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1 | INTRODUCTION

Atopic dermatitis (AD) is the most common chronic, pruritic inflammatory

skin disease, which causes a substantial economic and social burden.

Abstract

Atopic dermatitis (AD) is a chronic inflammatory skin disease and sometimes is a
tough challenge for physicians. We previously reported that in Th2 environment, the
production and secretion of thymic stromal lymphopoietin (TSLP) from human
keratinocytes was inhibited by recombinant heat shock protein 70 (rHSP70). The pre-
sent study assessed the therapeutic effectiveness of rHSP70 in a mouse model of
AD. An experimental model of AD was reproduced by systemic sensitization and
local epicutaneous challenge with ovalbumin (OVA). Treatment of rHSP70 was per-
formed by subcutaneous administration. The levels of OVA-specific IgE, as well as
cytokines, were detected by ELISA. Skin samples from patch areas were also taken
for histologic examination. Injection of rHSP70 improved the histologic picture by
reducing the thickness of epidermis and allergic inflammation. Skin sonography rev-
ealed rHSP70 ameliorated skin remodeling. rHSP70 also significantly decreased the
protein expression of TSLP of skin from patch areas. Furthermore, in ex vivo studies
also showed group of rHSP70 treatment decreased IL-13, RANTES, MIP-1p and
increased IFN-y secreted from splenocytes stimulated with OVA. The rHSP70 inter-
vention in the mouse model of AD reduced the skin expression of TSLP and attenu-
ated the clinical appearance of OVA-induced AD mice. The effect was achieved by
suppressed Th2 immune response in injected skin tissue and enhanced systemic Thl
immune response. These results suggest that rHSP70 have potential as a promising

protein for the treatment of AD.

KEYWORDS
atopic dermatitis, heat shock protein, skin barrier, skin inflammation, thymic stromal
lymphopoietin

Early models of AD were recognized as a disease with skin barrier defect
and cutaneous inflammation at the lesion sites. The epidermis performs
protective and defensive functions. The defective skin barrier leads to

penetration of allergens and impaired tissue immune responses. In AD,
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keratinocytes of damaged epidermis are activated to release cytokines,
chemokines, and antimicrobial peptides. Among them, thymic stromal
lymphopoietin (TSLP), an IL-7-like chemokine, is involved in the initiation,
development, and progression of AD. TSLP binds to its functional
heterodimeric receptor complex (TSLPR), which then induces the local
network of dendritic cells to secrete eotaxin and IL-8 that then recruit
and prime naive T cells to Th2 cells.! Eventually, persistent skin inflam-
mation results in epidermal hyperplasia and skin remodeling such as
markedly increased collagen deposition and fibrosis.2

In recent studies, immune activation of AD has been found to
beyond the skin.2 In patients with moderate to severe AD, the central
and effector memory T cells in blood are polarized and continuously
activated. Upregulated T helper 2 (Th2) cells and Th2-related factors
including IL-4, IL-5, and IL-13 lead to an increased concentration of
immunoglobulin E (IgE) in the plasma. Several activated immune medi-
ators in the circulation have also been reported to correlate with clini-
cal severity and IgE levels.*® The occurrence of noncutaneous
comorbidities in patients with AD also supports the systemic inflam-
mation point of view. In addition to the comorbidities related to aller-
gic conditions, food allergy, asthma, allergic rhinitis (allergic march),
cardiovascular, neuropsychiatric, and malignant diseases have been
increasingly reported to be associated with AD.® Increasing studies
have shown that AD is not only limited to skin lesions but also related
to systemic immune activation.

Currently, the main treatments of AD consist of a reconstruction
of an intact skin barrier and decreased skin inflammation. Daily use of
skin moisturizer is recommended to maintain an intact skin barrier.
Therapeutic approaches to skin inflammation include topical cortico-
steroid creams/calcineurin inhibitors and phototherapy. These topic
anti-inflammatory drugs have limited systemic effects. Dupixent
(dupilumab) is the first biologic medication approved by the U.S. Food
and Drug Administration (FDA) for adults with moderate to severe
atopic dermatitis for whom topical treatments have not worked or are
not advised. Topical corticosteroids may further cause the skin to be
more vulnerable to damage due to the thinning of the skin. In contrast
to topic drugs, systemic drugs such as oral corticosteroids and immu-
nosuppressant drugs are given to recalcitrant cases, but these drugs
have more apparent side effects and few benefit for skin barrier
reconstruction.”® Since therapeutic options are limited, there is a
great need to develop a new treatment that can simultaneously sup-
press local and systemic inflammation while rebuilding skin barrier
function with minimal side effects.

The 70-kDa heat shock protein (HSP70) family is an evolutionarily
highly conserved protein family that can be induced by exposure to a
variety of stressful conditions. HSP70s can bind to misfolded proteins
and help them to adopt a native conformation; therefore, enhanced
production of HSPs can promote cell survival in the presence of dam-
aging stimuli.”° Increasing evidence suggests that HSPs play impor-
tant roles in both innate and adaptive immunity.***2 HSP70 has also
been shown to have anti-inflammatory properties.'® The presence of
HSP70 proteins in a culture medium can inactivate dendritic cells.*®
Furthermore, some reports have revealed that HSP70 can promote

the production of regulatory T cells (Tregs), which have functions in

tolerance development and immunoregulation.** Because of the pro-
tective properties of HSP70, it has already been used as a systemic
intervention in vivo in several disease models.>

Recently, we have demonstrated that in a Th2 environment, the
production and secretion of TSLP from human keratinocyte cell line
(HaCaT) are inhibited by preheating or by recombinant heat shock
protein 70 (rHSP70).2® These encouraging results highlight the poten-
tial application of HSP70 in decelerating the pathological change of
AD. Herein, we revealed that subcutaneous injection of rHSP70 can
ameliorate AD in a mouse model induced by systemic sensitization
with epicutaneous application of ovalbumin (OVA), and discussed the

possible mechanism involved.

2 | MATERIAL AND METHODS

2.1 | Animals

Female C57BL/6 mice aged 6 to 8 weeks were purchased from
BioLASCO (Yi-Lan, Taiwan) and kept in a pathogen-free environment
with an OVA-free diet and given water ad libitum. All the experimental
procedures were carried out in strict compliance with the recommen-
dations in the Animal Protection Act of the Council of Agriculture Exec-
utive Yuan (Taiwan). The study protocol was reviewed and approved
by the Institutional Animal Care and Use Committee of Changhua
Christian Hospital, Taiwan (approval number: CCH-AE-102-017).

2.2 | AD mouse model

The protocols used for systemic and local epicutaneous challenges
were designed as previously described.’"*? The AD and rHSP70
treatment groups were systemically sensitized with intraperitoneal
injection of OVA (Sigma, St. Louis, Missouri) on days 1, 7, and 14, and
received a skin OVA patch exposure challenge. The negative control
and sham groups were intraperitoneally sensitized with phosphate
buffered saline (PBS). The negative control group then received skin
PBS patch exposure; however, in the sham group, we simply removed
fur without a further skin patch challenge. All the mice were eutha-
nized by CO, asphyxiation.

2.3 | OVA systemic sensitization

The OVA (50 pg; Sigma) used in our model was albumin from chicken
egg white. This product has 10 mannose residues per mole of OVA
and is over 98% pure by agarose gel electrophoresis. OVA with 1 mg
of aluminum hydroxide (Thermo, Rockford, lllinois) was dissolved or
resuspended in 200 pL PBS, and was injected intraperitoneally per

mouse.

2.4 | Skin OVA patch exposure challenge

Briefly, the dorsal fur of mice was gently removed by hair-removing
wax and stripped 6 times with a 3 M tape. Next, 2.5 mg of OVA
(Sigma) at 500 pg/100 pL in PBS was placed on a 1.5 x 1.5 cm patch
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of sterile gauze, which was then fastened to the skin with a Transparent
BIOCLUSIVE Dressing (3 M, Brookings, South Dakota). The patch was

applied during three 1-week periods of exposure with 2-week intervals.

2.5 | Treatment with rHSP70

Treatment with human rHSP70 with low endotoxin (Enzo Life Science,
Farmingdale, New York) was administered by subcutaneous injection
near OVA patch on back of mice at doses of 50 ug/kg dissolved in PBS
100 pL every day between the first, second, and third OVA patch
periods. The negative control group was treated with 100 uL of PBS in
parallel, and the sham group did not receive any treatment.

2.6 | Histopathological analysis

The skin samples from the patch areas were removed for histological
examination after the last epicutaneous application of OVA. Samples
were fixed overnight with 10% paraformaldehyde at 4°C, and then
embedded in paraffin. Tissue slices were stained with hematoxylin
and eosin. The histological preparations were analyzed under a light
microscope (Olympus BX50) at x40, x200, and x400 magnifications.

2.7 | Skin echography and transepidermal water loss
(TEWL) measurements

The in vivo skin echography was conducted by means of a DermalLab
Combo (20 MHz, B mode, mechanical scan, depth 17 mm, 60 x 200 pm,
Cortex Technology, Denmark). An impaired skin barrier increases TEWL,

which leads to dry skin and easy penetration of allergens, resulting in

Female C57BL/C , 6 to 8 week old mice

IP Sensitization

Week | 1 | 2 | 3 | 4

allergic sensitization.2%?* TEWL was measured using the same device

with a responding open chamber diffusion gradient probe.

2.8 | Western blot analysis

A small piece of skin tissue was lysed in PBS using a Qiagen Tissuelyser
Il (Qiagen, HK, China) with shaking at 20 Hz for 5 minutes and incuba-
tion on ice for 5 minutes. The aforementioned procedure was repeated
twice. Then, the lysates were centrifuged at 13000g for 10 minutes
(12 000 rpm, 4°C, 10 minutes). After that, an equal amount of each
protein sample was loaded into each well and subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis and then transferred
onto a polyvinylidene difluoride membrane. After blocking with 5%
skim milk, the membrane was incubated overnight at 4°C with the fol-
lowing primary antibodies: a mouse anti-TSLP (1:1000, Genetex) anti-
body, and an anti-B-actin antibody (1:10 000, Sigma) served as a
loading control. The next day, the membrane was incubated with the
corresponding secondary antibody after washing. Finally, specific bands
were visualized by means of Fusion Fx (Vilber Lourmat) with standard

chemiluminescence (Perkin Elmer, Waltham, Massachusetts).

2.9 | Cytokine release assays of splenocytes
stimulated by OVA

The spleens were collected aseptically after the last allergen applica-
tion. Splenocytes (10%/well) were seeded in 24-well plates, and then
stimulated with OVA (10 pg/mL) and incubated for 72 hours in RPMI
1640 medium (GIBCO) containing 10% of fetal bovine serum (FBS;
HyClone), gentamicin (800 ug/mL), and 50 uM B-mercaptoethanol at

OVA OVA
patch patch
+ +
rHSP70 rHSP70
injection injection
OVA OVA
patch patch
PBS PBS
patch patch
+ +
PBS PBS
injection injection

IP Sensitization IP Sensitization
rHSP70 Treatment: OVA
OVA sensitization l"‘fh

rHSP70

injection
Atopic Dermatitis: OVA
OVA sensitization patch
Negative Control: PBS
PBS sensitization l"‘fh

PBS

injection
Sham:
PBS sensitization

FIGURE 1

Protocol for the mouse model of atopic dermatitis (AD) and rHSP70 treatment. The AD and rHSP70 treatment groups were

sensitized with 50 pg of ovalbumin (OVA), while the negative control and sham groups were sensitized with phosphate buffered saline (PBS). The
200 pL suspension for sensitization was intraperitoneally injected. After three sensitization procedures, the AD and rHSP70 treatment groups
were challenged with a sterile patch containing 2.5 mg OVA (500 pg per 100 puL of PBS), while the negative control group was treated with

100 pL of PBS via a sterile patch. The mice had three 1-week treatments with the patch separated by 2-week intervals. The interventions—
subcutaneous injection of rHSP70 (500 pg/kg) or PBS (as a negative control)—were performed during the periods of the OVA patch challenge
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FIGURE 2 Successful induction
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37°C and 5% CO, in a humidified incubator. The concentrations of
cytokines in supernatants were determined by an ELISA (Bio-Plex

Multiplex immunoassay system; Bio-rad, California).

3 | STATISTICAL ANALYSIS

The data are shown as mean + SE. Statistical analysis was carried out
in the Prism 6.0 software (Turku Center for Biotechnology University
of Turku, Finland). The significance of the results was determined by

ANOVA. Differences were considered significant at P < .05.

4 | RESULTS
4.1 | Treatment with rHSP70 improved skin
manifestations of mice with AD

»nu

nega-
tive control,” “AD,” and “AD with rHSP70 treatment” (abbreviated as

“rHSP70 treatment”; Figure 1). The mice were successfully intraperitone-

Female C57BL/6 mice were subdivided into four groups: “sham,

ally sensitized with an OVA/AI(OH); suspension (50 ug/mg per milliliter)

(Figure 2A,B) and were then subjected to repeated application of a
2.5-mg OVA patch to the shaved back to induce AD-like lesions. Grossly,
the epicutaneous OVA patch challenges led to local inflammation of the
skin, which manifested itself as erythema and/or hemorrhage, mild
edema, some erosion, and dryness. Rubbing behavior developed in AD
group, especially after second time patch exposure. Obviously, all these
symptoms including scratching behavior were alleviated (ie, suppressed)
in the rHSP70 treatment group (Figure 2C).

4.2 | Treatment with rHSP70 attenuated cellular skin
inflammation in skin lesion of mice with AD

Skin samples were taken after the last OVA or PBS exposure and the
histological analysis was performed. Compared to groups sham and
negative control, the AD group showed hyperkeratosis with necrosis
and moderately thickened dermis with diffuse infiltration of mixed leu-
kocyte including eosinophils. In group rHSP70 treatment, the hyperpla-
sia of epidermis and dermis was significantly reduced (Figure 3A,B). In
addition, the OVA-induced increased polymorphonuclear leukocytes
and eosinophils were also moderately attenuated by rHSP70 treatment
(Figure 3C,D).
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FIGURE 3 The rHSP70 treatment (A)
improved histological presentation

of atopic dermatitis (AD) by

reducing the allergic inflammation.

A, Representative photomicrographs
of H&E-stained slices showed the
epidermal thickness in various groups.
The rHSP70 treatment significantly
attenuated the epidermal thickening.
The black arrows indicate

eosinophils. B, Representative
photomicrographs of slices stained
with hematoxylin and eosin (scale
bars, 50 um; x400). The black arrows
indicate eosinophils. C, The number
of polymorphonuclear cells in the skin
lesions. In each slide (tissue slice),
polymorphonuclear cells were
counted in five random high-power
fields of view (x400). D, The number
of eosinophils in the skin lesions.

In each slide (tissue slice), eosinophils
were counted in five random high-
power fields of view (x400). Data are
presented as mean * SE (n = 8 in each
group). *P < .05; (B)

kP < 01; #**P < 001 snns sras

4.3 | Treatment with rHSP70 decreased TSLP
expression in skin lesion of mice with AD

We next confirmed the efficacy of rHSP70 at suppression of TSLP pro-
duction by immunohistochemical staining and western blots. The
immunohistochemical staining of TSLP revealed that few epidermal
keratinocytes being stained in basal and para-basal layers in the nega-
tive control and sham group. In contrast, the AD group expressed abun-
dant TSLP in all layers of the epidermis including the stratum spinosum
and granulosum. Furthermore, the rHSP70 treatment significantly
attenuated TSLP expression (Figure 4A,B). As shown in Figure 4C, the
production of TSLP was significantly inhibited by rHSP70 as compared
to the AD group by Western blot analysis of the tissue lysates.

4.4 | Treatment with rHSP70 ameliorated skin
remodeling and enhanced repair of skin barrier
function in skin lesions of mice with AD

High-frequency ultrasound is a noninvasive tool that allows for clear
identification of the skin layers in vivo. The increased dermal collagen
deposition of skin remodeling in the AD group results in a green-dark

color in dermal image compared to a normal bright yellow color. As

- el w
Z_> -
R

PMNs/ HFP
Eosinophils/HPF

shown in Figure 5A, rHSP70 treatment successfully rescued the skin
remodeling process in mice with AD. TEWL increased markedly in
mice with AD as compared to sham and negative control groups. From
the second period of the OVA patch exposure, rHSP70 started to
attenuate TEWL with a trend toward significance (P = .08) (Figure 5B).

4.5 | The influence of rHSP70 on the systemic
immune response in mice with AD

To elucidate the influence of rHSP70 on Th2 immune responses in
mice with AD, serum OVA-specific IgE concentrations were measured
when mice were euthanized. The rHSP70 treatment significantly
attenuated the upregulation of OVA-specific IgE as shown in
Figure 6A. Results of ex vivo studies further supported the mecha-
nisms. The secretion of Th2-related cytokines into the supernatants
from OVA-stimulated murine splenocytes of different groups was also
evaluated. IL-4, IL-13, and two CC-chemokines, RANTES and MIP-18,
were secreted in significantly greater amounts from splenocytes in
the AD group compared to the sham and negative control groups. The
rHSP70 treatment attenuated the upregulation of IL-13, RANTES, and
MIP-18 but not IL-4 (Figure 6B-E). We also assessed the levels of IFN-

v, which is a key marker of the Th1l immune response. The lowest
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FIGURE 4 The rHSP70 treatment
reduces thymic stromal lymphopoietin
(TSLP) expression in skin lesions of
mice with atopic dermatitis (AD).

A, Representative images show
immunohistochemical (IHC) staining
of TSLP in lesioned skin in
experimental groups. Original
magnification x200. B, The area of
TSLP staining was quantified by the
Image-pro plus software (Media
Cybernetics). The results indicated
that TSLP expression decreased
following rHSP70 treatment. All
images were acquired and analyzed
using identical hardware and software
settings. C, TSLP protein expression
in skin lesions via western blotting.
The upper panel shows the
representative western blots of TSLP
expression in skin lesions (30 pg) from
different groups. Actin expression
served as a loading control. S: sham,
N: negative control. The lower panel
shows a summary histogram of a
relative TSLP band density in each

Negative Control
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concentration of IFN-y was detected in the AD group; however,
rHSP70 treatment significantly enhanced the release of IFN-y
(Figure 6F). Furthermore, to assess the possibility that Tregs established
global tolerance, we analyzed the population of CD4"CD25"Foxp3* T
cells (Tregs) from splenocytes as well as the levels of IL-10 in the super-
natants of OVA-stimulated splenocytes from the four groups. Neither
the Treg proportions nor IL-10 levels showed significant difference
among the groups (Figure 6G,H), indicating Tregs play little role in esta-

blishing global tolerance.

5 | DISCUSSION

The pathophysiology of AD is complex, including skin barrier dysfunc-
tion, alterations in immune responses, environmental factors, and
gene. AD is a dominant Th 2 immune response with increased levels
of IL-4, IL-13, IL-31, and chemokine ligand 18 cytokines.22 The IL-4
and IL-13 play a key role in pathogenesis of AD which contribute to a

defective Skin barrier and promote the overproduction of IgE.22~24
Moreover, IL-4 and IL-13 also inhibit production of antimicrobial pep-
tides and down regulate the Th1l and Th17 dependent skin defense
mechanism.??2> In chronic AD, Th2 and Th22 responses are increased
with parallel activation of the Th1 axis. IL-22 induces epidermal hyper-
plasia, whereas the IL-31 cytokine is associated with disease sever-
ity.22 In addition to adaptive immune, there are evidences that
supports the role of IL-1 in AD. IL-1 ligands (IL-18) is related with the
clinical and histopathologic features of chronic AD lesions which may
due to dysfunctional inflammasome processing.2%?’ Recently, IL-33, a
newly described member of the IL-1 family, has been found to play an
important role in inducing Th2 immune responses and provide novel
insights for addressing AD.28

Several mouse models of human AD have been developed that
have provided insights into the pathogenesis of human AD.”*® Epi-
cutaneous sensitization is a method which reveals characteristic clini-

cal and histological features of AD. Our model combined systemic
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FIGURE 5 The rHSP70 treatment ameliorates skin remodeling and skin barrier dysfunction of mice with atopic dermatitis (AD).

A, Ultrasonography of the skin clearly shows the dermal fibrotic remodeling changes in the AD group and the treatment efficacy of rHSP70.

B, The rHSP70 treatment was almost significant for decreasing thymic stromal lymphopoietin (TEWL) (P = .08). TEWL values in different groups
were measured by means of a TEWL meter. The results are presented as mean + SE (n = 8 in each group). *P < .05; **P < .01; ***P < 001

sensitization and a local skin challenge, which is compatible with the
clinical pictures of AD. More encouragingly, we demonstrated for
the first time that subcutaneous administration of rHSP70 attenuated the
process of skin remodeling as well as the endpoint in our AD model.

HSP70s are a group of proteins in a large family of HSPs and are
among the more extensively studied HSPs. HSP70 has been shown to
be constitutively expressed in human skin and can be upregulated as a
result of exposure to stressors.?’ In addition to the attenuation of
pathologically systemic inflammatory status of AD in mice, we demon-
strated for the first time that administration of rHSP70 also substan-
tially decreased skin lesion inflammation. The rHSP70 treatment
decreased polymorphonuclear leukocytes and eosinophils in skin
lesions, which could be due to the suppression of TSLP expression in
the lesional area. TSLP, an epithelial-derived cytokine, participates in
the communication between epithelial and dendritic cells during the
development of an allergic inflammation, and has been shown to be
highly upregulated in the skin lesions of patients with AD.? TSLP-
activated dendritic cells create a Th2-permissive microenvironment
and thus polarize naive CD4"* T cells into Th2 cells that produce IL-4,
IL-5, IL-13, and TNF-0.%° TSLP and/or TSLPR moreover have been
found to mediate skin fibrosis.*

Although HSP70 has been described as a proinflammatory
protein, increasing evidence indicates that HSP70 has a potent anti-
inflammatory function.®> Numerous experimental studies have
revealed the systemic effects of exogenous HSP70 in inflammatory
diseases.®3** In AD, systemic immune activation may trigger barrier
dysfunction and/or aggravate inherited barrier defects through a posi-
tive feedback loop. The suppressed influence of rHSP70 on systemic
Th2 immune responses in our AD model was demonstrated by
decreased serum OVA-specific IgE concentrations and attenuated
secretion of IL-13 and RANTES from splenocytes stimulated by OVA.

Our results showing enhanced IFN-y secretion from splenocytes also
suggest that rHSP70 simultaneously induced a systemic Thl immune
response, which should have contributed to the clinical improvement
in the mice with AD.

The defective epidermal permeability of AD is a well-recognized
feature and a driver of disease activity. Unlike topical corticosteroids,
which suppress inflammation of the skin but may delay the recovery
of the skin barrier function, rHSP70 attenuated the process of skin
remodeling and skin barrier repair in mice with AD. In the rHSP70
treatment group, the hyperplasia of epidermis and dermis was signifi-
cantly reduced compared to the AD group. Although the results were
not significantly different in our study, rHSP70 started to attenuate
TEWL from the second period of OVA patch exposure. Our results
showed rHSP70 improved the defective epidermal permeability and
skin barrier function. The reason why rHSP70 cannot induce complete
recovery of the skin barrier may be explained by its inability to sup-
press all of the inflammatory molecules in AD such as IL-4, which is
associated with innate barrier dysfunction.?*

High-frequency ultrasound is a noninvasive tool that allows for
clear identification of the skin layers and thus could be used for
in vivo tissue assessment. After processing, the cross-sectional echo
intensity of the skin could be visualized in colors according to
strength. Normally, epidermis is expressed as a white color belt. The
dermis was expressed as a yellow or red color, and subcutaneous fatty
tissue as a green or black color. From the sonographic images, it is
clear that after rHSP70 treatment, the dermis of AD lesions re-
acquired a variety of intensities similar to the control groups. High fre-
guency ultrasound allows for the real-time imaging of skin structures
in a noninvasive manner such that in daily medical practices, it could
be a potentially valuable method for treatment assessment and lesion

monitoring of patients with AD.
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FIGURE 6 The influence of rHSP70 treatment on immune response. A, The rHSP70 treatment decreased serum ovalbumin (OVA)-specific
IgE concentration. The levels of OVA-specific IgE in serum were quantified by an enzyme-linked immunosorbent assay (ELISA). B-H, The levels of
cytokines in supernatants of OVA-stimulated murine splenocytes from different groups (incubated with OVA for 72 hours) were measured by
ELISAs. B, IL-4; C, IL-13; D, RANTES; E, MIP-18; F, INF-y; and G, IL-10. H, The proportion of CD4*CD25*Foxp3™* T cells among murine
splenocytes of different groups was quantified by flow cytometry and presented as mean per million cells. |, IL-17. Data are presented as mean

+ SE (n = 8 in each group). *P < .05; **P < .01; ***P < ,001

Although subcutaneous injection of microbial HSP70 has been
shown to increase the population of Tregs, which is a subgroup of T
cells that play a role in the maintenance of immunological tolerance
and suppression of excessive immune responses, they were not
upregulated due to the rHSP70 treatment in excised draining lymph
nodes.®> Moreover, epicutaneous immunization of mice with OVA has
been shown to trigger the activation of IL-17-producing T cells in the
draining lymph nodes and spleen, and the concentrations of IL-17 did
not significantly differ among our groups of mice (Figure 61).%¢ It is
clear that subcutaneous rHSP70 intervention in our mouse model of

AD enhanced the systemic Th1 immune reaction and suppressed the

systemic Th2 immune reaction, which was not due to the Tregs or a
Th17 immune response.

Current systemic treatments for AD offer limited efficacy and are
often restricted by safety concerns. With an increased understanding
of the cytokine pathways of AD, biologic medicines for specific tar-
gets have been developed.®”*® However, because of the significantly
greater costs, biologics are to be used after failure of conventional
systemic agents®® A systematic review and meta-analysis evaluated
different biologics for AD patients and the results revealed that
Dupilumab (IL-4 and IL-13 receptor antagonist) is currently the only
biologic with strong evidence of efficacy in AD.*® Nemolizumab (IL-31
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receptor antagonist), lebrikizumab (IL-13 monoclonal antibody), and
tralokinumab (IL-13 monoclonal antibody) show promise but need fur-
ther studies. Disappointingly, the clinical trials of Omalizumab (IgE
monoclonal antibody) and Mepolizumab (IL-5 monoclonal antibody)
did not provide convincing evidence of efficacy.

In conclusion, we demonstrated that administration of rHSP70
reduced the skin expression of TSLP and attenuated the skin inflam-
matory appearance of mice with OVA-induced AD. Treatment with
rHSP70 also suppressed the systemic Th2 immune response and
induced a Th1 type of immune reaction, based on the results showing
a decline in anti-OVA-specific IgE, IL-13, and RANTES as well as the
increase in IFN-y after rHSP70 treatment. Furthermore, rHSP70 treat-
ment enhanced the repair of skin barrier dysfunction in mice with
AD. These results highlight the potential clinical application of rHSP70
in the treatment of AD.

CONFLICT OF INTEREST

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed
as a potential conflict of interest.

ORCID
Jun-Kai Kao "= https://orcid.org/0000-0002-2657-9298
REFERENCES

1. Liu YJ. Thymic stromal lymphopoietin: Master switch for allergic
inflammation. J Exp Med. 2006;203:269-273.

2. Zheng T, Oh MH, Oh SY, Schroeder JT, Glick AB, Zhu Z. Transgenic
expression of interleukin-13 in the skin induces a pruritic dermatitis
and skin remodeling. J Invest Dermatol. 2009;129:742-751.

3. Brunner PM, Silverberg JI, Guttman-Yassky E, Paller AS, Kabashima K,
Amagai M, et al. Increasing comorbidities suggest that atopic dermati-
tis is a systemic disorder. J Invest Dermatol. 2017;137:18-25.

4. Suarez-Farinas M, Tintle SJ, Shemer A, Chiricozzi A, Nograles K,
Cardinale |, et al. Nonlesional atopic dermatitis skin is characterized
by broad terminal differentiation defects and variable immune abnor-
malities. J Allergy Clin Immunol. 2011;127:954-64 e951-4.

5. Raap U, Weissmantel S, Gehring M, Eisenberg AM, Kapp A, Folster-
Holst R. IL-31 significantly correlates with disease activity and Th2
cytokine levels in children with atopic dermatitis. Pediatr Allergy
Immunol. 2012;23:285-288.

6. Arima M, Shimizu Y, Sowa J, Narita T, Nishi |, lwata N, et al. Psychoso-
matic analysis of atopic dermatitis using a psychological test.
J Dermatol. 2005;32:160-168.

7. Ring J, Alomar A, Bieber T, Deleuran M, Fink-Wagner A, Gelmetti C,
et al. Guidelines for treatment of atopic eczema (atopic dermatitis)
part I. J Eur Acad Dermatol Venereol. 2012;26:1045-1060.

8. Waxweiler WT, Agans R, Morrell DS. Systemic treatment of pediatric
atopic dermatitis with azathioprine and mycophenolate mofetil.
Pediatr Dermatol. 2011;28:689-694.

9. Beere HM. "The stress of dying": The role of heat shock proteins in
the regulation of apoptosis. J Cell Sci. 2004;117:2641-2651.

10. Giffard RG, Xu L, Zhao H, Carrico W, Ouyang Y, Qiao Y, et al. Chaper-
ones, protein aggregation, and brain protection from hypo-
xic/ischemic injury. J Exp Biol. 2004;207:3213-3220.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Tukaj S. Immunoregulatory properties of Hsp70. Postepy Hig Med
Dosw (Online). 2014;68:722-727.

Srivastava P. Roles of heat-shock proteins in innate and adaptive
immunity. Nat Rev Immunol. 2002;2:185-194.

Detanico T, Rodrigues L, Sabritto AC, Keisermann M, Bauer ME,
Zwickey H, et al. Mycobacterial heat shock protein 70 induces
interleukin-10 production: Immunomodulation of synovial cell cyto-
kine profile and dendritic cell maturation. Clin Exp Immunol. 2004;
135:336-342.

Hubert P, Jacobs N, Caberg JH, Boniver J, Delvenne P. The cross-talk
between dendritic and regulatory T cells: Good or evil? J Leukoc Biol.
2007;82:781-794.

Zheng Z, Kim JY, Ma H, Lee JE, Yenari MA. Anti-inflammatory effects
of the 70 kDa heat shock protein in experimental stroke. J Cereb
Blood Flow Metab. 2008;28:53-63.

Kao JK, Lee CH, Lee MS, Hsu CS, Tsao LY, Tsai YG, et al. Heat-shock
pretreatment reduces expression and release of TSLP from
keratinocytes under Th2 environment. Pediatr Allergy Immunol.
2016;27:62-69.

Spergel JM, Mizoguchi E, Brewer JP, Martin TR, Bhan AK, Geha RS.
Epicutaneous sensitization with protein antigen induces localized
allergic dermatitis and hyperresponsiveness to methacholine after sin-
gle exposure to aerosolized antigen in mice. J Clin Invest. 1998;101:
1614-1622.

Jin H, He R, Oyoshi M, Geha RS. Animal models of atopic dermatitis.
J Invest Dermatol. 2009;129:31-40.

Yoo J, Manicone AM, McGuire JK, Wang Y, Parks WC. Systemic sen-
sitization with the protein allergen ovalbumin augments local sensiti-
zation in atopic dermatitis. J Inflamm Res. 2014;7:29-38.

De Benedetto A, Kubo A, Beck LA. Skin barrier disruption: A require-
ment for allergen sensitization? J Invest Dermatol. 2012;132:
949-963.

Proksch E, Folster-Holst R, Jensen JM. Skin barrier function, epider-
mal proliferation and differentiation in eczema. J Dermatol Sci. 2006;
43:159-169.

Werfel T, Allam JP, Biedermann T, Eyerich K, Gilles S, Guttman-
Yassky E, et al. Cellular and molecular immunologic mechanisms in
patients with atopic dermatitis. J Allergy Clin Immunol. 2016;138(2):
336-349.

Czarnowicki T, Krueger JG, Guttman-Yassky E. Novel concepts of
prevention and treatment of atopic dermatitis through barrier and
immune manipulations with implications for the atopic march.
J Allergy Clin Immunol. 2017;139(6):1723-1734.

Sehra S, Yao Y, Howell MD, Nguyen ET, Kansas GS, Leung DY, et al.
IL-4 regulates skin homeostasis and the predisposition toward allergic
skin inflammation. J Immunol. 2010;184(6):3186-3190.

Eyerich K, Pennino D, Scarponi C, Foerster S, Nasorri F, Behrendt H,
et al. IL-17 in atopic eczema: Linking allergen-specific adaptive and
microbial-triggered innate immune response. J Allergy Clin Immunol.
2009;123(1):59-66.e4.

Blumberg H, Dinh H, Trueblood ES, Pretorius J, Kugler D, Weng N,
et al. Opposing activities of two novel members of the IL-1 ligand
family regulate skin inflammation. J Exp Med. 2007;204(11):
2603-2614.

Abramovits W, Rivas Bejarano JJ, Valdecantos WC. Role of interleu-
kin 1 in atopic dermatitis. Dermatol Clin. 2013;31(3):437-444.

Ding W, Zou GL, Zhang W, Lai XN, Chen HW, Xiong LX. Interleukin-
33: Its emerging role in allergic diseases. Molecules. 2018;23(7).
Morris SD. Heat shock proteins and the skin. Clin Exp Dermatol.
2002;27:220-224.

Liu YJ. TSLP in epithelial cell and dendritic cell cross talk. Adv
Immunol. 2009;101:1-25.

Oh MH, Oh SY, Yu J, Myers AC, Leonard WJ, Liu YJ, et al. IL-13
induces skin fibrosis in atopic dermatitis by thymic stromal
lymphopoietin. J Immunol. 2011;186:7232-7242.


https://orcid.org/0000-0002-2657-9298
https://orcid.org/0000-0002-2657-9298

32.

33.

34.

35.

36.

37.

KAO ET AL.

Stocki P, Dickinson AM. The immunosuppressive activity of heat
shock protein 70. Autoimmune Dis. 2012;2012:617213.

Gifondorwa DJ, Robinson MB, Hayes CD, Taylor AR, Prevette DM,
Oppenheim RW, et al. Exogenous delivery of heat shock protein
70 increases lifespan in a mouse model of amyotrophic lateral sclero-
sis. J Neurosci. 2007;27:13173-13180.

Kustanova GA, Murashev AN, Karpov VL, Margulis BA, Guzhova IV,
Prokhorenko IR, et al. Exogenous heat shock protein 70 mediates
sepsis manifestations and decreases the mortality rate in rats. Cell
Stress Chaperones. 2006;11:276-286.

Borges TJ, Porto BN, Teixeira CA, Rodrigues M, Machado FD,
Ornaghi AP, et al. Prolonged survival of allografts induced by myco-
bacterial Hsp70 is dependent on CD4*CD25™ regulatory T cells. PLoS
One. 2010;5:e14264.

He R, Oyoshi MK, Jin H, Geha RS. Epicutaneous antigen exposure
induces a Th17 response that drives airway inflammation after inhala-
tion challenge. Proc Natl Acad Sci U S A. 2007;104:15817-15822.
Werfel T. Novel systemic drugs in treatment of atopic dermatitis:
Results from phase Il and phase Il studies published in 2017/2018.
Curr Opin Allergy Clin Immunol. 2018;18(5):432-437.

38.

39.

40.

Vakharia PP, Silverberg JI. New therapies for atopic dermatitis: Addi-
tional treatment classes. J Am Acad Dermatol. 2018;78(3 Suppl 1):
S$76-S83.

Rademaker M, Agnew K, Andrews M, Baker C, Foley P, Gebauer K,
et al. Managing atopic dermatitis with systemic therapies in adults
and adolescents: An Australian/New Zealand narrative. Australas J
Dermatol. 2019.

Snast |, Reiter O, Hodak E, Friedland R, Mimouni D, Leshem YA. Are
biologics efficacious in atopic dermatitis? A systematic review and
meta-analysis. Am J Clin Dermatol. 2018;19(2):145-165.

How to cite this article: Kao J-K, Hsu T-F, Lee M-S, et al.
Subcutaneous injection of recombinant heat shock protein 70
ameliorates atopic dermatitis skin lesions in a mouse model.
Kaohsiung J Med Sci. 2020;1-10. https://doi.org/10.1002/
kim2.12163



https://doi.org/10.1002/kjm2.12163
https://doi.org/10.1002/kjm2.12163

	Subcutaneous injection of recombinant heat shock protein 70 ameliorates atopic dermatitis skin lesions in a mouse model
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  Animals
	2.2  AD mouse model
	2.3  OVA systemic sensitization
	2.4  Skin OVA patch exposure challenge
	2.5  Treatment with rHSP70
	2.6  Histopathological analysis
	2.7  Skin echography and transepidermal water loss (TEWL) measurements
	2.8  Western blot analysis
	2.9  Cytokine release assays of splenocytes stimulated by OVA

	3  STATISTICAL ANALYSIS
	4  RESULTS
	4.1  Treatment with rHSP70 improved skin manifestations of mice with AD
	4.2  Treatment with rHSP70 attenuated cellular skin inflammation in skin lesion of mice with AD
	4.3  Treatment with rHSP70 decreased TSLP expression in skin lesion of mice with AD
	4.4  Treatment with rHSP70 ameliorated skin remodeling and enhanced repair of skin barrier function in skin lesions of mice...
	4.5  The influence of rHSP70 on the systemic immune response in mice with AD

	5  DISCUSSION
	  CONFLICT OF INTEREST
	REFERENCES


