT Cells by Quantitative PCR (q-PCR)
Total RNA was extracted using the RNeasy Mini kit (QIAGEN, Germany.) according to manufacturer’s instructions. The 
RNA concentration and OD value were detected by spectrophotometer and store at −80°C for later use. Primer 5.0 was 
used to design primers, and the total RNA extracted was reverse-transcribed into cDNA using the miScriptReverse 
Transcription Kit (QIAGEN, Germany). PCR amplification was carried out on the cDNA using SYBR® Green PCR Kit 
(QIAGEN, Germany) in a 20μL reaction. The reaction conditions were as follows: 95 °C for 15 min, 1 cycle; 95 °C for 
15s, 55 °C for 30s, 60 °C for 30s, 40 cycles. GAPDH was used as the internal reference gene in the experiment, and the 
relative expression was expressed in the form of 2-ΔΔCt, where ΔCT = CT (target gene)-CT(GAPDH).

Statistical Analysis
Statistical analysis was performed using SPSS version 12.0 statistical software (Chicago, IL, USA), and the data were 
visualized using Cytoscape 3.6.1 and GraphPad Prism 5.0 software. The quantitative data are displayed as the mean±standard 
deviation (SD) and were compared by Kruskal–Wallis test. P values < 0.05 indicated a statistically significant difference.

Results
Validation of Exosomes
The size of exosomes was measured by NTA and ranged from 50–150 nm, with an average particle size of approximately 
84.31 nm (Figure 1A). To further characterize the exosomes, TEM was used to identify the morphology and structure of 
exosomes. TEM confirmed the spherical shape of exosomes and revealed the presence of clear lipid bilayer structures 
(Figure 1B). Western blotting provided the exosomal markers including CD9 and CD81 were indeed enriched in our 
isolated exosomes, as well as the negative marker calnexin was down regulated (Figure 1C). The particle size, 
morphology and structure of exosomes were similar for both AD and controls’ exosomes, as well as the Western 
blotting (WB) result.

The Effect of AD-Exosomes on the Proliferation of HaCaT Cells
AD-exosomes at concentrations of 0 g/L, 10 g/L, 20 g/L and 30 g/L were added to HaCaT cells. The expression level of 
Ki67 in HaCaT cells was detected by flow cytometry after a 24h treatment with AD-exosomes. The cell proliferation 
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level of all concentrations of AD-exosome groups was significantly decreased (P<0.05) with the 20g/L exosome group 
being the most decreased (Figure 2).

The Effect of AD-Exosomes on the Apoptosis of HaCaT Cells
HaCaT cells were cultured with AD-exosomes at concentrations of 0 g/L, 10 g/L, 20 g/L and 30 g/L for 48 h, and the 
apoptosis of KCs was measured by the Annexin V-FITC/PI double staining method. The apoptotic rates of cells in the 0 
g/L, 10 g/L, 20 g/L and 30 g/L AD-exosome groups were 5.34±0.3, 9.26±0.1, 12.44± 0.5, 10.37±0.1, respectively. AD- 
exosome treatment significantly increased apoptosis in KCs in a dose dependent manner (P<0.05), with the effect of the 
20 g/L exosome group being particularly significant (Figure 3).

The Effect of AD-Exosomes on the Inflammation of HaCaT Cells
HaCaT cells were divided into three groups according to their treatment: the 20 g/L AD-exosome group, the healthy 
control exosome group and the blank group. q-PCR was used to detect the activation (K6) and differentiation (K10) of 
cells and their secretion of inflammatory markers (thymic stromal lymphopoietin (TSLP), IL-33). The results showed that 
compared to the control groups, K6, K10, TSLP, IL-25 and IL-33 were all significant upregulated in AD-exosome group 
(P<0.05) (Figure 4).

Discussion
AD is one of the most common chronic inflammatory skin diseases, with a prevalence of up to 7% in adults and up to 
25% among children.11,12 At present, the etiology of AD has been shown to stem from genetic and environmental factors 
leading to insufficiencies in the epidermal barrier.13 Keratinocytes (KCs) are the main functional and structural 
components of epidermal barrier, highlighting its importance in AD.14 Recently, studies have demonstrated the participa-
tion of KCs in the onset, development as well as the chronicity of AD.15 It is thought that due to skin barrier defects, 
penetrating antigens interacting with KCs generate exaggerated responses characterized by an excess of cytokines and 
chemokines that promote local inflammatory processes.16 However, this theory cannot fully explain why children 
with AD present with multiple skin lesions all over the body. Exosomes function as essential messengers in the 
human body and may play an important role in the systemic pathogenesis of pediatric AD.

Exosomes are small membrane vesicles (30–150 nm size) released from cells into the extracellular space.17 They 
contain various biological components, such as nucleic acids, proteins, metabolites and more.18 Due to their small size 
and largely lipid compositions, these vesicles can easily squeeze between cells without damage and enter the 
circulation.19 Once in the circulation, exosomes can transport their cargo over long distances.20 Exosomes have been 
emerging as important players in allergies and autoimmune diseases due to their ability to modulate both the innate and 
adaptive immunity responses, and may have potential as diagnostic and therapeutic tools.21,22 A number of recent studies 
have revealed multiple regulatory effects of exosomes on KCs. Zhang et al demonstrated that exosomes in the plasma of 

Figure 1 (A) Particle concentration and size distribution of AD-exosomes measured by nanoparticle tracking analysis (NTA); (B) TEM image of AD-exosomes. Scale bar: 
100 nm; (C) AD-exosomes were analyzed by Western blots for the presence of exosomal markers CD9, and CD81and the negative markers Calnexin, the control lane of 
(C) represent the EV-free fraction of plasma collected during exosome isolation.
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Figure 2 Flow cytometry detection of Ki67 of HaCaT cells with AD-exosomes at concentrations of 0 g/L, 10 g/L, 20 g/L and 30 g/L showed the proliferation of all 
concentrations of AD-exosome groups was decreased with the 20g/L exosome group being the most decreased.
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patients with Stevens-Johnson syndrome and toxic epidermal necrolysis are internalized by human primary keratinocytes. 
The exosomes promoted intrinsic apoptosis of these keratinocytes via down-regulation of the X-linked inhibitor of 
apoptosis protein (XIAP), a key apoptotic regulator in these cells.23 Neutrophil-derived exosomes from patients with 
generalized pustular psoriasis (GPP) can be rapidly internalized by keratinocytes, increasing the expression of 

Figure 3 Flow cytometry detection of apoptosis of HaCaT cells with AD-exosomes at concentrations of 0 g/L, 10 g/L, 20 g/L and 30 g/L demonstrated AD-exosome 
treatment significantly increased apoptosis in HaCaT cells in a dose dependent manner, with the effect of the 20 g/L exosome group being particularly significant (A and B). 
*P<0.05; **P<0.01.

Figure 4 Expression of K6, K10, TSLP and IL-33 in HaCaT cells cultured with 20g/L AD-exosome (AD Group) compared with HaCaT cells cultured with healthy-exosome 
(HC Group) and blank control (BC Group) by RT-qPCR. *P<0.05. 
Abbreviations: TSLP, thymic stromal lymphopoietin; BC group, blank control group; HC group, healthy-exosome control group; AD group, AD-exosome group; RT-qPCR, 
reverse transcription-quantitative PCR; AD, atopic dermatitis.
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inflammatory molecules through activation of NF-kB and MAPK signaling pathways. Proteomic profiling of neutrophil 
exosomes led to the identification of olfactomedin 4 as a critical differentially expressed protein mediating the 
autoimmune inflammatory responses characteristic of GPP. These results demonstrate that neutrophil exosomes have 
an immune-regulatory effect on keratinocytes, which modulates immune cell migration and inflammation in GPP.24 

However, there has been no exploration thus far of the effect of peripheral blood exosomes on keratinocytes in 
pediatric AD patients. In this study, we aimed to explore whether exosomes in peripheral blood of pediatric AD patients 
can affect activation, apoptosis and inflammatory cytokine secretion in KCs.

Considering that exosomes in the peripheral blood of pediatric AD patients can be transported through blood to dermis in 
multiple regions of the body and further to epidermis by exocytosis, we hypothesized that they may play a role in the occurrence 
and development of disease. Keratinocyte apoptosis acts as a mechanism of eczema and spongiosis formation, which is mostly 
seen in acute and subacute AD lesions. Upregulation of Fas by IFN-g sensitizes keratinocytes to Fas-induced apoptosis by 
invading T cells with FasL expression. However, whether keratinocytes apoptosis in pediatric AD is promoted by plasma 
exosomes remains unknown. We carried out experiments to evaluate the effect of AD-exosomes on the proliferation and 
apoptosis of HaCaT cells. Our results revealed after the addition of different concentrations of AD-exosomes, cell proliferation 
was significantly decreased compared to blank control, while apoptosis was significantly increased. These changes were 
strongest after the addition of 20 g/L of AD-exosomes, so we conducted the follow-up experimental studies at this concentration. 
HaCaT cells were treated with either AD-exosomes, healthy control exosome or blank controls, and the activation (K6), 
differentiation (K10) and inflammation (TSLP, IL-33) indexes of the three groups were measured. The expressions of K6, 
K10, TSLP, and IL-33 in the AD-exosome group were significantly increased compared to controls. K10 is the earliest known 
protein marker for keratinocyte terminal differentiation in the normal epidermis, and remains present until cells are shed at the 
cornified layer.4 Activated keratinocytes also express K6 and produce paracrine signals to alert fibroblasts, endothelial cells, 
melanocytes, and lymphocytes, as well as signals targeted at neighboring keratinocytes.25 Our results confirmed that HaCaT cells 
become activated and differentiate under the action of AD-exosomes, resulting in significant production of K6 and K10. This 
may promote reciprocal immune responses in AD. Activated KCs cause itching of the skin by releasing additional pruritogens, 
including the alarmin TSLP, to directly activate pruritoceptive neurons.26 In addition to its direct role as a pruritogen, TSLP from 
keratinocytes promotes atopic skin inflammation and pruritus pathways indirectly by activating immune cells. TSLP binds to 
TSLPR on Th2 cells and type 2 innate lymphoid cells, leading to production of pruritogenic type 2 cytokines.27 Our experiments 
reveal that AD-exosome-treated HaCat cells secrete large amounts of TSLP, which may be the cause of syndromic itching in 
pediatric AD patients. IL-33 may be involved in the pathogenesis of AD through a variety of mechanisms, with the IL-33-ILC2s 
axis representing a potential central mediator.28 IL-33 is secreted extracellularly by keratinocytes, and activates ILC2 to produce 
type 2 cytokines which result in the formation of AD lesions. It reduces skin barrier function, and can also cause itching of the 
skin.29 Full-length biologically-active IL-33 is constitutively expressed in keratinocytes, and is normally stored in the cell 
nucleus.30 Upon cellular damage or stress, IL-33 is released rapidly as an alarmin to activate the innate immune system.31 The 
HaCat cells in the AD-exosome group in our experiment produced significant IL-33. Considering the important roles of IL-33 
and TSLP in AD, exosomes circulating in peripheral blood represent a prime candidate as carriers of biological information to 
distant areas, activating keratinocytes in other parts of the body to produce AD-related and important cytokines, such as IL-33 
and TSLP. Although we managed to prove that plasma exosome from pediatric AD patient may promote apoptosis of 
keratinocytes and secretion of inflammatory factors through vitro studies, there were still some limitations. It was difficult to 
remove plasma cytokines completely during exosome isolation in order to rule out the possibilities for their functions in AD 
pathogenesis. Since exosomes not only carry cytokines, but are transporters of important biological components such as protein, 
mRNA and microRNA, it is difficult to identify the specific component of exosome that plays the most important role in AD 
pathogenesis at the current stage of our study. Moreover, further vivo researches are needed for strengthening the evidence of 
relationships between plasma exosome and AD unset.

Conclusion
Altogether, our article confirms that peripheral blood exosomes of AD pediatric patients regulate the proliferation, 
apoptosis, activation and inflammation of KCs and participate in the occurrence and development of AD. Further 
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research is warranted to obtain a deeper understanding of the role that specific components in circulatory exosomes play 
in this process.
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