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Abstract: Several in vitro models that mimic different aspects of local skin inflammation exist. The use
of ex vivo human skin organ culture (HSOC) has been reported previously. However, comprehensive
evaluation of the cytokine secretory capacity of the system and its kinetics has not been performed.
Objective: the aim of the current study was to investigate the levels and secretion pattern of key
cytokine from human skin tissue upon lipopolysaccharide (LPS) stimulation. HSOC maintained
in an air-liquid interface was used. Epidermal and tissue viability was monitored by MTT and
Lactate Dehydrogenase (LDH) activity assay, respectively. Cytokine levels were examined by ELISA
and multiplex array. HSOCs were treated without or with three different LPS subtypes and the
impact on IL-6 and IL-8 secretion was evaluated. The compounds enhanced the secreted levels of
both cytokines. However, differences were observed in their efficacy and potency. Next, a kinetic
multiplex analysis was performed on LPS-stimulated explants taken from three different donors to
evaluate the cytokine secretion pattern during 0-72 h post-induction. The results revealed that the
pro-inflammatory cytokines IL-6, IL-8, TNFo and IL-13 were up-regulated by LPS stimuli. IL-10,
an anti-inflammatory cytokine, was also induced by LPS, but exhibited a different secretion pattern,
peak time and maximal stimulation values. IL-1x and IL-15 showed donor-specific changes. Lastly,
dexamethasone attenuated cytokine secretion in five independent repetitions, supporting the ability
of the system to be used for drug screening. The collective results demonstrate that several cytokines
can be used as valid inflammatory markers, regardless of changes in the secretion levels due to
donor’s specific alterations.

Keywords: drug development; biological biomarkers of skin inflammation; cytokine; ex vivo;
human skin organ culture; LPS

1. Introduction

The skin is the largest organ of the human body, primarily acting to maintain homeostasis
and protect the body from the deleterious action of the environment. Apart of its vital functions,
the skin serves an important role in the defense mechanism against pathogens and possesses
immunomodulatory properties [1]. Upon external or internal signals, skin-resident cells, such as
Langerhans cells, keratinocytes, melanocytes, mast cells and macrophages, secrete small, hormone-like
signal peptides called cytokines that act as local immune modulators or recruit additional immune
cells [2]. Their action depends on the presence of specific membrane receptors found on the majority of
cells. Though inflammation is a common feature of several skin diseases including psoriasis, atopic
dermatitis, seborrheic dermatitis and contact dermatitis [3], the characteristics of the cellular immune
response and composition of cytokine profile vary among them [4]. Several in vitro and in vivo models
mimic the inflammatory response of the skin [5-9]. Three main in vitro platforms are available: cell
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cultures (e.g., keratinocyte, Langerhans cells, co-cultures, etc.), 3D reconstructed skin equivalent
and human/porcine organ culture (ex vivo models). Cell cultures, stimulated by lipopolysaccharide
(LPS) or 12-O-tetradecanoylphorbol-13-acetate (TPA), are routinely-used methods for both gaining
basic knowledge of the molecular pathways and regulation of the immune response, and as models
for evaluating anti-inflammatory properties of novel agents [10,11]. Commercial 3D-reconstructed
skin equivalents are well established and validated models. Still, they suffer from high costs and
flexibility that prevents them from being used more often [12]. The usage of ex vivo organ cultures
for evaluations is of great interest as, hypothetically, it can mimic the normal local response and the
complex interactions between the cellular residents of the epidermis and dermis. Although several
excellent studies used this system [13,14], the kinetics and profile of the secreted cytokines are not
fully elucidated. Thus, the objective of the current study was to monitor the secreted profile of 15 key
cytokines in response to LPS and to assess the benefits and limitations of this experimental system.

2. Materials and Methods

All cell culture media and reagents were purchased from biological industries Ltd. (Beit-HaEmek,
Israel). Lipopolysaccharide (LPS), Dexamethasone, and chemical reagents were purchased from
Sigma-Aldrich, Rehovot, Israel.

2.1. Human Skin Organ Cultures

The skin tissues were obtained from 37-65-year-old healthy women undergoing aesthetic abdomen
surgery, after signing an informed consent form. All experiments were conducted with the approval
of the IRB (Helsinki Committee) of Soroka Medical Center, Beer Sheva, Israel. The experiments were
initiated at the day of the surgery. Skin culture preparation and treatments were performed under
aseptic conditions. A mechanical skin press apparatus was used to section the skin to 0.8 x 0.8 cm?
pieces, as previously described [15]. The skin explants were maintained in an air-liquid interface,
dermal side submerged in the medium, as described before [16]. Serum-free Dulbecco’s Modified
Eagle Medium (DMEM, 265 mg/L calcium), supplemented with 100 ug/mL penicillin and 100 pg/mL
streptomycin, were used.

2.2. Determination of Epidermal and Organ Culture Viability

Following LPS treatment, the epidermis was separated from dermis, and viability was determined,
as described before [17]. Briefly, the skin was incubated for 1 min in phosphate-buffered saline (PBS)
at 56 °C, after which the epidermis was physically detached from the dermis using forceps and
scalpel. The epidermis pieces were then placed in a 96-well plate and incubated with 0.5 mg/mL MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) at 37 °C for 1 h. The samples were then
transferred to a new 96-well plate, and isopropanol was added to solubilize the dye. The absorbance
was measured in an ELISA reader. In addition, the viability of the skin organ culture was determined
by the Lactate Dehydrogenase (LDH Activity Assay Kit; Sigma Aldrich). In this method, used in
several skin studies [18,19], tissue damage will increase LDH release into the media and will result in
increased conversion of NAD to NADH, which is specifically detected by colorimetric (450 nm) assay.

2.3. Cytokine Quantification

Following treatments, the spent media of the skin organ culture was collected and centrifuged,
and the clear supernatant was stored at —80 °C until analyzed. Cytokine levels (IL-6 and IL-8) were
evaluated by commercial ELISA, according to the manufacturer’s instructions (Biolegend, San Diego,
CA, USA). All other cytokine levels were determined by multiplex analysis (Quansys Biosciences,
London, UK).
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2.4. Statistical Analysis

Results are given as mean + SEM. Statistical analyses were performed using student’s t-test
(GraphPad Prism). P < 0.05 was considered significant.

3. Results

The impact of three types of LPS ((1) E.coli O111:B4; (2) Salmonella enterica serotype enteritidis;
(3) Salmonella enterica serotype typhimurium) was evaluated ex vivo, in the human skin organ culture
system (HSOC). The skin explants were treated without or with increasing concentrations of LPS
for 48 h following incubation, and the epidermal viability and IL-6 and IL-8 secreted levels were
evaluated, as written in the Materials and Methods section. As shown in Figure 1 A-C, all compounds
were well tolerated by the skin explants and showed no toxic effect. In addition, to exclude dermal
damage, lactate dehydrogenase activity assay was performed. The results confirmed that all LPS
preparations were well tolerated by the organ culture (Figure 1D-F). Importantly, all LPS subtypes
tested enhanced IL-6 and IL-8 secretion in a dose-dependent manner. Although LPS-III showed the
highest potency, LPS-I had the highest efficacy, resulting in increased levels of IL-6 and IL-8 by 8.3- and
5.5-fold, respectively.
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Figure 1. Lipopolysaccharide (LPS) enhances cytokine secretion in human skin organ culture in a
dose-dependent manner. The skin explants were treated without or with increasing concentrations of
LPS ((1) E.coli O111:B4; (2) Salmonella enterica serotype enteritidis; (3) Salmonella enterica serotype
typhimurium) for 48 hrs. A—C: The epidermal layer was taken for viability test using the MTT assay.
D-F skin viability was determined by Lactate Dehydrogenase (LDH) assay. G-I and J-L: the secreted
levels of IL-8 and IL-6 from the human skin organ culture were quantified by ELISA. Results are shown
in MEAN =+ SEM, n = 3. * P < 0.05 for difference from the untreated control group.

Next, a time-course analysis was performed upon treatment with LPS-I (5 ug/mL). The kinetic
secretion profiles of IL-6, IL-8, TNF, IL-1f3, IL-10, IL-1x and IL-15 over 72 h are shown in Figure 2.
The skin organ remained vital throughout the treatment (Figure 2A,B). Of note, the levels of IL-2, IL-4,
IL-5,1L-12, IL-13, IL-23 and TNFf3 were below the detection level in these experimental parameters.
One can observe that the basal levels of IL-6 and IL-8 are predominant in the HSOC system. Upon LPS
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stimulation, IL-6 reached its highest levels within 24 h (Figure 2, upper-right panel), whereas IL-8 levels
increased rapidly during the first 6 h and continued to accumulate for up to 72 h, the maximum tested
duration. The secreted levels of TNFo peaked at 9 h, and then declined over time. Still, they remained
elevated in comparison to the untreated control group also after 72 h. It should be emphasized
that although the basal levels of TNFo were similar in all three donors, they differed greatly upon
stimulation. Nonetheless, the dynamic reaction to LPS showed similar patterns. This phenomenon
was also observed in the case of IL-1f3, which despite differences among donors, showed consistent
increases in cytokine levels throughout the experiment. The levels of IL-10 showed a time-dependent
elevation at 24 h. After 72 h of incubation with LPS, a significant discrepancy was observed between
replications, making it difficult to relate to the nature of the cytokine dynamics. The secretion of IL-15
and IL-1x were unaltered in this experimental system, excluding a rapid and massive accumulation of
IL-1cc in a single skin donor (6 h, Figure 2, lower panel).
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Figure 2. Time-dependent impact of LPS on cytokine secretion levels in the human skin organ culture.
The skin explants were treated without or with LPS ((1) E.coli O111:B4; 5 ng/mL) at the indicated time
points. A: The epidermal layer was taken for viability test by MTT assay. B: The viability of the skin
organ culture was determined by LDH. C-I: the secreted cytokine levels in the human skin organ
culture were quantified by multiplex. Each curve represents a different donor. Box: specified cytokines’
amounts were below detection levels. Results are presented as MEAN + SEM, n = 3. Average skin
weight was 155 mg + 4.3, without any impact of the treatment.
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Lastly, the impact of Dexamethasone on IL-6 and IL-8 secretion levels in stimulated skin explants
was evaluated. Dexamethasone was added concomitantly with LPS. After 48 h, the secreted levels
of both cytokines were monitored. As expected, IL-6 and IL-8 levels were enhanced by the LPS
stimuli, resulting in approximately 3.5- and 3.9-fold increase, respectively (Figure 3). Importantly,
dexamethasone effectively attenuated the hypersecretion of both cytokines, which strengthens the
validity of the experimental system.
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Figure 3. Dexamethasone attenuated LPS-induced cytokine secretion in the human skin organ culture.
The skin explants were treated without or with LPS for 48 h (5 pg/mL). The secreted levels of IL-6
(A) and IL-8 (B) in the human skin organ culture were quantified by ELISA. Results are shown as
MEAN + SEM, 1 = 5. *# P < 0.05 for difference from the untreated control group or LPS-stimulated
(vehicle) group, respectively.

4. Discussion

The aim of the study was to gain insight into the local inflammatory response of the skin tissue upon
external stimulation. Overall, the results of the multiplex cytokine analysis demonstrate that several
cytokines can be used as reliable and valid inflammatory markers, regardless of donor-dependent
variabilities and the amounts secreted. The use of the HSOC system for investigating the complex
reaction of the skin upon induction of inflammation, and as a platform for drug discovery, derives from
its advantages as a full-thickness, human-derived model, and its direct correlation to clinical outcomes,
including donor (patient)-specific response [20]. In addition to LPS-induced inflammation systems, the
ex vivo skin explants can also be used to monitor and screen different aspects of cutaneous disorders,
including UVB-induced damage, oxidative stress, skin irritation and functional assays [5,13,21,22].
Moreover, by using different inflammatory stimuli, such as IL-17 and TNF« instead of LPS, the HSOC
can be used as a model for specific skin disorders, such as psoriasis [11,14,23]. However, the use of
the ex vivo system has its disadvantages. The complex multicellular interactions may lead to unclear
results, and the inherent differences among donors and the lack of a reservoir of immune cells to be
recruited following chemokine and cytokine secretion, challenge the uses of the method. In addition,
the diversity of maintenance conditions for the explants, such as sera, media and growth supplements,
may lead to variations in the results and cytokine production [24]. Thus, the materials and sources of
any study should be clearly stated and standardized in the future.

Cytokines are small secreted proteins that serve as key modulators of the innate immune system and
allow homeostasis and routine function of the different cell types composing the skin [25]. Their action
depends on specific receptor-mediated signaling pathways, of which the JAK-STAT and NF-kB are the
two main signal transduction pathways activated in inflammatory skin disorders [4]. The secretion
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profile and kinetics depend on both cell-specific expressions of inflammatory mediators and the original
signaling that caused their secretion. In the current study, we have evaluated the inflammatory reaction
to LPS stimulation. Lipopolysaccharide (LPS) is a well-known pathogen-associated molecular pattern,
primarily found on the outer leaflet of the external membrane in most gram-negative bacteria [26].
Although the LPS molecule varies among different organisms, especially in the length and fatty acid
composition of the lipid A domain, the basic structure is mostly preserved [27]. Here we show that
the efficacy and potency of three selected LPS types (E.coli O111:B4; Salmonella enterica serotype
enteritidis; Salmonella enterica serotype typhimurium) in inducing cytokine secretion varies. This may
also account for some of the variability of results in other studies [14,16,20,28]. Thus, in order to increase
the reproducibility among researchers and get additional insights into results, the specific origin and
supplier of LPS should be clearly stated. It should be noted that response to LPS does not necessarily
predict host response to infection, but is rather a simplified experimental system.

LPS induces its main effect by activation of the Toll-like receptor (TLR) family members, which
are predominant pattern-recognition receptors [29]. To date, more than ten sub-types are known, of
which the majority are expressed on immune and non-immune skin-cells surfaces [30,31]. The current
study demonstrates the existence of variable secretion profiles among the different cytokines following
inflammation induction. This may be the result of more than one TLR receptor subtype’s activation [32].
Alternatively, cytokines themselves are known to modulate paracrine secretion by creating negative or
positive feedbacks in reaction to their expression. For instance, elevated levels of the anti-inflammatory
cytokine IL-10 may lead to the restriction of additional inflammatory agents by the IL-10/STAT3
pathway [33,34], whereas elevated amounts of TNF« could promote the secretion of other cytokines
by the TNFR1 pathway [35]. IL-6 and IL-8 levels were found to be highly abundant in the ex vivo
system. Both their basal and stimulated levels were the highest found and therefore are suggested for
routine use in anti-inflammatory screenings. Intriguingly, their kinetics differ, as IL-6 levels reach a
steady state after shorter period of time. In addition, TNFa and IL-13 showed a high reaction to LPS
and can be used as additional inflammatory markers.

Among the cytokines tested in the multiplex analysis presented in Figure 2, several were below the
detection levels. IL-4, IL-13 and IL-5 are T helper-2 (Th-2)-derived cytokines, predominantly secreted
by T cells, but also by mast cells, basophils, and eosinophils [4,36]. These cells may be detected in
samples taken from the peripheral skin, though in low concentration, which may be the cause for
misdetection. IL-2 is also secreted by activated T cells, though of the Th-1 branch of the immune
response [4]. Interestingly, IL-15 and IL-10, which are secreted by T helper cells as well, are also
produced by keratinocytes and dendritic cells in the skin [4], and are accordingly detected in the
activated spent media (Figure 2). It should be noted that IL-2 and IL-5 were reportedly detected,
at the transcriptome level, in keratinocytes from healthy and lupus human skin in the minority
of individuals [37]. Such publications, however, are rare. IL-12 and IL-23 are mostly secreted by
antigen-presenting cells (APCs) [38]. IL-12 was found to be upregulated in human dendritic cells upon
LPS-stimulation [39], as well as in the skin-resident Langerhans cells (LCs), although in much lower
amounts compared to secretion in monocyte-derived LCs [40]. IL-23 is also secreted by dendritic cells
and macrophages [41]. Both cytokines were found to be expressed in vitro in very low amounts in
healthy human keratinocytes at the transcriptome and proteome levels. Moreover, the induction of
their secretion is attributed to immune-mediated inflammation, such as occurs in psoriatic lesions,
rather than LPS stimulation or bacterial-infection [42,43], which may also explain the lack of their
detection in the HSOC. Reports regarding TNF beta, alternatively symbolled Lymphotoxin-«, being
expressed in human skin residential cells are very rare. Some report the existence of its mRNA in
keratinocyte cells, and upregulation upon fungal infections [44] and Malassezia yeasts [44], though not
at the protein level, which supports the difficulty found in detecting its secretion by the model.

To conclude, the use of the ex vivo system for anti-inflammatory screening and for the investigation
of the complex interplay between the regulatory mechanisms of cytokine secretion is valid. This study
also demonstrates that when using a particular pro-inflammatory or anti-inflammatory marker, it is
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necessary to measure its amounts when kinetically suitable, meaning after sufficient accumulation
of the cytokine but prior to its degradation. The results show that each cytokine has its unique
kinetic secretion profile and that the experimental parameters chosen for each cytokine should be
properly adjusted. Additional studies should be performed, including on in vitro-in vivo correlation,
to fully understand the response of the skin to pathogens and the limitation of the LPS-induced skin
inflammation system.
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