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Abstract—Tumor necrosis factor (TNF) is a pleiotropic cytokine that regulates many important processes in the body. TNF
production in a physiological state supports the structure of lymphoid organs and determines the development of lymphoid
cells in hematopoiesis. However, chronic TNF overexpression leads to the development of various autoimmune disorders.
Sites of TNF production in the naive state remain unclear due to the lack of in vivo models. In the present study, we used
TNF-2A-Kat reporter mice to monitor the expression of TNF in different tissues. Comparative analysis of tissue fluores-
cence in TNF-2A-Kat reporter mice and wild type mice revealed constitutive expression of TNF in the skin of naive adult
mice. In the skin of TNF-2A-Kat reporter mouse embryos, no statistically significant differences in the expression of TNF
compared to wild type animals were observed. Furthermore, we established that local depletion of microflora with topical
antibiotics leads to a reduction in the fluorescence signal. Thus, we assume that the skin microflora is responsible for the

expression of TNF in the skin of mice.
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Skin is not only a barrier tissue, but it is also a complex
ecosystem colonized by various microorganisms including
bacteria, fungi, and viruses [ 1]. The skin plays an important
role in the maintenance of immune homeostasis provided
by Langerhans’ cells, T- and B-lymphocytes, granulo-
cytes, keratinocytes, and mast cells [1]. Symbiotic
microorganisms of the skin participate in the “tuning” of
the immune system, particularly in educating T lympho-
cytes to respond to pathogens bearing similar antigens [2].
During infection or injury, the immune response in the skin
assures the development of inflammatory reaction and can
itself modulate the composition and the quantity of com-
mensal microflora colonizing the skin [3].

Tumor necrosis factor (TNF) belongs to the TNF
superfamily of cytokines. TNF exerts its functions in the
form of a homotrimer that is recognized by TNF-R1 and

Abbreviations: AMP, antimicrobial peptides; IFN, interferon;
IL, interleukin; TNF, tumor necrosis factor.
* To whom correspondence should be addressed.

TNF-R2 receptors and induces signals important for the
development of inflammation and immune response to
pathogens. However, overexpression of TNF can lead to
the development of different immunopathologies. TNF
plays a role as the main molecular mediator of septic shock
[4]. Moreover, local overexpression of TNF is pathologic
and leads to the development of a large number of autoim-
mune diseases such as rheumatoid arthritis, ankylosing
spondylitis, psoriasis, etc. [5]. Thus, TNF demonstrates
both protective and pathogenic properties, which makes
studies of its expression in various tissues especially impor-
tant for therapy. Some of the factors inducing the expres-
sion of TNF are the ligands produced by microorganisms,
such as lipopolysaccharide, peptidoglycan, lipoteichoic
acid, and flagellin. Thus, one possible mechanism of TNF
induction in barrier tissues, such as skin or intestine, is the
surface colonization by commensal microflora.

Progress in molecular analysis methods has revealed
and characterized a significantly broader species diversity
of skin microbiota than traditional microbiological culture
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methods [6]. Thus, 16S rDNA analysis of the skin micro-
biota has shown that the majority of bacteria on the skin
belong to four phyla: Actinobacteria, Firmicutes,
Bacteroidetes, and Proteobacteria [7]. Interestingly, these
four dominating phyla of bacteria constitute also the core
of gastrointestinal mucosal microbiota, but their ratio dif-
fers considerably: while Actinobacteria are more wide-
spread on skin, Firmicutes and Bacteroidetes are more
represented in the digestive tract [7]. A common feature of
microbial communities of the digestive tract and the skin
is the low level of variety at the level of phyla, but rather
great variety at the level of species [8-13]. Molecular
analysis of the bacterial diversity demonstrates that the
skin microflora profile depends on localization [14-16].
Microbiota colonizes the skin surface and interacts
with the host organism through pattern-recognizing recep-
tors, such as Toll-like receptors (TLRs), mannose recep-
tors, and NOD-like receptors. These receptors recognize
pathogen-associated molecular patterns, such as lipopoly-
saccharides of Gram-negative bacteria, mannan, and
zymosan from the cell wall of fungi, peptidoglycan and
lipoteichoic acid from Gram-positive bacteria, and fla-
gellin. Activation of these receptors on different types of
cells triggers the innate immune response, which leads to
the secretion of antimicrobial peptides (AMP), cytokines,
including TNF, and chemokines [17]. Thus, there is a con-
stant interaction between skin cells of the host organism,
immune system cells, and microorganisms that is regulated
by AMP, cytokines, chemokines, and other factors [2, 18].
Live imaging techniques are now widely used for
studying of functions of the immune system of healthy
organisms and in case of pathology. One of the main
advantages of in vivo imaging is the possibility to obtain
images of individual cells noninvasively under conditions
close to physiological. This approach is being intensively
developed and is successfully used in pharmacological
and medico-biological studies of animal models of
human diseases, in particular, to study various patholo-
gies of the immune system [18]. /n vivo imaging can be
used to analyze different cells of the immune system, such
as CD4" and CDS8" effector T-lymphocytes, dendritic
cells, regulatory T-lymphocytes, natural killers (NK),
and NK T-cells [19]. Moreover, use of various reporter
systems allow analysis of such molecular targets as
cytokines, including TNE, interferons (IFN), various
interleukins, such as IL-2, 1L-4, IL-7, IL-10, IL-12, IL-
13, and IL-17, transforming growth factor (TGF-3), and
proteins responsible for maturation, development, and
functioning of immune system cells, for example, FoxP3,
a transcription factor responsible for the development and
function of regulatory T-lymphocytes [18-20].
Fluorescent imaging is a powerful tool for studying the
dynamics of the immune system using in vivo labeling of
cells and molecules [21, 22]. With this approach fluores-
cent proteins, GFP and its homologs, can be used for visu-
alization [23, 24] (studied cells are transfected with a gene
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coding for fluorescent protein), or exogenously adminis-
trated fluorescent dyes (cells are labeled in vitro with a vital
dye such as CFSE, SNARF1, or CMTMR and re-intro-
duced into the organism [25-27]). A radically new
approach for in vivo studies using fluorescent tags consists
in generation of genetically modified strains of “reporter”
animals, in which target molecules are either labeled
endogenously, or their expression occurs simultaneously
with a reporter protein expression from the same genetic
construct. Various proteins with distinct emission spectra
can be used as tags — green proteins (GFP, EGFP), red
proteins (RFP, Katushka), yellow proteins (YFP, eYFP),
and luciferase (LacZ, Luc) coexpressed with target mole-
cules such as IL-2, 1L-4, IL-7, IL-10, 1L-12p40, 1L-13,
IL-17, IFN-B1, and IFN-y, TNFE TGF-1, transcription
factors FoxP3, Blimpl (inducing maturation of lympho-
cytes), and GATA3 [20, 22]. As an example of such
reporter strains, we can mention a mouse strain IL4-YFP
in which CD4" and CD8" T-lymphocytes coexpress 1L-4
and YFP [28], a mouse strain Yeti, in which IFN-y is coex-
pressed with eYFP [29], and Tnfoa-luc strain, in which the
expression of TNF is monitored using LacZ [30].

The present work has been performed using the
TNF-2A-Kat reporter mouse strain. In the immune sys-
tem cells of these animals, TNF expression is associated
with the expression of the red fluorescent protein
Katushka (TurboFP635). This model can reveal the
expression of TNF using fluorescent imaging and can be
used for detailed studies of TNF expression and physio-
logical functions under normal conditions, as well as in
cases of TNF-associated pathologies. In this work, we
analyzed in vivo the levels of expression of proinflamma-
tory cytokine TNF in the skin of healthy mice without
visible signs of inflammation.

MATERIALS AND METHODS

Laboratory animals. In this work, we used wild type
mice of the C57BI/6 strain and transgenic TNF-2A-Kat
reporter mouse strain, generated based on the C57Bl1/6
genetic background, bearing the coding sequence of red
fluorescent protein Katushka under the control of regula-
tory sequences of the TNF gene [31].

Fluorescent imaging. /n vivo and ex vivo fluorescent
imaging was done using an IVIS-Spectrum system
(Caliper Life Sciences, USA) in epiluminescence regis-
tration mode. Fluorescence was excited at 605/615 nm,
and fluorescence signal was acquired at 660/610 nm. For
in vivo imaging, animals were first shaved, treated further
with depilatory cream, and narcotized with 2.5% isoflu-
rane. For quantitative analysis, average fluorescence
intensity of an area of interest was defined using the
Livinglmage software (Caliper Life Sciences).

Microflora depletion. Local depletion of skin
microflora was done with Neosporin®, which is a mix of
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bacitracin zinc, neomycin sulfate, and polymyxin B sul-
fate. Neosporin was applied during 9 days at 20 mg/cm? on
the depilated area of 2.5 cm? at the left shoulder of TNF-
2A-Kat reporter mice and wild type mice once in 24 h. To
analyze the dynamics of TNF expression in TNF-2A-Kat
reporter mice during the depletion, in vivo fluorescent
images of animals before the first application of the drug
and 24 h after each application during 9 days were taken.

Statistical analysis. Statistically significant differences
of values were determined using the StatSoft STATISTICA
10 software using the Mann—Whitney U-test. Differences
were considered statistically significant if p < 0.05.

RESULTS
Constitutive expression of TNF in the skin of adult
mice. First, we analyzed the florescence of different

organs in TNF-2A-Kat mice and in wild type mice to
determine the sites of TNF production in naive mice
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(Fig. 1a). For this purpose, we used vital visualization of
animals and analyzed the fluorescence of different organs
(Fig. 1). Comparison of different skin areas of reporter
and control mice revealed statistically significant increase
in fluorescence signal in reporter mice (Fig. 1, b-d). It
should be mentioned that the most intensive fluorescent
signal in certain areas results from the autofluorescence of
internal organs, since the analysis of isolated skin samples
ex vivo confirmed the increased fluorescence in this organ
(Fig. 1d). These data show that the TNF gene is constitu-
tively expressed in skin cells in the absence of any visible
signs of inflammation.

TNF expression in the skin of late embryos is not
increased. The increased Katushka expression in adult
mice can be caused either by the constitutive expression
of TNF throughout the lifetime of an animal, or by
response to external stimuli, such as colonization of the
skin by microbiota. Since external stimuli starts acting on
the skin after birth, we analyzed late embryos of wild type
and TNF-2A-Kat mice. To this end, embryos were isolat-

Wild type

TNF-2A-Kat

Epifluorescence

4 x107

Wild type TNF-2A-Kat

(p/s/cm?/sr)/(uW/cm?)

Fig. 1. Increased fluorescence intensity in the skin of adult TNF-2A-Kat mice in vivo. a) Schematic representation of TNF-2A-Kat trans-
genic mice allowing visualization of TNF production in vivo. b) In vivo fluorescence images of TNF-2A-Kat reporter mouse and a wild type
mouse. The yellow circle designates the area of fluorescent signal used for quantification. ¢) Fluorescence signal analysis of surface tissues
from TNF-2A-Kat reporter mice (n = 7) and from wild type mice (n = 6). Average value + standard deviation. * Statistically significant dif-
ference between groups “TNF-2A-Kat” and “wild type”, p = 0.0034. d) In vivo fluorescent images of the skin fragment and kidneys of a

TNF-2A-Kat reporter mouse and a wild type mouse.
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Fig. 2. In vivo skin fluorescence of late embryos of TNF-2A-Kat mice. a) In vivo fluorescent images of TNF-2A-Kat reporter embryo and a
wild type embryo at 17th day of embryogenesis. b) Quantification of tissue fluorescence signal of TNF-2A-Kat reporter embryos (n = 5) and
wild type embryos (n = 13). Average value * standard deviation.
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Fig. 3. Results of fluorescence imaging of mice during local microflora depletion. a) In vivo fluorescent images of TNF-2A-Kat reporter mice
before application of Neosporin and 9 days after the start of the treatment. The upper panel shows the antibiotic-treated TNF-2A-Kat mouse
skin fragment, middle panel shows the control non-treated region of the same animal, and the lower panel shows the antibiotic-treated wild
type mouse skin fragment. b, ¢) Quantification of the skin fluorescence signal in the regions of TNF-2A-Kat mice and wild type mice, respec-
tively, treated with Neosporin. Average value + standard deviation. * Statistically significant difference between the region of normal skin and
the region treated with Neosporin, p < 0.05.

ed at the 17th day of pregnancy, and their fluorescence  (1.141 £ 0.154)-107 (p/s/cm?/st)/(WW/cm?). Thus, the
images were taken (Fig. 2). The fluorescence intensity of  fluorescence of superficial tissues of TNF-2A-Kat
the skin fragment of TNF-2A-Kat reporter embryos was  reporter embryos was similar to that of wild type embryos,
on average (1.139 = 0.067)-107 (p/s/cm?/sr)/(uWW/cm?), which demonstrates that contact with the environment
while for wild type embryos the average value was might be necessary for TNF induction.
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Local decrease in TNF expression in adult mice dur-
ing local administration of antibiotics. After birth,
microorganisms start to colonize the skin, resulting in the
maturation of the skin immune system [1]. Taking this
into account, we assumed that the skin colonization by
microflora leads to the induction of TNF expression.
Thus, as the next step, we depleted microflora by local
administration of antibiotics and analyzed whether the
production of TNF is affected in adult TNF-2A-Kat
reporter mice. Figure 3 shows the results of in vivo fluo-
rescence imaging of animals with local depletion of skin
microflora. As a control, we used in vivo images of ani-
mals before the first application of Neosporin and images
of the skin at the right shoulder that was not treated with
the drug.

It was shown that local administration of the antibi-
otic decreases the skin fluorescence signal of the studied
region of TNF-2A-Kat reporter mice compared to the
intact tissue fragment (Fig. 3, a and b). Statistically sig-
nificant difference in fluorescence intensity was detected
in the normal skin fragment compared to the skin frag-
ment treated with Neosporin for 9 days (Fig. 3b). Nine
days after the start of the treatment, the intensity of fluo-
rescence signal in the zone of drug application was
(9.31 £ 1.68)-10° (p/s/cm?/sr)/(uWW/cm?), whereas the
signal in a normal tissue from the opposite shoulder and
the signal before the first application of the drug were
(1.45 + 1.68)-107 and (1.5 + 1.1):107 (p/s/cm?/sr)/
(WW/cm?), respectively. In general, the intensity of fluo-
rescence of the skin fragment after 9 days of the treatment
with Neosporin was about 1.6 times lower than the con-
trol values. In wild type mice, no changes in fluorescence
signal during treatment with Neosporin were detected
(Fig. 3, aand ¢).

Thus, the decrease in the intensity of fluorescence
signal in TNF-2A-Kat reporter mice after local adminis-
tration of Neosporin for local microflora depletion indi-
cates that skin microflora participates in maintenance of
a certain constitutive level of TNF expression in healthy
adult TNF-2A-Kat reporter mice.

DISCUSSION

In the present work, we compared for the first time
the skin fluorescence intensity in healthy adult mice of
TNF-2A-Kat reporter strain and wild type mice or
embryos. These results show constitutive expression of
TNEF, one of the main proinflammatory cytokines, in the
skin in absence of visible signs of inflammation. Such
constitutive expression was not detected in embryos. The
level of TNF expression, determined by the reporter pro-
tein fluorescence, decreased after treatment of certain
regions of the skin with antibiotics. In total, these data
demonstrate that expression of TNF in the skin is trig-
gered by the skin microbiota and can represent one way
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of interaction between the immune system and micro-
biota.

Skin is a complex organ, where keratinocytes, skin
epithelial cells, T lymphocytes, and dendritic cells are
actively interacting [1]. Our data show a global signal
from the skin and do not allow deducing a contribution of
each cell type. Further analysis of cells using flow cytom-
etry methods and microscopy will determine which type
of cells produce TNF in the normal state and during var-
ious skin pathologies.

The skin microflora is composed of many different
species [2]. Many studies indicate that some species of
bacteria can stimulate both proinflammatory and anti-
inflammatory signals on barrier surfaces [1]. In this work,
we have shown that complete microflora depletion in one
region of the skin of TNF-2A-Kat mice using a broad-
spectrum antibiotic leads to a decrease in fluorescence
signal, indicating the decrease in TNF expression. Thus,
microflora participates in the induction of TNF in the
skin, but it is not yet clear which bacteria induce TNF
and which, to the contrary, can cause its repression.

After birth, different commensal microorganisms
colonize the skin in a strictly regulated manner [1]. We
have found that embryos and newborn TNF-2A-Kat
mice do not demonstrate the increased fluorescence sig-
nal of the skin. The analysis of fluorescence throughout
the whole lifetime will reveal at which period TNF is
induced in the skin and what consequences for matura-
tion of the skin immune system it has.

Unlike intestinal microflora, controlled by external
factors, the composition of skin microflora is regulated by
the host organism [7]. The role of TNF in the control of
skin microflora composition remains unclear. Our data
show the constitutive expression of TNF in adult mice,
which can be important for the control of skin microflora
composition. Further detailed analysis of skin microflora
using deep-sequencing methods will allow addressing this
question.

Production of high amounts of TNF leads to the
development of autoimmune psoriasis [32]. However, the
molecular mechanisms of this process and the kinetics of
TNF expression during the development of psoriasis are
still not known. In future, using this model system, it will be
interesting to analyze the mechanisms governing the activa-
tion of TNF production during psoriasis or skin neoplasia.
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