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Abst rac t
Introduction: As a key chemotactic factor during Eos recruitment on the allergic inflammation site, eotaxin is re-
garded as one of the important therapeutic targets. 
Aim: To address the expression and regulation mechanism of eotaxin, which constitutes an important procedure 
in skin allergic disease and a target for drug therapy.
Material and methods: An allergic contact dermatitis (ACD) model of mouse was established. Immunohistochemi-
cal method (ICH) and flow cytometry method (FCM) were used to determine the amounts of CD4+ and CD8+  
T cells and their ratios. The eotaxin mRNA and protein were evaluated by real-time PCR, ICH and western-blotting 
method. Nuclear factor-κB (NF-κB) nuclear translocation and STAT6 phosphorylation were studied by EMSA and 
western-blotting methods.
Results: We confirmed that both CD4+ and CD8+ T cells in mouse blood and tissue increased during the allergic 
process, FBs was the main source for eotaxin under the allergic condition. Both TNF-α and IL-4 showed synergic 
effects on the up-regulation of eotaxin mRNA and protein in KC and FBs. Eotaxin can be expressed via NF-κB and 
STAT6 transcription after KC and FBs were stimulated by TNF-α and IL-4.
Conclusions: The obvious up-regulation of eotaxin expression in skin tissue of the mouse ACD model was con-
firmed, the exact expression site and dynamic process was determined both in vivo and in vitro. The eotaxin expres-
sion ability of FBs outperformed that of KC, and eotaxin expression can be regulated by TNF-α and IL-4 via NF-κB 
and STAT6. The overall findings may pave the way for discovering targets for new drugs and new therapeutic drugs 
for treating allergic diseases.
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Introduction 

Allergic skin diseases mainly include urticaria, atopic 
dermatitis (AD), allergic contact dermatitis (ACD), drug 
eruption and photosensitive skin diseases, etc. [1], the tar-
get organ that triggers these diseases is skin comprising 
mainly of keratinocyte (KC) and fibroblast (FBs). As an or-
gan with composition complexity and multifunction, skin 
serves as the physical and chemical barriers for organism 
and shows stress response against external environment 
[2]. Specifically, inflammatory response will take place 

when then skin receives chemical, physical and immune 
stimulations, upon which many cytokines that affect the 
production, growth, differentiation and migration of in-
flammatory cells or the ones with activation effect, can be 
released. The allergic reaction of skin refers to anaphylaxis 
with high incidence, the allergic symptom generally ap-
pears firstly on the skin when external allergen stimulates 
the organism, which brings about a particularly serious 
effect on army officers and soldiers who perennially live 
and work in severe environments, such as frontier defence 
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and islands. Therefore, it will be highly desirable to get in-
depth understanding of the pathogenesis of allergic skin 
diseases for the development of new drugs.

Eosinophils (Eos) constitute the main effector cell 
of allergic diseases, which also serves as the main tar-
get cell in treating allergic diseases [3, 4]. In this regard, 
preventing Eos recruitment on allergic sites can help to 
prevent the occurrence of allergic inflammation, the fac-
tors that show chemotaxis effect on Eos has received ex-
tensive attention. The first discovered main chemotactic 
factor was IL-5, while the asthma model of mouse knock-
out by interleukin 5 (IL-5) showed that there remained 
Eos infiltration in the tissue [5], indicating that other 
important mechanisms may participate in this process. 
It was not until 1993 that eotaxin was discovered and 
its significance on Eos was also verified. A further study 
confirmed that IL-5 mainly related with the maturity and 
differentiation of Eos [6], while the main role of eotaxin 
was to initiate the chemotaxis process that recruits Eos 
onto inflammation site and maintains its subsistence. 
The combination of eotaxin and CC chemokine recep-
tor 3 (CCR3) on Eos surface gives rise to a series of bio-
logical effects, such as activating Gi protein, temporarily 
elevating the concentration of calcium ion in the cell, 
cytoskeleton rearrangement, etc. Also, the transduction 
pathway of the MAP kinase signal is activated, which, 
together with transferrin, makes the acceptor molecules 
produce temporary invagination and endocytosis effects 
[7, 8]. This process makes Eos release toxic medium and 
further leads to tissue damage, thereby resulting in the 
occurrence and development of inflammation. 

As a key chemotactic factor during Eos recruitment on 
allergic inflammation site, eotaxin has received wide atten-
tion, which is also regarded as one of the important thera-
peutic targets [9]. Nevertheless, current research focuses 
more on the pathogenesis of eotaxin in allergic diseases of 
the respiratory tract, there are also reports on its expression 
in some skin allergic diseases, such as AD, ACD, drug allergy, 
etc., while its expression rule and regulation mechanism are 
far from unambiguous and need in-depth understanding. 
In this work, on the basis of a mouse ACD model, together 
with the KC line HaCaT cell and FBs that constitute epider-
mal and corium layers, respectively, the expression status 
and sites, dynamic process and transcription mechanism of 
eotaxin are investigated in vivo and in vitro. The combined 
findings may lay theoretical foundation for designing thera-
peutic schedule using eotaxin as a target that helps for the 
treatment of skin allergic diseases.

Material and methods

Expression rule of eotaxin in the mouse ACD model

Animals were cared for in accordance with the 
Guide for the Care and Use of Laboratory Animals 

(1996, published by National Academy Press, 2101 Con-
stitution Ave. NW, Washington, DC 20055, USA) and 
the use of animals was reviewed and approved by the 
animal care review committee at the First Affiliated 
Hospital of the Second Military Medical University. 
A BALB/c mouse was taken as a model animal, DNFB 
was smeared onto the mouse ear, sensitization and 
intensified sensitization were initiated at the first day 
and second day, respectively; activation was carried 
out at the fifth day to trigger a skin allergic response. 
After activation, the thickness of mice (n = 24) was 
measured at different time courses during 1–120 h.  
Also, one group with absence of 2,4-dinitrofluoroben-
zene (DNFB) acetone olive oil solution was prepared 
as the control group. The concentration of serum IgE 
before sensitization, 24 h after first sensitization (24 h)  
and second sensitization (24 h) as well as 24 h after 
activation were detected by enzyme-linked immunosor-
bent assay (ELISA). The kinetic process of swelling de-
gree and inflammation were verified by the pathological 
examination results of skin tissue and blood inflamma-
tory cell counts. Flow cytometry (FCM) was utilized to 
detect the T cell amount ratio of CD4+ to CD8+ in blood, 
the immunohistochemistry method was adopted to de-
tect the amounts of CD4+ and CD8+ T cells in blood and 
tissue, which can well indicate the recruitment rules of 
the two cells. The pathological process and infiltration 
status of CD4+ and CD8+ T cells in the mouse ACD mod-
el, as well as the dynamic process of eotaxin secretion 
were reflected by the immunostaining results. The blood 
cell counts (n = 6) of mouse (Eos, neutrophils (Neu), 
lymphocyte (Lym), monocytes (Mon)) at different time 
courses after activation were also detected.

The construction of PUC57-eotaxin and PBS-eotaxin 
was conducted, accompanied by the electrophoresis and 
sequencing results to examine the validity of eotaxin 
probe sequence and quality.

The in situ hybridization (ISH) technique was used 
to detect the expression status (positive expression site) 
of eotaxin mRNA in the allergic skin of mouse, aiming to 
verify the main source of eotaxin under allergic status. 
Real-time polymerase chain reaction (PCR), immunohis-
tochemical (ICH) and western-blotting methods were uti-
lized to detect the kinetic rule of eotaxin in tissue, ELISA 
was used to detect the concentration of eotaxin in se-
rum. Specifically, the real-time PCR relative quantitative 
method, together with OD260/280 examination, over-
all RNA electrophoresis results and dissociation curves 
were utilized to verify the integrity of RNA extraction and 
non-specific amplification of PCR products. The western-
blotting method was further used to detect the expres-
sion of eotaxin (8.4 kD) in ear tissue of the mouse ACD 
model, the internal reference protein was glyceraldehyde 
phosphate dehydrogenase (GAPDH) (36 kD).
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 Regulation mechanism of eotaxin produced  
in skin cell

The HaCaT cell line and 6–10th generation FBs were 
adopted in this work. Microscope images show that 
HaCaT cells are ovals and polygons, with uniform sizes 
and high refractivity as well as clear boundary. The cell 
formed multiple big and small islets, distributing at the 
bottom of the culture dish. Abundant cytoplasm can be 
seen, the oval and rounded cell nuclear located near the 
cell centre, the cells showed inlaid arrangement with 
cobble-like structure but no mutual crossing. The distrib-
uted cell islets gradually expanded and linked together 
along with cell proliferation, which resulted in monolayer 
fusion after culturing for only 2–3 d. FBs showed fusi-
formis or long fibre structure, with a long and narrow 
cell body, clear boundary and abundant cytoplasm. The 
oval cell nucleus was located near the cytoplasm. The 
FBs arranged regularly and formed vortex-like or radial 
structure, which was fully distributed at the bottom of 
the culture dish along with cell proliferation. Fusion can 
be realized after culturing for only 2–3 d, as displayed in 
Supplementary Figure S1.

Tumour necrosis factor (TNF-α; 1 ng/ml, 10 ng/ml, 
100 ng/ml) and IL-4 (2 ng/ml, 10 ng/ml, 50 ng/ml) were 
individually incubated with HaCaT cell line and FBs for  
12 h, real-time PCR, FCM and ELISA methods were used 
to detect the expression status of eotaxin mRNA and pro-
tein. Specifically, the specific inhibitor ammonium pyrro-
lidinedithiocarbamate (PDTC) (100 μM) [10] of transcrip-
tion factor NF-κB was added into the cell to realize joint 
incubation for 24 h, the two cells were then treated by 
TNF-α (100 ng/ml) for 12 h. As for eotaxin induced by IL-4 
that regulates STAT6 phosphorylation, the transfection 
efficiency was evaluated by mixing siRNA with a differ-
ent amount of the transfection reagent. The transcrip-
tion factor STAT6 in KC and FBs was knockout by STAT6-
specific siRNA (100 nM). After transfection for 36 h, IL-4  

(10 ng/ml) was used to stimulate the cells for 12 h to ob-
serve the expression status of eotaxin mRNA and pro-
tein. To detect the effect of IL-4 on STAT6 phosphoryla-
tion in the two cells, IL-4 with different concentrations 
was prepared to stimulate the cells, upon which STAT6 
(total STAT6, 94 kD) and phosphorylated STAT6 (pSTAT6,  
100 kD) were detected at different time courses. Electro-
phoretic mobility shift assay (EMSA) and western-blot-
ting methods were adopted to detect the nuclear translo-
cation of transcription factor NF-κB and phosphorylation 
of STAT6.

Results

 Expression rule of eotaxin in the mouse ACD 
model

ACD model establishment

 Skin allergic symptom and swelling degree of mouse 
ear in the ACD model

After sensitization and activation using DNFB ac-
etone olive oil solution, it was found that the ear tissue 
of the mouse turned red and swollen within 10 min, as 
shown in Figure 1 A. This situation got more serious but 
gradually mitigated after ~3 d, which recovered after  
5 d and generally kept identical with that of the control 
group. The mouse ear showed no obvious exudation and 
ulceration, the scratching frequency was slightly higher 
than that of the control group. As shown in Figure 1 B, 
obvious swelling of the mouse ear occurred at 1 h after 
activation (immediate-phase response), which under-
went a platform and kept increasing after 12 h (late-
phase response), the peak value can be found at 24 h, 
as evidenced by the highest ear thickness of 0.65 ±0.07 
mm. Accordingly, the swelling degree can reach up to 
0.26 ±0.4 mm and last until 48 h, which decreased after 
72 h and returned to normal status.

Figure 1. A – The appearance of mice ears of the mouse ACD model (left: normal ear, right: model ear); B – Ear swelling 
degree of the mouse ACD model. N = 24,  Model group,  Control group
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 Serum IgE concentration and pathological observation 
of skin tissue in the mouse ACD model
The concentration of serum IgE before sensitization 

was 10.26 ±2.15 ng/ml, which was 94.89 ±16.75 ng/ml after 
second sensitization, apparently higher than that of first 
sensitization (58.29 ±10.41 ng/ml). A further increase in 
the concentration can be detected after activation (111.08 
±15.66 ng/ml). In addition, according to the staining results 
of H-E, it was found that large amounts of inflammatory 
cells in the mouse were infiltrated 1 h after activation, 
which increased with prolonging time while the inflam-
mation turned better at 72 h, as shown in Figure 2. Among 
these, Eos (2–8 per HP) can be detected for the skin at dif-
ferent time courses after allergy, while they lacked regular-
ity in different allergic reaction processes.

Blood cell counts in the mouse ACD model

As shown in Supplementary Figure S2, the Eos count 
was 0.09 ±0.04 × 107/l in the normal group. After activa-

tion, the Eos count in blood showed an obvious increase 
and reached the highest value of 6.63 ±1.12 × 107/l at 24 h, 
which then gradually decreased and recovered to the nor-
mal value. It was also found that the Neu, Lym and Mon 
decreased at different levels after skin allergy, which de-
creased with the alleviation of allergic progress and then 
recovered to the normal value. No basophilic granulocyte 
in blood was observed during the allergic process.

�Infiltration�in�skin�tissue�and�recruitment�in�blood�of�
CD4+ and CD8+ T cells in the mouse ACD model

As displayed in Figure 3, the immunostaining results 
show that CD4 and CD8 molecules of the mouse ACD 
model skin presented dispersed distribution. With the 
occurrence and development of inflammation, CD4+ 
and CD8+ T cells increased at different levels, both of 
which recovered to normal values when the inflamma-
tion turned alleviated. The section in the negative control 
group with addition of the secondary antibody while ab-

Figure 2. Pathological progress in the mouse ACD model (100×)
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sence of the primary antibody showed no positive stain-
ing, which proves that the secondary antibody did not 
contribute to non-specific staining.

Figure 4 gives the recruitment rule of CD4+ and CD8+ 
T cells in the blood of the mouse ACD model, which 
shows a very similar dynamic rule with that of tissue. 
Specifically, CD8+ T cell increased rapidly at the initial 
stage of allergy, which presented downtrend earlier than 
that of CD4+ T cell. The amount of CD4+ T cell always ac-
counted for a higher proportion, which was more obvious 
in blood than that in tissue and the increment amplitude 
was also larger. We also evaluated the variation of the 
ratio of CD4+ to CD8+ T cells during the occurrence and 
development of allergy, which gradually decreased at the 
initial stage and then increased, and finally, recovered to 
the normal value.

 Occurrence site and dynamic rule of eotaxin  
in the mouse ACD model

 Orientation of eotaxin expression in the tissue  
of the mouse ACD model

The construction of PUC57-eotaxin plasmid is shown 
in Figure 5 A, and the sequencing results are shown in 
Supplementary Figure S3. The electrophoresis map af-
ter plasmid extraction and Xho I/EcoRI double digestion 
is shown in Figure 5 B, the sequencing results of PBS-
Eotaxin plasmid are shown in Supplementary Figure S4, 
the electrophoresis map after plasmid extraction and di-
gestion is shown in Figure 5 C. The electrophoresis and 
sequencing results verified the correctness of Eotaxin 
probe sequence, and OD

260/280 
= 1.7–2.0, suggesting quali-

fied purity.
Based on the ISH experiment, the positive expression 

site of eotaxin mRNA in the allergic skin tissue of mouse 
is shown in Figure 6. Eotaxin mRNA expression was not 
detected in the normal mouse, probably due in large part 
to the low abundance. A few positive expressions around 
the endothelium of the blood vessel was detected 2 h af-
ter activation, a large expression in the dermal layer was 
detected at 6 h. The epidermal layer also showed expres-
sion and the amount reached the highest value at 12 h 
and decreased at 48 h, which generally recovered to the 
normal level after 72 h. Also, it can be clearly observed 

that eotaxin mRNA mainly expressed in the dermal layer, 
the expression amount in the epidermal layer was low, 
the expression can also be detected around the blood 
vessel and cartilage tissue. The negative control group 
without a probe showed no positive staining.

 Kinetic expression process of eotaxin mRNA in the ear 
tissue of the mouse ACD model

The overall RNA electrophoresis results and real-time 
PCR dissociation curve verified the integrity of RNA ex-
traction and non-specific amplification of PCR products. 
The sequencing of PCR products also confirmed that the 
amplified fragments were the specific fragment of eo-
taxin, as shown in Supplementary Figure S5.

The expression status of eotaxin mRNA in mouse ear 
was detected at different time courses after allergy, as 
shown in Supplementary Figure S6. Eotaxin expression 
can be detected 2 h after activation, which reached peak 
values at 6–24 h and decreased at 48 h and generally 
recovered to normal status at 72 h.

 Dynamic process of eotaxin secretion in the ear tissue 
of the mouse ACD model

As observed from the staining results in the inflam-
mation group, obvious eotaxin secretion can be detect-
ed when the mouse ear skin was under allergy for 6 h, 
which reached peak values at 12–24 h and decreased 
obviously at 48 h, almost no eotaxin expression can be 
detected at 72 h. Also, eotaxin mainly distributed around 
epidermis, dermis and cartilage, positive staining around 
the blood vessel was also detected, as shown in Figure 7. 
The negative control section with addition of the second-
ary antibody while absence of primary antibody showed 
no positive staining, thus verifying that the secondary 
antibody would not contribute to non-specific staining.

The expression of eotaxin (8.4 kD) in the ear tissue 
of the mouse ACD model using western-blotting method 
confirmed the dynamic rule of eotaxin secretion, the peak 
values appeared at 6–48 h (Supplementary Figure S7), 
 which verified that the expression of eotaxin protein 
kept consistency with that of mRNA, this result also had 
an element of timing by taking mature blood inflow of 
Eos into consideration. 

Figure 3. Time course of CD4+ and CD8+ T cells infiltration in skin tissue of the mouse ACD model detected by IHC (100×)
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Figure 4. CD4+ and CD8+ T cells in blood of the mouse ACD model. A – Scatterplot of flow cytometry, B – Percentage  
of CD4+ and CD8+ T cells, C – Ratios of CD4+ to CD8+ T cells,  CD4+ T cells,  CD8+ T cells

 Eotaxin concentration detection of serum in the mouse 
ACD model
The concentration of eotaxin in serum of the mouse 

ACD model was detected at different time courses (n = 6),  
the result showed that eotaxin in plasma increased 
slightly, the maximum value appeared at 12 h (31.38 
±4.49 pg/ml), which was 13.52 ±2.84 pg/ml in the normal 
group, as shown in Supplementary Figure S8.

 Regulation mechanism of eotaxin produced  
in skin cell

�Does-effect�between�HaCaT�cell�induced�by�TNF-α/
IL-4�and�eotaxin�expressed�by�FBs

The extracted cell RNA was of qualified purity, as evi-
denced by OD

260/280
 examination. The overall electropho-

resis results of RNA and real-time PCR dissociation curve 
verified the integrity of RNA extraction, the PCR products 
showed no non-specific amplification. The sequencing re-
sult of PCR product also verified that the amplification sec-
tion was exactly the specific section of eotaxin, as shown 
in Supplementary Figure S9. 

TNF-α and IL-4 can realize the up-regulation of the 
eotaxin expression level and present dose-dependent 
characteristics. The basic secretion amount of eotaxin 
in HaCaT cell was 176.06 ±35.95 pg/ml, which increased 
to 734.65 ±206.80 pg/ml and 387.09 ±66.50 pg/ml after  
100 ng/ml TNF-α and 10 ng/ml IL-4 induction, respec-
tively. The basic secretion amount of eotaxin in FBs was 
533.37 ±128.65 pg/ml, which increased to 4812.59 ±415.85 
pg/ml and 2954.32 ±377.77 pg/ml after 100 ng/ml  
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Figure 5. A – pUC57-eotaxin plasmid construct map; Plasmid electrophoresis. B – pUC57-eotaxin plasmid, C – PBS-eotaxin plas-
mid. 1 – plasmid, 2 – plasmid digested by Xho I/Eco RI, M – maker; a – eotaxin plasmid, b – empty plasmid, c – eotaxin probe
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TNF-α and 10 ng/ml IL-4 induction, respectively. It is ob-
vious that the capability of FBs in eotaxin secretion was 
obviously higher than that of HaCaT cell, and both cells 
showed basic expression of eotaxin, as shown in Figure 8.

�Dynamic�process�of�eotaxin�expressed�by�HaCaT�
cell�and�FBs�induced�by�TNF-α and IL-4 as well as 
the�synergy�between�TNF-α and IL-4

The dynamic process of eotaxin production by HaCaT 
cell and FBs, which were individually or jointly induced by 
TNF-α (100 ng/ml) and IL-4 (10 ng/ml), was studied to ex-
plore the expression rule of eotaxin in the two cells and 

different stimulating factors. Figure 9 shows the expres-
sion status of eotaxin mRNA. FCM was used to detect the 
secretion rule of eotaxin protein, as shown in Supplemen-
tary Figures S10 and S11. The results further confirmed 
that eotaxin expressed in both cells and the capability of 
FBs in secreting eotaxin was superior than that of HaCaT 
cells, keeping good consistency with in vivo experiment. 
The overall findings supported that both HaCaT cells and 
FBs stimulated by TNF-α and IL-4 showed a similar rule 
in terms of eotaxin expression, which began at 1 h and 
reached peak values at 3–6 h and lasted for > 48 h. After-
wards, the amount of eotaxin expressed by FBs gradually 

Figure 6. Location and time kinetics of eotaxin mRNA expression in the skin of the mouse ACD model detected by ISH (100×)
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decreased, while HaCaT cells can last for more than 72 h. 
Compared with FBs, HaCaT cells expressed eotaxin later, 
with a lower expression amount but longer duration time. 
In addition, after the two cells were individually or jointly 
stimulated by TNF-α (100 ng/ml) and IL-4 (10 ng/ml), ELISA 
was adopted to detect the expression status of eotaxin. 
The results showed that when both TNF-α and IL-4 were 
used, they produced a synergetic effect in terms of eotaxin 
secretion. As shown in Supplementary Figure S12, the se-
cretion amount can reach high up to 4844.32 ±353.46 pg/
ml and 28382.58 ±1491.48 pg/ml in HaCaT cells and FBs, 
respectively.

 Transcription mechanism of TNF-α and IL-4 
induced HaCaT cell and FBs that produced eotaxin

�NF-κB�nuclear�translocation�regulated�by�TNF-α to 
induce eotaxin production by the two cells

It was found that both eotaxin mRNA and protein 
were under obvious suppression of the two skin cells, 
the suppression rate can reach around 80% (Figure 10), 
which confirmed that the eotaxin expression in the two 
cells was regulated by the effect of TNF-α on NF-κB.

The dynamic process of NF-κB nuclear transloca-
tion regulated by TNF-α was further explored. Gel shift 

Figure 7. Eotaxin secretion in the mouse ACD detected by immunohistochemistry (100×)
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composite was observed in sequence-specific NF-κB 
during the EMSA experiment. Supplementary Figure S13 
revealed a dose-dependent characteristic of NF-κB regu-
lation by TNF-α. Also, the peak time for nuclear translo-
cation of NF-κB in two cells was different, which was 30 

min for FBs and 45 min for HaCaT cell. This result was in 
line with the kinetic process of eotaxin secretion induced 
by TNF-α. Eotaxin expression in HaCaT cell later than in 
FBs further verified that eotaxin secretion was affected 
by NF-κB nuclear translocation regulated by TNF-α.

Figure 8. Eotaxin expression induced by TNF-α and IL-4 in HaCaT cells and fibroblasts. (n = 6).  HaCaT cells,  FBs;  
*p < 0.05, **p < 0.01, vs. FBs control group; p < 0.05, ##p < 0.01, vs. HaCaT cells control group
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�NF-κB nuclear translocation regulated by IL-4 to 
induce eotaxin production by the two cells

The transfection efficiency of HaCaT cell increased 
with the increasing dose of the transfection reagent, which 
can reach up to higher than 80% under most conditions. 
However, when the ratio of the transfection reagent (μl) to 
NC siRNA-FAM (μg) increased to 12 : 5, obvious cytotoxic-
ity appeared, despite the higher transfection efficiency of 
90%. In this regard, when the ratio of transfection reagent 
(μl) to NC siRNA-FAM (μg) was 8 : 5, favourable transfec-
tion efficiency of 90% and low cytotoxicity can be simulta-
neously realized. As for FBs, the transfection efficiency of 
cell decreased with the increasing dose of the transfection 
reagent, favourable efficiency of >80% and low cytotoxic-
ity can be obtained when the ratio of transfection reagent 
(μl) to NC siRNA-FAM (μg) was 6 : 2. Supplementary Fig-
ures S14 and S15 show the optimal transfection efficiency 
of the two cells. 

The STAT6 mRNA knockout effect can be found in Sup-
plementary Figure S16. The siRNA in the negative control 
group (siRNA) exerted no impact on the expression of the 
target gene, the effect of protein after knocking out the 
gene is shown in Figure 11.

As shown in Supplementary Figure S17, after 36 h 
transfection using STAT siRNA and 12 h stimulation using 
10 ng/ml IL-4, the expression of about 80% eotaxin was 
suppressed, which indicates that the regulation of IL-4 to-
wards eotaxin was realized by inducing the phosphoryla-
tion of STAT6 and transcription.

The effect of IL-4 on the phosphorylation of STAT6 in 
the two cells was evaluated. As shown in Figure 11, the 
effect of IL-4 on STAT6 phosphorylation was dose-depen-
dent, but not that obvious. In FBs, the peak value for STAT6 
phosphorylation can be detected after only 30 min, which 
was 60 min for the HaCaT cell. This finding was consistent 
with the difference of IL-4 induced eotaxin expression in 
the two cells, which also confirmed that STAT6 siRNA can 
significantly suppress the protein expression of STAT6.

Discussion

Previous reports have proposed that DNFB can serve 
as half antigen to trigger ACD, which has become the 
classical model in ACD [11–16]. In this work, the mouse 
ACD model was adopted, along with the use of DNFB for 
sensitization to stimulate the allergic response of mouse 
skin. Based on the two main structural cells (HaCaT cell 

Figure 10. The inhibitory effect of TNF-α inducing eotaxin generation by PDTC in two skin cells. N = 6; A – Eotaxin mRNA 
expression, B – Eotaxin secretion;  FBs,  HaCaT cells
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and FBs) that constitute the skin, the expression rule and 
regulation mechanism of eotaxin induced by TNF-α and 
IL-4 were evaluated in vitro. We determined the expres-
sion site of eotaxin in the skin of the mouse ACD model 
for the first time, and revealed the kinetic process of 
eotaxin expression in the allergic process, which further 
verified the certainty that KC can secrete eotaxin, as well 
as the common and different contributions of KC and FBs 
in secreting eotaxin.

After DNFB modelling, the thickness of the mouse 
ear, the infiltration status of inflammatory cells of mouse 
ear skin and the increased inflammatory cell amount 
in mouse blood were detected, upon which the mouse 
ACD model was successfully established. In addition, the 
variations of CD4+ and CD8+ T-cells in tissue and blood 
indicate that the body immunity status of the mouse 
changed obviously after skin allergy, which presented 
the kinetic rule, thereby revealing that the change of 
body immunity status can function as the indicator for 
the judgement and evaluation of the allergic reaction.

Encouraged by the above in vivo and in vitro ex-
perimental results, it is first acknowledged that eotaxin 
in allergic skin diseases mainly comes from FBs in the 
dermal layer. In the inflammatory skin of the mouse 
ACD model under the induction of TNF-α and IL-4, both 
the corium layer and FBs can express a large amount 
of eotaxin mRNA and protein, higher than that of the 
epidermal layer or KC. These findings verify that both 
KC and dermal FBs contribute to the eotaxin secretion. 
Being different from previous reports which adopted 
the ICH method and showed that eotaxin mainly came 
from the epidermis cell [17], the ISH method was uti-
lized in this work to detect the eotaxin mRNA expres-
sion in the tissue, which can provide more precise 
localization, the results were further confirmed by in 
vitro cell experiment. 

In the pathological tissue section, although the infil-
tration of Eos in the tissue was detected, the rule in dif-
ferent allergic time courses was not observed. According 
to previous reports [18, 19], there barely existed intact 
Eos when it infiltrated in the skin, the real process of Eos 
entering into the tissue can hardly be observed. Never-
theless, the increase of eotaxin can be regarded as the 
infiltration of Eos in tissue.

The IgE level in serum of the mouse ACD model was 
also detected. IgE was known as an important medium 
in the allergic reaction of mediated skin, which activates 
mast cells and DCs via IgE acceptor (FcεRI) with high af-
finity [20]. Also, the skin reaction mediated by IgE was 
also accompanied by a more obvious increase of Eos in 
tissue [19]. In this work, the increment process of IgE in 
serum was similar with other reports.

At the in vitro level, we verified that eotaxin expres-
sion can be induced by TNF-α and IL-4 via two transcrip-
tion pathways, NF-κB and STAT6. Furthermore, TNF-α 
and IL-4 show strong synergy in terms of eotaxin expres-
sion.

There remain controversial comments on the effects 
of CD4+ and CD8+ T cells in the immune reaction. Some 
studies proposed that the ratio of CD4+ to CD8+ T cell 
(CD4/CD8) can address the immune status of the organ-
ism [21, 22]. Other studies pointed out that CD4+ and 
CD8+ T cells were mainly associated with allergic reac-
tions and autoimmune diseases, respectively [23]. Also, 
some reports proposed that Th2-type reaction was main-
ly mediated by CD4+ T cell [24, 25], such as the secre-
tion of IL-4 and IL-5; while CD8+ T cell was mainly related 
with the secretion of Th1-type cell factor [26], such as 
TNF-α and γ-IFN. Although CD4+ and CD8+ T cells played 
different roles in immune response reactions with differ-
ent mechanisms, some of which remain undetermined, 
while their significance in the development and regula-
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Figure 11. STAT6 phosphorylation induced by IL-4 in two skin cells detected by western-blotting method
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tion of the immune reaction has been generally accepted 
[27–34]. 

In this work, the recruitment processes of CD4+ and 
CD8+ T cells in tissue and blood were investigated in 
the mouse ACD model, they showed similar tendencies. 
It was found that the two T cells behaved in different 
ways in skin allergic reactions and related closely with 
reaction processes. First of all, CD4+ T cell showed an 
overwhelming advantage throughout the process, while 
CD8+ T cell increased earlier in tissue and blood after 
allergy, followed by CD4+ T cell. Similarly, CD8+ T cell de-
creased earlier than CD4+ T cell in a weakened allergic 
process. Therefore, CD4/CD8 firstly decreased and then 
increased and decreased again along with the symptom-
atic relief. Our experimental results suggest that CD8+  
T cell is related with the allergic reaction while CD4+  
T cell is related with the immune regulation during the 
allergic process.

Along with these experimental results, we deduce 
that the procedures related with Eos in skin allergic dis-
eases can be as follows. Specifically, when the organism 
contacts with an allergen for the first time, it produces 
an allergen-specific IgE antibody; when the allergen 
stimulates the epidermic cells of skin, the immune sys-
tem of the organism can be mobilized, allergen-specific 
IgE combines with activated mast cells and FcεRI on the 
surface of dendritic cells, which produces an immune 
reaction with a cascade amplification effect and results 
in the infiltration of Th cell into the tissue. Afterwards, 
the amounts of inflammatory cells including T cell, mast 
cell and macrophage increase and a large amount of cell 
factors are released, such as TNF-α, IL-4 and IL-5. These 
results further lead to the release of eotaxin in the struc-
tural cell of skin, accompanied by the differentiation of 
Eos precursor cell in marrow into mature Eos that fur-
ther enters the blood. Eos enters the tissue under the 
chemotaxis of eotaxin, eotaxin in tissue combines with 
CCR3 acceptor on Eos surface to activate Eos and release 
toxic protein, resulting in tissue damage. Meanwhile, the 
existence of eotaxin prolongs the survival time of Eos, 
eotaxin can also be released after Eos activation in tis-
sue, upon which the allergic reaction can be continued. 
Both CD4+ and CD8+ T cells first increased and then 
decreased during the different stages in the allergic re-
action, which regulate the origin, occurrence and termi-
nation processes. With the disappearance of external 
stimulation factors and the effect of immune regulation, 
the allergic reaction turns gentle and finally finishes.

In this work, we also found that basic expression of 
eotaxin exists both in vivo and in vitro, indicating that 
eotaxin not only relates to allergy and inflammation, but 
also plays a role in innate immunity. In addition to the 
function in the chemotaxis of inflammatory cells, a few 
studies also reported other functions of eotaxin, such as 
its relationship with lung development [35], weak stimu-
lation effect on KC growth [36], and angiogenesis effect 

[37]. That is, besides its relationship with pathological 
processes, eotaxin also relates with physiological pro-
cesses, which remain to be explored.

In recent years, with the in-depth development of im-
munology and interdiscipline, more and more facts veri-
fied that the immune system affects the operation of ner-
vous and endocrine systems via immunoregulators, such 
as IL and TNF. The nervous system can affect the func-
tions of immune and endocrine systems via neurotrans-
mitters. The endocrine system can control the activities 
of nervous and immune systems via various hormones. 
The three systems regulate each other, their common ac-
tive substance and acceptor constitute the bridge for in-
terconnection and information transfer channel, forming 
a complicated “immune-nervous-endocrine network” to 
regulate the physiological and pathological functions of 
the skin, including the regulation of cell growth, differen-
tiation, immunity, inflammation and tissue repair [38–43]. 
In dermatology, the role of the “immune-nervous-endo-
crine network” in skin diseases has received increasing 
attention. Based on the structural cells of skin, skin par-
ticipating into the key steps of the immune reaction is 
verified in this work, while its roles in physiological and 
pathological processes need further exploration.

Conclusions

In this work, the mouse ACD model was established, 
investigation and evaluation were carried out based on 
the ear swelling degree, pathological variation of skin tis-
sue, IgE occurrence, inflammatory cell amount in blood, 
and the recruitment of CD4+ and CD8+ T cells in tissue 
and blood. It is verified that both epidermal and dermal 
layers in the mouse ACD model can express eotaxin, 
while the main source is the dermal layer. The dynamic 
process of eotaxin expression was also investigated, the 
results showed that eotaxin expressed 1–2 h after allergy 
and reached the peak value at 24 h and then gradually 
weakened, which generally recovered to the normal ex-
pression level after 5 d. The regulation mechanisms of 
eotaxin secretion in epidermal KC and dermal FBs were 
also verified. Specifically, TNF-α and IL-4c induce the eo-
taxin expression via two pathways, that is, NF-κB and 
STAT6.

Acknowledgments

This study was supported by the Major Special Fund 
for modernization of Traditional Chinese Medicine of 
Shanghai Science and Technology Commission (grant 
number 04DZ19846) and Science and Technology Sup-
port Project of Hebei Province (grant number 11276422).

Cheng Peng MD and Hualin Zhang – first author, Ji-
shun Yang MD and Jianguo Xu – second author, Shikui 
Guan MM and Jianjun Xia – third author, Quangang Zhu 
MD and Benming You – fourth author.



Advances in Dermatology and Allergology 3, June/2022578

Cheng Peng, Hualin Zhang, Jishun Yang, Jianguo Xu, Shikui Guan, Jianjun Xia, Quangang Zhu, Benming You, Yu Zhu,  
Jinhong Hu, Jiyong Liu

Conflict of interest

The authors declare no conflict of interest.

References

1. Chen H. Immunotherapy in allergic skin disease. In: Multi-
disciplinary Approaches to Allergies. Advanced Topics in Sci-
ence and Technology in China, Springer, Berlin, Heidelberg 
2012; 267-87.

2. Girolomoni G, Tessari G, Bos JD. The skin as an immunologic 
organ. In: Handbook of Systemic Autoimmune Diseases. 
Sarzi-Puttini P, Doria A, Girolomoni G, et al. (eds.). Elsevier 
2006; 3-9.

3. Silberstein DS. Eosinophil function in health and disease. 
Crit Rev Oncol Hematol 1995; 19: 47-77.

4. Walsh ER, Sahu N, Kearley J, et al. Strain-specific require-
ment for eosinophils in the recruitment of T cells to the lung 
during the development of allergic asthma. J Exp Med 2008; 
205: 1285-92.

5. Foster PS, Hogan SP, Ramsay AJ,. Interleukin 5 deficiency 
abolishes eosinophilia, airways hyperreactivity, and lung 
damage in a mouse asthma model. J Exp Med 1996; 183: 
195-201.

6. Kumagai N, Fukuda K, Fujitsu Y, Nishida T. Expression of 
functional ICAM-1 on cultured human keratocytes induced 
by tumor necrosis factor-alpha. Jpn J Ophthalmol 2003; 47: 
134-41.

7. Alam R, Stafford S, Kamper G. The p38 MAP kinase and myo-
sin light chain kinase (MLCK) critically regulate eosinophil 
chemotaxis in response to eotaxin. J Allergy Clin Immunol 
1999; 103: S56.

8. Zimmermann N, Conkright JJ, Rothenberg ME. CC chemokine 
receptor-3 undergoes prolonged ligand-induced internaliza-
tion. J Biol Chem 1999; 274: 12611-8.

9. Shimizu T, Nishihira J, Watanabe H, et al. Cetirizine, an H1-
receptor antagonist, suppresses the expression of macro-
phage migration inhibitory factor: its potential anti-inflam-
matory action. Clin Exp Allergy 2004; 34: 103-9.

10. Okabe T, Matsushima K. Regulation of ALP activity by TNF-
alpha on human dental pulp. J Endod 2006; 32: 516-20.

11. Gorbachev AV, Fairchild RL. Regulatory role of CD4+ T cells 
during the development of contact hypersensitivity respons-
es. Immunol Res 2001; 24: 69-77.

12. Gorbachev AV, Fairchild RL. CD4+ T cells regulate CD8+ T 
cell-mediated cutaneous immune responses by restricting 
effector T cell development through a Fas ligand-dependent 
mechanism. J Immunol 2004; 172: 2286-95.

13. Krasteva M, Kehren J, Horand F, et al. Dual role of dendritic 
cells in the induction and down-regulation of antigen-spe-
cific cutaneous inflammation. J Immunol 1998; 160: 1181-90.

14. Nagai H, Ueda Y, Tanaka H, et al. Effect of overproduction of 
interleukin 5 on dinitrofluorobenzene-induced allergic cu-
taneous response in mice. J Pharmacol Exp Ther 1999; 288: 
43-50.

15. Moorhead JW. Soluble factors in tolerance and contact sen-
sitivity to 2,4-dinitrofluorobenzene in mice. I. Suppression 
of contact sensitivity by soluble suppressor factor released 
in vitro by lymph node cell populations containing specific 
suppressor cells. J Immunol 1977; 119: 315-21.

16. Bour H, Peyron E, Gaucherand M, et al. Major histocom-
patibility complex class I-restricted CD8+ T cells and class 
IIrestricted CD4+ T cells, respectively, mediate and regulate 
contact sensitivity to dinitrofluorobenzene. Eur J Immunol 
1995; 25: 3006-10.

17. Jean-Baptiste S, O’Toole EA, Chen M, et al. Expression of eo-
taxin, an eosinophil-selective chemokine, parallels eosino-
phil accumulation in the vesiculobullous stage of inconti-
nentia pigmenti. Clin Exp Immunol 2002; 127: 470-8.

18. Pivarcsi A, Homey B. Chemokine networks in atopic dermati-
tis: traffic signals of disease. Curr Allergy Asthma Rep 2005; 
5: 284-90.

19. Werfel T. The role of leukocytes, keratinocytes, and allergen-
specific IgE in the development of atopic dermatitis. J Invest 
Dermatol 2009; 129: 1878-91.

20. Bieber T. The pro- and anti-inflammatory properties of hu-
man antigen-presenting cells expressing the high affinity 
receptor for IgE (Fc epsilon RI). Immunobiology 2007; 212: 
499-503.

21. Marras TK, Wallace RJ Jr, Koth LL, et al. Hypersensitivity 
pneumonitis reaction to mycobacterium avium in household 
water. Chest 2005; 127: 664-71.

22. Costabel U. CD4/CD8 ratios in bronchoalveolar lavage fluid: 
of value for diagnosing sarcoidosis? Eur Respir J 1997; 10: 
2699-700.

23. Pichler WJ, Yawalkar N, Britschgi M, et al. Cellular and mo-
lecular pathophysiology of cutaneous drug reactions. Am  
J Clin Dermatol 2002; 3: 229-38.

24. Teitelbaum JE, Fox VL, Twarog FJ, et al. Eosinophilic esopha-
gitis in children: immunopathological analysis and response 
to fluticasone propionate. Gastroenterology 2002; 122: 1216-
25.

25. Lucendo AJ, Navarro M, Comas C, et al. Immunophenotypic 
characterisation and quantification of the epithelial inflam-
matory infiltrate in eosinophilic esophagitis through stereol-
ogy: an analysis of the disease’s cellular mechanisms and 
the esophagus’ immunological capacity. Am J Surg Pathol 
2007; 31: 598-606.

26. Lucendo AJ, De Rezende L, Comas C, et al. Treatment with 
topical steroids downregulates IL-5, eotaxin-1/CCL11, and eo-
taxin-3/CCL26 gene expression in eosinophilic esophagitis. 
Am J Gastroenterol 2008; 103: 2184-93.

27. Srikiatkhachorn A, Braciale TJ. Virus-specific CD8+ T lympho-
cytes downregulate T helper cell type 2 cytokine secretion 
and pulmonary eosinophilia during experimental murine 
respiratory syncytial virus infection. J Exp Med 1997; 186: 
421-32.

28. Hussell T, Baldwin CJ, O’Garra A, Openshaw PJ. CD8+ T cells 
control Th2-driven pathology during pulmonary respiratory 
syncytial virus infection. Eur J Immunol 1997; 27: 3341-9.

29. Hussell T, Openshaw PJ. Intracellular IFN-gamma expression 
in natural killer cells precedes lung CD8+ T cell recruitment 
during respiratory syncytial virus infection. J Gen Virol 1998; 
79: 2593-601.

30. Johnson TR, Rothenberg ME, Graham BS. Pulmonary eosino-
philia requires interleukin-5, eotaxin-1, and CD4+ T cells in 
mice immunized with respiratory syncytial virus G glycopro-
tein. J Leukoc Biol 2008; 84: 748-59.

31. Rådinger M, Bossios A, Alm AS, et al. Regulation of allergen-
induced bone marrow eosinophilopoiesis: role of CD4+ and 
CD8+ T cells. Allergy 2007; 62: 1410-8.

32. Vocanson M, Hennino A, Rozières A, et al. Effector and reg-
ulatory mechanisms in allergic contact dermatitis. Allergy 
2009; 64: 1699-714.

33. Srivastava KD, Qu C, Zhang T, et al. Food allergy herbal for-
mula-2 silences peanut-induced anaphylaxis for a prolonged 
posttreatment period via IFN-gamma-producing CD8+  
T cells. J Allergy Clin Immunol 2009; 123: 443-51.



Advances in Dermatology and Allergology 3, June/2022

Regulation of eotaxin expression in skin allergic diseases

579

34. Rozieres A, Hennino A, Rodet K, et al. Delayed allergy to 
penicillin is initiated by skin infiltrating CD8+ T cells. J Invest 
Dermatol 2007; 127: S1-96.

35. Ellyard JI, Simson L, Bezos A, et al. Eotaxin selectively binds 
heparin. An interaction that protects eotaxin from proteoly-
sis and potentiates chemotactic activity in vivo. J Biol Chem 
2007; 282: 15238-47. 

36. Petering H, Kluthe C, Dulkys Y, et al. Characterization of the 
CC chemokine receptor 3 on human keratinocytes. J Invest 
Dermatol 2001; 116: 549-55.

37. Salcedo R, Young HA, Ponce ML, et al. Eotaxin (CCL11) in-
duces in vivo angiogenic responses by human CCR3+ endo-
thelial cells. J Immunol 2001; 166: 7571-8.

38. Luger TA. Neuromediators: a crucial component of the skin 
immune system. J Dermatol Sci 2002; 30: 87-93.

39. O’Sullivan RL, Lipper G, Lerner EA. TThe neuro-immuno-cu-
taneous-endocrine network: relationship of mind and skin. 
Arch Dermatol 1998; 134: 1431-5.

40. Steinhoff M, Ständer S, Seeliger S, et al. Modern aspects of 
cutaneous neurogenic inflammation. Arch Dermatol 2003; 
139: 1479-88.

41. Dhabhar FS. Stress, leukocyte trafficking, and the augmenta-
tion of skin immune function. Ann N Y Acad Sci 2003; 992: 
205-17.

42. Ansel JC, Kaynard AH, Armstrong CA, et al. Skin-nervous 
system interactions. J Invest Dermatol 1996; 106: 198-204.

43. Scholzen T, Armstrong CA, Bunnett NW, et al. Neuropeptides 
in the skin: interactions between the neuroendocrine and 
the skin immune systems. Exp Dermatol 1998; 7: 81-96.


