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Abstract: Inflammation plays a vital role in regulating fibrotic processes. Beside their classical role in
extracellular matrix synthesis and remodeling, fibroblasts act as immune sentinel cells participating
in regulating immune responses. The human xylosyltransferase-I (XT-I) catalyzes the initial step
in proteoglycan biosynthesis and was shown to be upregulated in normal human dermal fibrob-
lasts (NHDF) under fibrotic conditions. Regarding inflammation, the regulation of XT-I remains
elusive. This study aims to investigate the effect of lipopolysaccharide (LPS), a prototypical pathogen-
associated molecular pattern, and the damage-associated molecular pattern adenosine triphosphate
(ATP) on the expression of XYLT1 and XT-I activity of NHDF. We used an in vitro cell culture model
and mimicked the inflammatory tissue environment by exogenous LPS and ATP supplementation.
Combining gene expression analyses, enzyme activity assays, and targeted gene silencing, we found
a hitherto unknown mechanism involving the inflammasome pathway components cathepsin B
(CTSB) and caspase-1 in XT-I regulation. The suppressive role of CTSB on the expression of XYLT1
was further validated by the quantification of CTSB expression in fibroblasts from patients with
the inflammation-associated disease Pseudoxanthoma elasticum. Altogether, this study further
improves the mechanistic understanding of inflammatory XT-I regulation and provides evidence for
fibroblast-targeted therapies in inflammatory diseases.

Keywords: ATP; caspase; cathepsin; fibroblast; fibrosis; inflammasome; inflammation; LPS; PXE;
xylosyltransferase

1. Introduction

Inflammation is the physiological response to tissue damage caused by harmful stim-
uli, such as pathogens; damaged cells releasing endogenous antigens and alarmins, such as
adenosine triphosphate (ATP); or irritants [1]. The inflammation appears within minutes of
the initial trauma and is tightly controlled to maintain tissue homeostasis. Uncontrolled
inflammatory responses or inefficient inflammation resolution may contribute to the emer-
gence of inflammatory and autoimmune diseases. Healing of the injured tissue during the
dissolving of inflammation must be strictly balanced as excessive tissue remodeling can
lead to fibrosis and scarring of the tissue involved. The tissue microenvironment controls
the behavior of local immune cells in chronic infection and inflammation. Tissue-resident
fibroblasts not only play a key role in extracellular matrix (ECM) synthesis, and the remod-
eling and maintenance of tissue homeostasis, they also contribute to the activation and
modulation of immune responses by acting as immune sentinel cells upon the detection
of pathological stimuli [2]. Lipopolysaccharide (LPS), an endotoxin from Gram-negative
bacteria, is a prototypical pathogen-associated molecular pattern and a potent mediator
of sepsis and septic shock. It exerts its main effect by the activation of cell surface toll-like
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receptors, which are predominant pattern-recognition receptors expressed on immune and
nonimmune cells. Human fibroblasts regulate the inflammatory response via the toll-like
receptor 4 activated by LPS, which led to the nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) transcription factor activation, and cytokine and chemokine
expression, including interleukin (IL)-1β and IL-8, resulting in immune cell recruitment
and local tissue inflammation [3,4]. The IL-1β is induced by LPS in human fibroblasts with
major roles in inflammation, innate immune response and fibrosis [5,6]. Excess production
of IL-1β can be detrimental to the host; therefore, its production is closely controlled at var-
ious levels to assure its proper release. One of the latter is the NF-κB-dependent pro-IL-1β
synthesis, and the other is the caspase-1 (CASP1)-dependent proteolytic conversion of
pro-IL-1β to mature IL-1β by CASP1-containing multi-protein complexes, termed inflam-
masomes, that are activated by cellular infections or stress. Inflammasomes are not only
restricted to classical immune cells, including macrophages or T cells; they are also activated
in a variety of different cell types, such as epithelial cells and fibroblasts [7–9]. Mammalian
cells export a substantial majority of their proteins, including IL-8, via the endoplasmic
reticulum and Golgi-dependent pathway. The IL-8 protein secretion appears to be directly
related to cellular levels of IL8 mRNA [10]. Some proteins, however, are secreted via uncon-
ventional mechanisms. Among the latter is the proinflammatory cytokine IL-1β. CASP1
(EC 3.4.22.36) is a cysteine protease and regulator of inflammatory responses through its
capacity to process inflammatory cytokines and their involvement in the secretion of those
leaderless proteins. Cathepsins are members of the papain family of cysteine proteases.
They are found primarily in endosomes and lysosomes and are important for protein
breakdown, as well as in the cytoplasm, the cell nucleus and the extracellular space [11].
Their extra-lysosomal localization and activity are often associated with the pathogenesis of
cancer, neurodegeneration and metabolic diseases [12]. Extracellular cathepsins participate
in ECM remodeling by degrading structural components, such as collagens, elastin or
proteoglycans (PGs) [13,14]. Cathepsins are also involved in pro-inflammatory cytokine
processing. Cathepsin B (CTSB; EC 3.4.22.1) plays a critical role in inflammatory responses
and IL-1β processing in immune and nonimmune cells. It is essential for NF-κB and CASP1
activation [7,13,15–17]. The secretion of cysteine cathepsins is related to their overexpres-
sion due to extracellular stimuli by different cytokines. Increased levels of CTSB have
been detected in synovial fluids of patients with rheumatoid arthritis and osteoarthritis,
implying their participation in inflammation and cartilage destruction [18].

Proteoglycans are crucial components of the ECM and are important for cell adhesion,
migration, signal transduction and immune response. They are composed of a PG core pro-
tein and glycosaminoglycan (GAG) chains. The human xylosyltransferase (XT; EC 2.4.2.26)
is a key enzyme in GAG biosynthesis. It catalyzes the transfer of xylose from sugar-donor
UDP-xylose to specified serine residues in the PG core protein as an acceptor. Despite its
intracellular localization, the enzyme is cleaved from the membrane of the Golgi apparatus
by an unknown mechanism requiring cathepsin activity and is subsequently secreted into
the extracellular space. Therefore, extracellular XT activity can be quantified in different
samples, including human serum or cell culture supernatants, as an indicator of the actual
PG synthesis rate. The determination of XT activity in the dermal fibroblast culture over
a certain period revealed an accumulation of XT activity in the cell culture supernatant,
whereas the intracellular amount of XT remained constant over time. Thus, two regulatory
mechanisms are assumed to control the cellular XT activity: one at the transcriptional level
affecting the relative availability of transcripts and another operating post-transcriptionally,
modulating the protein secretion. In humans, there are two distinctive XT isoforms, XT-I
and XT-II, encoded by the genes XYLT1 and XYLT2, respectively [19]. The expression of the
XYLT1 and XYLT2 isoforms is regulated differently by exogenous cytokines and growth
factors, such as profibrotic transforming growth factor beta 1 (TGF-β1) and activin A. While
the increase in XYLT1 mRNA expression and XT-I activity is a marker for myofibroblast dif-
ferentiation and correlates with an aberrant PG biosynthesis in fibrotic conditions [5,20–22],
the XYLT2 mRNA expression is often unaffected by exogenous stimuli and resembles
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the expression of a robust housekeeping gene. Aberrant or suppressed XYLT1 mRNA
expression and XT activity have been observed in catabolic PG-associated joint diseases,
such as rheumatoid arthritis and osteoarthritis. The XYLT1 expression is downregulated by
the catabolic cytokine IL-1β in human primary chondrocytes and cartilage explants [23],
while the relative XYLT1 mRNA expression of primary normal human dermal fibroblasts
(NHDF) is unchanged upon IL-1β stimulation [5]. Therefore, cell type-specific differences
in cytokine-mediated XT-I regulation exist. The IL-1β and inflammasome pathway was
reported to play an important role in chronic liver inflammation leading to fibrosis and
cirrhosis [24]. Although an increase in serum XT activity was found in patients with liver
fibrosis, the inflammatory XT-I regulation in fibroblasts, and the immune sentinel cells,
during the inflammatory tissue remodeling stage remain elusive.

It remains unknown if fibrosis can occur without inflammation or not in the final
stage of diseases. One example of inflammation-enhancing fibrogenic responses is the
pro-inflammatory cytokine IL-1β that was shown to positively enhance the TGF-β signaling
pathway by inducing the expression of TGF-β receptor type II in NHDF that lies upstream of
the canonical Smad protein-mediated signaling cascade [5]. On the contrary, inflammation
has been found in several fibrotic tissues with no inflammatory features [1,25]. Thus, an
inflammatory response subsequent to major tissue damage may not always lead to fibrosis
and may actually inhibit fibrosis and vice versa [26]. These assumptions were strengthened
by the fact that TGF-β possesses an anti-inflammatory and immunosuppressive role in
regulating inflammatory and adaptive immune responses [27].

Pseudoxanthoma elasticum (PXE) is a metabolic inherited disorder marked by elastic
fiber fragmentation and ectopic calcification that affects the skin, the eye and the vascular
system. It is caused by a deficiency of ABCC6, a member of the ATP-binding cassette
superfamily. Cellular and molecular biomarkers indicate premature aging in PXE [28].
Whole sequence analysis identified four modifier genes in PXE that belong to the IL1B
and inflammasome signaling pathway [29]. Furthermore, PXE has several similarities
with the prominent premature aging disorder Hutchinson–Gilford progeria syndrome,
which has also been shown previously to involve the aberrant regulation of inflammasome
pathway components [30]. In addition, there is growing evidence indicating a correlation
between ABCC6 dysfunction and dyslipidemia. Primary cells derived from patients with
PXE provide a useful disease model for inflammatory conditions because inflammasome
pathway components link inflammation and cholesterol trafficking to premature cellular
senescence [12,28,31–33].

The identification of disease-specific alterations in fibroblasts is the crucial step in
unraveling the molecular pathways’ underlying pathological changes. This study was
performed to gain new insight into the inflammatory response of fibroblasts as key immune
sentinel cells and addresses the gene expression regulation of the fibrotic marker XYLT1
and XT-I activity under inflammatory conditions. In addition to the cell culture models
with NHDF at low and high cell densities, an inflammation-associated disease model with
fibroblasts derived from patients with PXE was used to verify the initial results obtained in
this study.

2. Materials and Methods
2.1. Materials and Reagent Preparation

Highly purified, γ-irradiated LPS from E. coli serotype O111:B4 was obtained from
Sigma-Aldrich (St. Louis, MO, USA) and diluted in water prior to usage. Cell-culture-
tested ATP disodium salt was purchased from Sigma-Aldrich (St. Louis, MO, USA). A
mildly acidic aqueous ATP stock solution (200 mM, pH 3.5) was prepared in water and
neutralized with 1 M NaOH (Sigma-Aldrich, St. Louis, MO, USA) prior to cell culture
usage. The exact pH of the ATP solution (100 mM ATP, pH 7.5) acquired was determined
by absorption spectroscopy and calculated using the Lambert–Beer law. The siRNAs, the
transfection reagents, and the Opti-MEM I medium were acquired from Thermo Fisher
Scientific (Waltham, MA, USA).
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2.2. Primary Cell Culture

Adult NHDF were obtained from Coriell (Camden, NJ, USA). Dermal fibroblasts
from patients with PXE were provided according to the authors’ description in [28], who
also listed the clinical characteristics of the PXE patients. The study was approved by the
Ethics Committee of the HDZ NRW, Department of Medicine, Ruhr University of Bochum
(registry no. 32/2008, approval date is 3 November 2008). Primary cells were maintained
under standardized conditions (37 ◦C, 5% CO2) as a monolayer culture in tissue culture
dishes (100 × 20 mm, Greiner bio-one, Frickenhausen, Germany) with Dulbecco’s modified
Eagle’s medium without phenol-red addition (DMEM; Thermo Fisher Scientific, Waltham,
MA, USA). DMEM was supplemented with either 10% (v/v) fetal calf serum (FCS; Biowest,
Nuaillé, France) or 10% (v/v) lipoprotein-deficient FCS (LPDS) and 4 mM L-glutamine (PAN
Biotech, Aidenbach, Germany), 1% (v/v) Penicillin-Streptomycin-Amphotericin B solution
(100×; PAN Biotech, Aidenbach, Germany), as described previously [34]. The LPDS was
prepared according to our previous work [28]. Medium changes were performed twice a
week. The subculturing of near confluent primary NHDF was performed with an expansion
ratio of 1:3 utilizing 0.05% (v/v) trypsin (PAN Biotech, Aidenbach, Germany) in Dulbecco’s
phosphate buffered saline (PBS, 1×; Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Cell Treatment and Sample Preparation

Two cell culture models established earlier were utilized to study the effect of LPS on
NHDF [21,28]. The effect of LPS on proto-myofibroblasts was analyzed in low-density pri-
mary fibroblast cultures with 50 cells per mm2, while the effect of LPS on inactivated fibrob-
lasts was investigated using the high-density culture model with 177 fibroblasts per mm2.
Irrespective of the cell culture model used, cells were cultured in fully supplemented
growth medium with FCS for 24 h before cell treatment. Treatments were carried out with
a final LPS concentration of 0.1 µg/mL or 1.0 µg/mL, and/or a final ATP concentration
of 5 mM diluted in fully supplemented growth medium for the time points indicated. At
every sampling time, negative controls, treated with solvent or vehicle only, were included.

A total of 2.9 × 105 cells per dish (60 × 50 mm; Corning Inc., Corning, NY, USA)
were used for siRNA knockdown procedures and maintained in antibiotic-free Opti-
MEM I medium supplemented with FCS. Reverse transfection was carried out with
Lipofectamine 2000 reagent. The transfection mixture contained a silencer predesigned
siRNAs targeting CTSB or CASP1 or contained a non-targeting siRNA control diluted in
Opti-MEM I medium at a concentration of 50 nM siRNA per well. The transfection mixture
was replaced after 24 h with fully supplemented DMEM for another 24 h. Transfected
cells were maintained in growth medium supplemented with 0.1 µg/mL LPS for 24 h until
subsequent lysis.

The cell monolayer was washed with 1× PBS and incubated with 0.35 mL RA1-buffer
(Macherey-Nagel, Düren, Germany) for cell lysis and sample preparation for analysis via
quantitative real-time PCR (qRT-PCR). The cell culture supernatant was collected after
24 or 48 h to analyze the extracellular XT-I activity. The corresponding cell monolayer was
incubated with 0.75 mL Nonidet P 40-lysis buffer and subsequently prepared as formerly
described [34] for the analysis of the intracellular XT-I activity. The intracellular fraction
was also used for protein quantification via bicinchonic acid (BCA) assay. All experiments
were carried out in biological and technical triplicates per number n of donor-derived
primary cell cultures unless otherwise stated.

2.4. Cell Proliferation Assay

The cell proliferation and viability to exogenous stimuli were spectrometrically quan-
tified by using WST-1 reagent (Roche, Basel, Switzerland) according to the manufacturer’s
instructions. A total cell number of 1700 per cavity of a 96-well culture plate (Greiner bio-
one, Frickenhausen, Germany) were used and maintained in fully supplemented growth
medium for 24 h before treatment with LPS and ATP. After 20 h, the WST-1 reagent was
added to each well. The absorbance at the wavelength 440 nm and 590 nm as a reference
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were determined at time points 0, 1, 2, 3, and 4 h after WST-1 supplementation using a
multiplate reader (Tecan, Männedorf, Switzerland).

2.5. BCA Assay

The BCA protein assay was performed to determine the protein concentration of
a lysate sample with detergent supplementation [35]. The assay was conducted in a
format according to the manufacturer’s instructions of the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). In brief, a protein standard curve involving
six bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA) standards ranging from
0 to 1000 g/L was prepared with Nonidet P 40-lysis buffer as solvent. The BCA working
solution consists of 50 parts of a BCA solution and 1 part of a Cu2+ solution. A total of
200 µL BCA working solution was added to 25 µL standard or protein solution per well of
a 96-microplate and incubated for 30 min at 37 ◦C. Thereafter, the absorbance at 562 nm
was measured. The absorbances of the protein standards were used to determine the
protein concentrations of the unknown samples in respect of their absorbance values by
linear regression.

2.6. XT-I Activity Determination by Mass Spectrometry

The selective determination of a sample’s XT-I activity was performed by ultra-
performance liquid chromatography/electrospray ionization tandem mass spectrometry
(UPLC-ESI-MS/MS). The assay is based on the XT-I catalyzed transfer of xylose on a XT-I
selective acceptor peptide after a fixed reaction time. The in-silico determination of the
XT-I activity from cell culture supernatants (extracellular XT-I) and cell lysates (intracel-
lular XT-I) was conducted, as described previously [5]. The quantified XT-I activity is ex-
pressed in arbitrary units (AU) and normalized to the total protein content of the respective
lysate sample.

2.7. RNA Extraction and cDNA Synthesis

The extraction of RNA from whole cell lysates and the subsequent cDNA synthesis
for qRT-PCR analysis were conducted, as described previously [34].

2.8. QRT-PCR Analysis

The gene expression analysis via qRT-PCR was conducted as described in our previous
work using a SYBR green-based amplicon detection [34]. The primer sequences utilized
are listed in Table S1 and in [34]. The geometrical mean of the expression levels of three
reference genes (SDHA, RPL13A and B2M) were used for expression normalization. The
relative target gene expressions of two samples were calculated on the basis of the ∆∆CT
method, which considered the PCR efficiency of the primer systems used [36]. For the
relative comparison of multiple biological samples per experiment, all normalized mRNA
expressions were referred to the expression of the target gene of one donor-derived primary
cell sample.

2.9. Statistical Analysis

The data values shown are means ± standard error of the mean (SEM). Because of the
lack of Gaussian distribution (Shapiro–Wilk normality test), the nonparametric two-tailed
Mann–Whitney U test was utilized for data analysis. All analyses were conducted with
the software GraphPad Prism 9 (GraphPad Software version 9.1.1, La Jolla, CA, USA). A
probability p value of less than 0.05 was considered to be statistically significant.

3. Results
3.1. Time- and Concentration-Dependent Decrease of XYLT1 mRNA-Expression by LPS in
Primary Skin Fibroblasts

The impact of LPS on the pro-inflammatory and fibrotic gene expression profile of
NHDF was evaluated using a cell culture model established by the authors of [21], which
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is based on a low cell density culture condition on hard tissue culture substrates promoting
the in vitro generation of protomyofibroblasts. The NHDF were treated without or with
different concentrations of LPS for 24 h (Figure 1) or 48 h (Figure S1) to choose the most
suitable LPS concentration and treatment duration for the subsequent analyses. The relative
mRNA expression of myofibroblast marker XYLT1 and its non-fibrosis-related isoform
XYLT2 were analyzed by qRT-PCR after both time points. The expression of the known
LPS-inducible inflammatory mediator gene IL1B [7,8,37], which has previously been shown
not to regulate the XYLT1 mRNA expression of NHDF after a treatment period of 48 h [5],
was used to control the efficacy of the LPS treatment applied.
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Figure 1. Effect of LPS on the relative XYLT1, XYLT2 and IL1B mRNA expression of primary
fibroblasts cultured in low cell density culture conditions for 24 h. The NHDF (n = 3) were cultured
at a density of 50 cells/mm2 in DMEM with 10% (v/v) FCS for 24 h. Treatment was performed with
either 0 µg/mL LPS (black), 0.1 µg/mL LPS (orange) or 1.0 µg/mL LPS (grey) supplemented growth
medium. The relative expression of (A) XYLT1, (B) XYLT2 and (C) IL1B was determined after the
LPS treatment of NHDF for 24 h by qRT-PCR. All data are presented as means ± SEM of biological
and technical triplicates per donor-derived primary cell culture. Statistical analysis was performed
by Mann–Whitney U test: ns (not significant), ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

The cell treatment with 0.1 µg/mL LPS decreased the relative XYLT1 mRNA expression
significantly (0.6 ± 0.1-fold, p < 0.001), not effecting the relative XYLT2 mRNA expression of
the cells. The usage of 1.0 µg/mL LPS diminished the relative XYLT1 and XYLT2 expression
significantly (both 0.7 ± 0.1-fold, p < 0.001) compared to the untreated controls after a
culture period of 24 h (Figure 1A,B). The treatment of NHDF with both LPS concentrations
of 0.1 or 1.0 µg/mL for 24 h led to a significant increase in the respective IL1B mRNA
expression by 140 ± 40-fold or 138 ± 36-fold (p < 0.0001), respectively (Figure 1C). When we
extended the LPS cell treatment period from 24 to 48 h, we observed a slight 0.7 ± 0.2-fold
(p < 0.05) decrease in the relative XYLT1 mRNA of 1.0 µg/mL NHDF treated with LPS and
a 0.8 ± 0.1-fold (p < 0.05) decreased XYLT2 mRNA expression of 0.1 µg/mL NHDF treated
with LPS, compared to the respective controls (Figure S1A,B). Furthermore, the treatment
of NHDF with both LPS concentrations of 0.1 or 1.0 µg/mL for 48 h led to a significant
232 ± 28-fold or 296 ± 41-fold (p < 0.0001) increase, respectively, in the relative IL1B mRNA
expression of NHDF treated with LPS (Figure S1C). We conclude from the latter that the
LPS treatment worked properly in our cell culture system. Furthermore, the results showed
that LPS has a suppressive effect on the fibrosis-related XYLT1 mRNA expression of NHDF.

Since the cell density has been shown to influence the relative XYLT1 mRNA expres-
sion of NHDF [21], we next analyzed the impact of the cell density used on the relative
XYLT1 mRNA expression of NHDF treated with LPS. We chose a cultivation period of 24 h
for the LPS treatment of NHDF and increased the cell density from 50 to 177 cells/mm2.
The higher cell density did not promote myofibroblast differentiation [34], thereby retaining
the native phenotype of the NHDF cultured. When analyzing the relative changes in the
mRNA expression of XYLT1, XYLT2 and IL1B upon the LPS treatment of high-density
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cultured NHDF (Figure 2), we came across a similar transcription pattern to those of our
previous experimental setup.
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Figure 2. Effect of LPS on the relative XYLT1, XYLT2 and IL1B mRNA expression of primary
fibroblasts cultured under high-cell-density-culture conditions for 24 h. The NHDF (n = 3) were
cultured at a density of 177 cells/mm2 in DMEM with 10% (v/v) FCS for 24 h. Treatment was
performed with either 0 µg/mL LPS (black), 0.1 µg/mL LPS (orange) or 1.0 µg/mL LPS (grey)
supplemented growth medium. The relative expression of (A) XYLT1, (B) XYLT2 and (C) IL1B
was determined after the LPS treatment of NHDF for 24 h by qRT-PCR. All data are presented as
means ± SEM of biological and technical triplicates per donor-derived primary cell culture. Statistical
analysis was performed by Mann–Whitney U test: ns (not significant), ** p < 0.01 and **** p < 0.0001.

We found a significant XYLT1 mRNA expression decrease (0.40 ± 0.1-fold, p < 0.01)
in NHDF treated with LPS compared to untreated controls by using a concentration of
0.1 µg/mL LPS and a treatment period of 24 h. No significant changes in the relative XYLT1
mRNA expression were found upon the treatment of high-cell-density-cultured NHDF
with 1.0 µg/mL LPS for 24 h (Figure 2A). In addition, the LPS concentrations used did
not alter the relative XYLT2 mRNA expression of treated NHDF compared to controls
(Figure 2B). Compared to untreated controls, the mRNA expression of the LPS-inducible
control gene IL1B was 361 ± 57-fold and 385 ± 56-fold (p < 0.0001) increased in NHDF
upon LPS incubation with 0.1 and 1.0 µg/mL LPS for 24 h, respectively (Figure 2C). It can
be concluded that LPS is a potent suppressor of the relative XYLT1 mRNA expression in
both low- and high-cell-density-cultured NHDF. Interestingly, the high-cell-density culture
conditions showed a more pronounced XYLT1 mRNA expression LPS-mediated decrease
in NHDF, not affecting the relative XYLT2 mRNA expression of the cells. The LPS was
also shown to be a potent inducer of inflammatory cytokine IL1B mRNA expression in our
high-cell-density-culture system.

Fibroblasts contribute to the initiation of the inflammatory response by attracting
immune cells; therefore, we quantified the relative expression of a representative pro-
inflammatory chemokine CXCL8 (IL8) that had previously been shown to be increased
in NHDF upon LPS treatment [38]. We observed a significant LPS-mediated IL8 mRNA
expression increase by 280 ± 54-fold and 254 ± 43-fold (p < 0.0001) in 0.1 and 1.0 µg/mL
NHDF treated with LPS, respectively (Figure A1A). The increased cytokine expression
observed in fibroblasts upon LPS treatment was shown to be a result of inflammasome
priming or activation [8]. We quantified the relative CTSB and CASP1 expression of
NHDF treated with LPS to further analyze the impact of LPS stimulation on the mRNA
expression of essential inflammasome pathway components. The CTSB mRNA expression
was slightly induced by LPS in a concentration-dependent manner, while the CASP1
mRNA expression showed a significant upregulation by 12.1 ± 1.0-fold (p < 0.0001) and
9.6 ± 0.7-fold (p < 0.0001) in 0.1 and 1.0 µg/mL NHDF treated with LPS, respectively
(Figure A1B,C). It can be concluded that LPS is a potent inducer of the gene expression of
inflammasome pathway components in nonimmune cells, such as fibroblasts.
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3.2. Differences in ATP- and LPS-Induced Effects on the XYLT1 mRNA-Expression and XT-I
Activity of Primary Skin Fibroblasts

Extracellular ATP, released from dying cells, serves as a damage-associated molecular
pattern inducing a pro-inflammatory response in primary fibroblasts [39]; therefore, we
investigated ATP-mediated effects on the gene expression profile of NHDF in the presence
or absence of LPS. We first examined whether the decreased XYLT1 and increased IL1B,
IL8 mRNA expression mediated by LPS could also be observed upon ATP stimulation of
NHDF under high-cell-density-culture conditions for 24 h. The relative mRNA expression
of the XYLT2 isoform was also determined for control purposes (Figure 3).
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Figure 3. The relative XYLT1, XYLT2 and IL1B mRNA expression of primary fibroblasts after LPS
and ATP treatment for 24 h. The NHDF (n = 3) were cultured at a cell density of 177 cells/mm2

in growth medium supplemented with 10% (v/v) FCS for 24 h. Cells were treated with either
0.1 µg/mL LPS (orange), 5 mM ATP (blue) or both 0.1 µg/mL LPS, and 5 mM ATP (red), for 24 h.
The relative expression of (A) XYLT1, (B) XYLT2 and (C) IL1B of NHDF was determined by qRT-PCR.
All data are presented as means ± SEM of biological and technical triplicates per donor-derived
primary cell culture. Statistical analysis was performed by Mann–Whitney U test: ns (not significant),
**** p < 0.0001.

Similar to the gene expression changes of NHDF treated with LPS mentioned previ-
ously (Figures 2 and A1), we observed decreased XYLT1 mRNA expression and increased
IL1B mRNA expression (Figure 3A,C), while the XYLT2 mRNA expression was unchanged
in NHDF stimulated with LPS (Figure 3B). By contrast, the ATP treatment of NHDF alone
did not alter the expression levels of the latter genes significantly. It is noteworthy that a
nonsignificant 0.6 ± 0.1-fold decreased XYLT1 mRNA expression (p = 0.1) was detected
upon ATP stimulation (Figure 3A). In addition, the concomitant stimulation of NHDF
with LPS and ATP did not modulate the relative XYLT1 mRNA expression compared to
cells solely treated with LPS (Figure 3A). Furthermore, the relative mRNA expression of
the XYLT2 isoform of cells treated simultaneously with LPS and ATP did not differ from
that of cells treated solely with LPS (Figure 3B). Compared to NHDF treated with LPS,
simultaneous LPS and ATP incubation decreased (0.2 ± 0.0-fold; p < 0.0001) the relative
IL1B transcription of NHDF significantly after a cultivation period of 24 h (Figure 3C).
Regarding the gene expression of chemokine IL8 and the inflammasome components CTSB
and CASP1, no IL8 expression changes were observed upon ATP treatment alone, while
the relative CTSB and CASP1 mRNA expression were slightly increased by 1.2 ± 0.1-fold
(p < 0.001) and 1.3 ± 0.1-fold (p < 0.05), respectively, in cells stimulated with ATP compared
to untreated controls. The concomitant stimulation of NHDF with LPS and ATP did not
alter the relative mRNA expression of IL8, CTSB or CASP1 significantly compared to the
respective expression of cells stimulated solely with LPS (Figure A2). Together, these results
indicate that ATP treatment alone or in combination with LPS affected the relative gene
expression of LPS target genes marginally.
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In order to examine whether the LPS-mediated reduction of XYLT1 mRNA expression
correlates with changes in cellular XT-I activity, we determined the extracellular and
intracellular XT-I activity of NHDF by UPLC-ESI-MS/MS under comparable experimental
conditions to the gene expression analysis (Figure 4).
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Figure 4. Cellular XT-I activity of primary fibroblasts after LPS and ATP treatment. The NHDF (n = 3)
were cultured at a cell density of 177 cells/mm2 in DMEM supplemented with 10% (v/v) FCS for 24 h.
Cells were treated with either 0.1 µg/mL LPS (orange), 5 mM ATP (blue) or both 0.1 µg/mL LPS and
5 mM ATP (red) for 24 h. The cellular XT-I activity was determined in the cell culture supernatants
(extracellular) and the cell lysates (intracellular, grey shaded) by UPLC-ESI-MS/MS assay. The
intracellular and extracellular XT-I activity is given in arbitrary units (AU) per µg of protein. All data
are presented as means ± SEM of biological and technical triplicates per donor-derived primary cell
culture. Statistical analysis was performed by Mann–Whitney U test: ns (not significant), * p < 0.05,
** p < 0.01, *** p < 0.001 and **** p < 0.0001.

Compared to control cells, the LPS stimulation at a concentration of 0.1 µg/mL for
24 h did not affect the extracellular XT-I activity, while a slight but not significant decrease
in intracellular XT-I activity (0.7 ± 0.1-fold, p = 0.4) was observed. The treatment of NHDF
solely with ATP diminished the extracellular (0.5 ± 0.1-fold, p < 0.001) and intracellular
(0.5 ± 0.1-fold, p < 0.05) XT-I activity significantly compared to untreated controls after a
culture period of 24 h. The concomitant stimulation of NHDF with LPS and ATP resulted
in a decreased extracellular (0.4 ± 0.0-fold, p < 0.0001) and intracellular (0.6 ± 0.1-fold,
p < 0.01) XT-I activity compared to NHDF treated solely with LPS for 24 h. No changes
in the cellular XT-I activity were detectable in cells treated simultaneously with LPS and
ATP and those treated solely with ATP (Figure 4). When the cell treatment period was
extended from 24 to 48 h, no significant differences were observed in the extracellular and
intracellular XT-I activities of cells treated with LPS compared to untreated cells. The ATP
treatment of NHDF for 48 h resulted in a significantly 0.4 ± 0.0-fold decreased extracellular
(p < 0.0001) and a 0.5 ± 0.0-fold decreased intracellular (p < 0.0001) XT-I activity compared
to untreated control cells. Furthermore, significant deviations were identified in cells
treated simultaneously with LPS and ATP compared to those treated solely with LPS after
48 h since the LPS and ATP treatment resulted in a significantly 0.4 ± 0.0-fold decreased
extracellular and intracellular (p < 0.0001) XT-I activity. Furthermore, the cellular XT-I
activity of NHDF treated concomitantly with LPS and ATP for 48 h did not differ from
those of cells treated solely with ATP (Figure S2). We conclude that two distinct regulatory
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mechanisms exist to control the XYLT1 expression and the intracellular protein abundance
of the cell in the context of inflammatory XT-I regulation.

Previous studies have shown that cell treatment with LPS derived from Escherichia coli
serotype 0111:B4 is capable of decreasing the fibroblast viability in a concentration- and
tissue-specific manner [3,40]. Therefore, we performed a WST-1 reagent-based cell prolifer-
ation assay (Figure 5A) to exclude potential proliferation changes of NHDF affecting the
relative XYLT1 mRNA expression decrease by LPS observed in our study.
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Figure 5. The LPS and ATP treatment did not affect the in vitro cell proliferation of primary fibroblasts.
The NHDF (n = 3) were cultured on 96-well microtiter plates for 24 h. (A) Cells were treated with
either 0.1 µg/mL LPS (orange), 1.0 µg/mL LPS (grey), 5 mM ATP (blue), or both 0.1 µg/mL LPS and
5 mM ATP (red) for 24 h. The cell proliferation was determined 0, 1, 2, 3 and 4 h after WST-1 reagent
supplementation at the 20 h time point. The absorbance was measured at 440 nm, with 590 nm as a
reference wavelength. (B) The WST-1 assay results measured 4 h after the WST-1 supplementation
are shown as bar graphs. All data are presented as means ± SEM of five biological replicates
and one technical replicate per donor-derived cell culture. Statistical analysis was performed by
Mann–Whitney U test: ns (not significant) when compared to the untreated cells (control, black).

The proliferation assay showed that neither the concentration of 0.1 nor 1.0 µg/mL
LPS affected the fibroblast proliferation and viability after an incubation period of 24 h.
Furthermore, neither the single ATP supplementation nor the simultaneous addition of LPS
and ATP to the culture medium had an impact on the cell proliferation and viability after
24 h of cell incubation (Figure 5B). It can be assumed that the LPS concentrations applied
were well-tolerated by the NHDF for the incubation period of 24 h tested as not affecting
the cell viability in our cell culture system.

3.3. CASP1 and CTSB Are Negative Regulators of XYLT1 mRNA Expression in Primary
Skin Fibroblasts

Having shown that LPS exerts a repressive effect on the XYLT1 mRNA expression, we
wanted to investigate a putative cellular pathway that underlies this regulation. It has been
shown previously that the XT-I secretion process was dependent on the cellular activity
of cysteine proteases [41], indicating the cysteine proteases CTSB and CASP1 as potential
XYLT1 expression regulators. Based on this assumption, we wanted to evaluate the impact
of these inflammasome pathway components on the basal and LPS-regulated XYLT1
mRNA expression of NHDF. Therefore, we conducted siRNA knockdown experiments
in the absence or presence of the XYLT1 suppressor LPS. The relative gene expression of
CTSB, XYLT1 and CASP1 were quantified 24 h post-transfection with the respective CTSB
(Figure 6) or CASP1 (Figure 7) targeting siRNA via qRT-PCR.
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Figure 6. Basal and LPS-regulated XYLT1 mRNA expression after siRNA-mediated CTSB knockdown
in primary fibroblasts. The NHDF (n = 3) were treated with a non-targeting control siRNA (black)
or a targeting siRNA against CTSB (blue); 24 h post-transfection, cells were maintained in growth
medium supplemented without or with 0.1 µg/mL LPS (highlighted yellow) for an additional 24 h.
The relative expression of (A) CTSB, (B) XYLT1 and (C) CASP1 was determined by qRT-PCR. All data
are presented as means ± SEM of biological and technical triplicates per donor-derived cell culture.
The dashed lines indicate that both experiments were performed independently and, therefore, the
relative gene expression values were related to the respective cell treatments with control siRNA.
Statistical analysis was performed by Mann–Whitney U test: **** p < 0.0001.
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Figure 7. Basal- and LPS-regulated XYLT1 mRNA expression after siRNA-mediated CASP1 knock-
down in primary fibroblasts. The NHDF (n = 3) were treated with either a non-targeting control
siRNA (black) or a targeting siRNA against CASP1 (blue); 24 h post-transfection, cells were main-
tained in growth medium supplemented without or with 0.1 µg/mL LPS (highlighted yellow) for
an additional 24 h. The relative expression of (A) CASP1, (B) XYLT1 and (C) CTSB was determined
by qRT-PCR. All data are presented as means ± SEM of biological and technical triplicates per
donor-derived primary cell culture. The dashed lines indicate that both experiments were performed
independently and, therefore, the relative gene expression values were related to the respective cell
treatments with control siRNA. Statistical analysis was performed by Mann–Whitney U test: ns (not
significant), *** p < 0.001 and **** p < 0.0001.

A significant 0.01 ± 0.0-fold decreased CTSB mRNA expression (p < 0.0001) was found
in CTSB-silenced NHDF in the absence and presence of LPS compared to cells transfected
with control siRNA (Figure 6A). Compared to cells transfected with negative control
siRNA, the CTSB-silenced cells showed a significant 3.4 ± 0.2-fold (p < 0.0001) increase in
the basal XYLT1 expression. This relative increase in XYLT1 expression of CTSB-silenced
cells remained significantly 2.3 ± 0.1-fold (p < 0.0001) higher in the presence of XYLT1



Biomedicines 2022, 10, 1451 12 of 21

suppressor LPS than that of control siRNA-treated NHDF (Figure 6B). We determined
the relative CASP1 expression of CTSB-silenced and control siRNA-transfected cells to
control the specificity of the applied CTSB knockdown. Compared to cells treated with
non-targeting control siRNA, the CASP1 mRNA expression decreased 0.4 ± 0.0-fold and
0.6 ± 0.0-fold (p < 0.0001) in CTSB-silenced NHDF that were cultured in the absence and
presence of LPS (Figure 6C). These results demonstrate that CTSB might be a negative
regulator of XYLT1 mRNA expression under physiological and inflammatory conditions.
Since a simultaneous decrease in the relative CASP1 expression occurred in CTSB-silenced
cells, it cannot be ruled out that the increased XYLT1 expression observed is mediated
solely by CTSB suppression.

We next performed a siRNA-mediated knockdown of CASP1 in NHDF and quantified
the relative gene expression of CASP1, XYLT1 and CTSB 24 h post-transfection (Figure 7).

We observed a significant 0.1 ± 0.0-fold (p < 0.0001) decreased CASP1 mRNA ex-
pression in CASP1-silenced NHDF in the absence and presence of LPS compared to cells
transfected with control siRNA (Figure 7A). The CASP1-silenced cells revealed a significant
2.4 ± 0.2-fold (p < 0.0001) increase in the basal XYLT1 expression compared to NHDF
transfected with negative control siRNA. The XYLT1 expression of CASP1-silenced cells
remained significantly 2.0 ± 0.2-fold (p < 0.0001) increased in the presence of LPS compared
to cells treated with control siRNA (Figure 7B). We determined the relative CTSB mRNA
expression of CASP1-silenced cells to detect any potential regulatory loops between CASP1
and CTSB. No significant differences in the relative CTSB mRNA expression were observed
between CASP1-silenced and control siRNA-transfected NHDF. A slight increase in CTSB
expression (1.3 ± 0.1-fold (p < 0.001)) was detectable in CASP1-silenced cells in the presence
of LPS compared to control siRNA treatment (Figure 7C). These results show that the
cysteine protease CASP1 is a negative regulator of the XYLT1 mRNA expression of NHDF
under physiological and inflammatory conditions mimicked by the absence and presence
of LPS in our cell culture system.

3.4. PXE Fibroblasts Exhibit a Nonsignificant Reduction in XYLT1 mRNA Expression

The inherited metabolic disease PXE has previously been shown to involve aberrant
gene expressions associated with the inflammatory IL-1β pathway [29]. After showing that
inflammatory pathway components are negative regulators of XYLT1 mRNA expression,
we used PXE fibroblasts and a cell culture model established formerly [28] mimicking the
disease conditions of PXE to independently confirm the gene expression patterns observed
in this study. Since the PXE cell culture model uses LPDS instead of FCS supplementation
of the growth medium, we had to confirm that the LPS-mediated effects on the XYLT1
mRNA expression observed above were reproducible under the high-cell-density-culture
condition with LPDS. The quantified gene expression changes of XYLT1, XYLT2 and IL1B
in NHDF stimulated with LPS cultured in the presence of LPDS resemble those of NHDF
that were maintained in FCS-containing medium (Figure A3).

After verifying that the PXE cell culture model with LPDS is suitable for further gene
expression analyses, we cultured NHDF and PXE fibroblasts and compared their cellular
response upon LPS treatment. The relative gene expression of XYLT1, CTSB and CASP1,
and that of the LPS-inducible genes IL1B and IL8, was analyzed by qRT-PCR (Figure 8).

Compared to NHDF, we observed a slight but not significant decrease in the relative
XYLT1 mRNA expression of untreated PXE fibroblasts (0.6 ± 0.1-fold; p = 0.4). The LPS
stimulation resulted in both NHDF and PXE fibroblasts in 0.3 ± 0.1-fold and 0.4 ± 0.0-fold
decreased XYLT1 mRNA expression (p < 0.0001), respectively, compared to the correspond-
ing untreated control cells. Therefore, the XYLT1 mRNA expression of NHDF treated
with LPS and PXE fibroblasts treated with LPS did not differ from each other (Figure 8A).
Regarding the basal CTSB mRNA expression of PXE fibroblasts, a significant 2.3 ± 0.2-fold
increased expression level (p < 0.0001) was detected compared to NHDF. The LPS treatment
of NHDF did not change the relative CTSB mRNA expression compared to untreated
NHDF, while the LPS treatment of PXE fibroblasts resulted in a slight 1.3 ± 0.2-fold in-
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creased expression level (p < 0.05) compared to untreated PXE fibroblasts. Therefore, a
2.9 ± 0.3-fold higher CTSB expression level was detected in PXE fibroblasts treated with
LPS relative to NHDF treated with LPS (Figure 8B). The basal CASP1 mRNA expression
of PXE fibroblasts did not differ from that of NHDF. In comparison to untreated control
cells, the LPS stimulation of NHDF or PXE fibroblasts revealed a significant 12.6 ± 0.8-fold
or 17.5 ± 1.7-fold (p < 0.0001) increase in the CASP1 expression, respectively. Thus, a
significant 1.4 ± 0.1-fold higher CASP1 expression level was detected in PXE fibroblasts
treated with LPS relative to NHDF treated with LPS (Figure 8C). The basal expression
of cytokine IL1B did not differ between PXE fibroblasts and NHDF. The LPS treatment
of NHDF resulted in a 505 ± 81-fold (p < 0.0001) increased IL1B mRNA expression com-
pared to untreated controls, while PXE fibroblasts showed a 1932 ± 320-fold (p < 0.0001)
increased IL1B expression level in comparison with untreated PXE cells. Therefore, the
relative IL1B expression of PXE fibroblasts treated with LPS was 2.8 ± 0.4-fold (p < 0.0001)
higher than that of NHDF treated with LPS (Figure 8D). The basal expression of chemokine
IL8 did not differ between PXE fibroblasts and NHDF either. The LPS treatment resulted
in a significant 768 ± 145-fold increased IL8 expression in NHDF and a 2088 ± 188-fold
(p < 0.0001) increased in PXE fibroblasts compared to the respective untreated control
cells. The IL8 expression level of PXE fibroblasts treated with LPS was 2.8 ± 0.4-fold
(p < 0.0001) higher than that of NHDF treated with LPS (Figure 8E). We conclude from the
results that PXE fibroblasts possess higher sensitivity towards exogenous LPS, resulting
in a more pronounced inflammatory gene expression change induced by LPS compared
to NHDF. Furthermore, our data provide, for the first time, a correlation of decreased
XYLT1 expression with the previously observed decrease in basal XT activity of PXE fibrob-
lasts compared to NHDF that might involve basal expression differences of inflammatory
pathway components, such as CTSB.
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Figure 8. The LPS-regulated gene expression of XYLT1 and inflammatory pathway components in
PXE fibroblasts. The NHDF (n = 3) were maintained at a cell density of 177 cells/mm2 in DMEM
with 10% (v/v) LPDS for 24 h. The treatment was performed either without or with 0.1 µg/mL LPS
for 24 h. The relative expression of (A) XYLT1, (B) CTSB, (C) CASP1, and (D) IL1B and (E) IL8 was
determined by qRT-PCR. All data are presented as means ± SEM of biological and technical triplicates
per donor-derived primary cell culture. Statistical analysis was performed by Mann–Whitney U test:
ns (not significant), * p < 0.05, **** p < 0.0001.
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4. Discussion

Despite playing an essential role in ECM remodeling, fibroblasts are also important
key sentinel cells that activate and modulate immune responses upon the recognition of
pathological stimuli [38]. The identification of disease-specific alterations in fibroblasts is the
crucial step in unraveling the molecular pathways underlying pathological changes. Our
in vitro cell culture model used LPS and ATP to simulate an inflammatory environment. As
shown by the WST-1 cell proliferation assay, both LPS concentrations of 0.1 and 1.0 µg/mL,
as well as sole ATP treatment or ATP in combination with LPS, did not significantly affect
the number of metabolically active primary fibroblasts after 24 h of cell treatment. Thus,
it can be concluded that fibroblasts are quite resistant to the noxious stimuli that have
previously been shown to induce apoptosis in other cell types [42,43]. Consistent with our
data, the resistance of human fibroblasts towards exogenous LPS was demonstrated in
numerous studies utilizing LPS concentrations ranging up to 10 µg/mL and incubation
periods of 48 to 72 h [4,6,38]. This highlights the key role of fibroblasts as immune sentinel
cells affecting both the inflammatory and repair processes during wound healing and
tissue homoeostasis.

Fibroblasts actively define the structure of tissue microenvironments and regulate
inflammatory responses by the production of cytokines and chemokines, such as IL-1β
and IL-8 [44]; therefore, we analyzed the relative expression of IL1B and IL8 upon the
LPS treatment of NHDF as additional inflammatory markers. In agreement with the
literature [4,38,45], NHDF showed a high reaction towards LPS, resulting in increased gene
expression levels of both markers. These data further strengthened the view of fibroblasts
as key immune sentinel cells sensing pathogenic LPS, on the one hand, and recruiting
leukocytes by the expression of chemokines, such as IL-8, on the other, contributing to the
initiation of the inflammatory response during tissue damage.

Elevated levels of CTSB in fibroblasts are observed in inflammatory diseases, including
rheumatoid arthritis [13,46]. Regarding immune responses and inflammation, CTSB plays
an important role in both the NF-κB and CASP1 activation [15,16,47]. In the present
study, we determined that LPS increased the CTSB mRNA expression in NHDF, similar
to previous findings in human fibroblast cell lines [13]. In agreement with data in human
fibroblasts [7], we observed the LPS-induced upregulation of CASP1 mRNA expression in
NHDF. We also found that the ATP treatment alone induced both CTSB and CASP1 mRNA
expression in NHDF. This result is in line with the data on human fibroblasts showing that
ATP treatment alone induces CASP1 activation [7]. It can be concluded that the LPS and
ATP treatment used in our NHDF model system is sufficient to simulate an inflammatory
microenvironment in vitro.

The gene expression and activity of the GAG-initiating key enzyme XT-I was found to
be differentially regulated during disease conditions. Up to now, studies have described an
induction of XYLT1 expression in fibrotic tissues or human primary fibroblasts mediated
by cytokines [5,21,48,49], while, to the best of our knowledge, the suppression of its mRNA
expression and activity has not been described previously in the context of fibroblast-
mediated inflammatory responses. In the present study, we demonstrated for the first time
that LPS has a regulatory effect on the relative XYLT1 mRNA expression of NHDF that is
independent of the cell culture density and type of FCS used. The XYLT1 mRNA expression
decrease observed in both low- and high-cell-density-culture models is consistent with pre-
vious cross-tissue examinations of fibroblasts that highlighted shared fibroblast phenotypes
across a spectrum of inflammatory and fibrotic diseases [50,51]. The activated NF-kB in
fibroblasts stimulated with LPS was shown to induce Smad7 gene expression [27]. Since the
regulation of XYLT1 mRNA expression is mediated via the MAPK and Smad pathway in
NHDF [34], it can be assumed that LPS decreases the relative XYLT1 mRNA expression by
inducing the SMAD7 mRNA expression. This hypothesis is further strengthened by the fact
that in the presence of growth factors, SMAD7-targeting siRNA-transfected cells show a
more pronounced XYLT1 mRNA expression increase compared to NHDF transfected with
control siRNA [34]. In contrast to the LPS-mediated XYLT1 expression decrease, marginal or



Biomedicines 2022, 10, 1451 15 of 21

no changes of the relative XYLT2 mRNA expression were observed upon the LPS treatment
of NHDF. This difference in the XYLT1 and XYLT2 isoform expression was also observed
in cytokine-stimulated NHDF [5,34] and was assumed to be based on differences in the
transcriptional regulation of the corresponding promotor regions [52]. Future studies will
be necessary to evaluate the differences in XYLT1 and XYLT2 expression mediated by LPS
and analyze the involvement of the XYLT2 isoform in immunoregulatory processes.

Articular cartilage damage is a key event leading to joint deformity in rheumatoid
arthritis, osteoarthritis, and septic arthritis. The expression of GAG-initiating key enzyme
XT-I was found to be downregulated in human osteoarthritis and diminished by an amino-
terminal fibronectin fragment, a damage-associated molecular pattern, in chondrocytes [23].
In agreement with previous reports, our data showed that inflammatory LPS stimulation
reduced the relative XYLT1 mRNA expression of NHDF. Interestingly, the decrease in
XYLT1 mRNA expression observed in this study at 24 h post LPS treatment was not
visible on the enzyme activity level at 24 or 48 h. Since previous studies have shown
that an increase in cellular XT-I activity results from a former time-dependent change
in the XYLT1 mRNA expression of NHDF [34], these results provide a strong argument
for the existence of regulatory and kinetic differences between XT-I synthesis and XT-I
turnover. This assumption is further strengthened by our finding that the ATP treatment of
NHDF did not change the relative XYLT1 expression of NHDF significantly but reduced
the intracellular XT-I activity significantly at 24 h compared to untreated cells. Whether
the relative reduction in intracellular XT-I activity results from the increased shedding and
secretion of the XT-I into the extracellular space was not clarified in this study. Previous
studies have shown the inhibitory potential of nucleotides on the in-silico measurement of
the XT activity [53]. Despite showing a decrease in extracellular XT-I activity by ATP in our
cell culture model, we assume a false negative result due to the presence of the ATP in the
cell culture supernatant. This limitation can be overcome in future investigations by using
a different experimental setup, such as including a medium change and further incubation
of the cells in ATP-free media for additional 48 h. In conclusion, these results provide
new evidence for mechanistic differences in inflammation-mediated XT-I suppression and
fibrotic XT-I induction in NHDF.

Despite the fact that CTSB has been shown to degrade collagens in fibroblasts [13], its
role in regulating XYLT1 mRNA expression by fibroblasts during chronic inflammation has
not been analyzed before. We found here, for the first time, by performing siRNA-mediated
gene knockdown experiments, that the two inflammasome components (CTSB and CASP1)
were negative regulators of the XYLT1 mRNA expression in NHDF. However, we were
unable to differentiate between solely CTSB- and CASP1-mediated effects on the XYLT1
expression of NHDF. Although siRNA-mediated CASP1 knockdown did not affect the
expression of CTSB, indicating CASP1 as a potent XYLT1 expression inhibitor, the siRNA-
mediated CTSB knockdown resulted in a simultaneous reduction of basal CASP1 expression.
These data indicate a critical role for CTSB in CASP1-mediated effects. This hypothesis is
supported by the finding that CTSB and CASP1 were colocalized and that treatment with a
CTSB inhibitor markedly inhibited CASP1 expression in mouse models of inflammatory
pain [54–56]. In summary, we have elucidated a novel mechanism for CTSB and CASP1
to alleviate the decreased XYLT1 expression in inflammatory conditions (Figure 9). Due
to the correlation of XYLT1 mRNA expression and XT-I enzyme activity increase shown
in numerous other studies using human dermal and cardiac fibroblasts [21,34,48], we
presume that the relative XYLT1 expression increase in CTSB and CASP1 knockdown
cells will result in higher cellular XT-I activities. This assumption is supported by a
previous study that showed the involvement of cysteine proteases in the secretion process
of XT-I. As the cysteine protease inhibitor cocktail used in the study mentioned previously
contained inhibitors with specificity for the cathepsins B, L and S, and for proteasomes
and papain [41], our investigation here pointed towards the role of CTSB in cellular XT-I
regulation. Future studies to verify these initial results should evaluate the enzyme activity
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of the knockdown cells and include the use of specific small molecule inhibitors targeting
inflammasome components.
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Figure 9. Inhibition of XYLT1 expression and XT-I activity by inflammatory stimuli. Exogenous
ATP reduced the intracellular XT-I activity of NHDF. LPS increased the mRNA expression of CTSB
and CASP1 while decreasing the expression of XYLT1. Performing siRNA-mediated knockdown
experiments, CTSB and CASP1 were identified as negative regulators of XYLT1 mRNA expression.

Identifying factors regulating the fibroblast phenotype in one disease may be repur-
posed to treat other diseases. Fibroblasts in PXE are characterized by the expression of
NF-κB downstream targets such as IL-6 and increased expression of genes directly associ-
ated with cholesterol biosynthesis [28]. Furthermore, a decreased XT activity was shown in
primary PXE fibroblasts compared to NHDF under low cell density culture conditions [57].
The XT activity was reported to decrease with the cartilage age in rats [58], while the
activity of CTSB increases significantly with age [59], and the involvement of this enzyme
in inflammation and cholesterol trafficking in macrophages has been demonstrated [33].
Therefore, we assume that the aberrant expression of inflammatory pathway components
might contribute to the characteristics of PXE fibroblasts described above. Consistent
with this hypothesis, we found LPS to induce a more pronounced inflammatory response,
indicated by a higher increase in the relative expression of inflammatory genes, including
CTSB, CASP1, IL1B and IL8, in PXE fibroblasts compared to NHDF. Based on the data
from this study, we present new evidence that PXE involves an aberrant gene expres-
sion of inflammatory pathway components in fibroblasts. Using the XYLT1 expression
as a marker for inflammatory pathway involvement in primary fibroblasts, we found a
slight but not significant basal XYLT1 expression decrease in PXE fibroblasts compared to
NHDF. It is noteworthy that PXE fibroblasts possessed a significantly higher basal CTSB
mRNA expression than NHDF, which correlates reciprocally with the reduced basal XYLT1
mRNA expression. This finding resembles those of previous works showing lower XT
activity in PXE fibroblasts or aberrant gene expressions in PXE that are associated with
the inflammatory IL-1β pathway [29,57]. We conclude that the decreased XYLT1 mRNA
expression can be utilized as a predictive tool for the involvement of inflammatory re-
sponses within primary fibroblasts, independently of the cell density and culture medium
supplementation used.
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Manipulating inflammatory signaling in fibroblasts may lead to novel treatment
strategies for inflammatory diseases. Therefore, future studies should address the XT-I and
CTSB enzyme activity as potential treatment approaches in the context of inflammatory
diseases such as PXE.
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Figure A1. Effect of LPS on the relative IL8, CTSB and CASP1 mRNA expression of primary fibroblasts
cultured under high-density culture conditions for 24 h. The NHDF (n = 3) were cultured at a cell
density of 177 cells/mm2 in DMEM with 10% (v/v) FCS for 24 h. Treatment was performed with
either 0 µg/mL LPS (black), 0.1 µg/mL LPS (orange) or 1.0 µg/mL LPS (grey) for 24 h. The relative
expression of (A) IL8, (B) CTSB and (C) CASP1 was analyzed by qRT-PCR. All data are presented as
means ± SEM of biological and technical triplicates per donor-derived cell culture. Statistical analysis
was performed by Mann–Whitney U test: * p < 0.1, ** p < 0.01 and **** p < 0.0001.
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Figure A2. The relative IL8, CTSB and CASP1 mRNA expression of primary fibroblasts after LPS
and ATP treatment for 24 h. The NHDF (n = 3) were cultured at a cell density of 177 cells/mm2 in
DMEM with 10% (v/v) FCS for 24 h. Cells were treated with either 0.1 µg/mL LPS (orange), 5 mM
ATP (blue) or both 0.1 µg/mL LPS, and 5 mM ATP (red), for 24 h. The relative expression of (A) IL8,
(B) CTSB and (C) CASP1 was analyzed by qRT-PCR. All data are presented as means ± SEM of
biological and technical triplicates per donor-derived cell culture. Statistical analysis was performed
by Mann–Whitney U test: ns (not significant), * p < 0.05, *** p < 0.001.
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Figure A3. Effect of LPS on the relative XYLT1, XYLT2 and IL1B mRNA expression of primary
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cultured at a cell density of 177 cells/mm2 in DMEM with 10% (v/v) LPDS for 24 h. Treatment was
performed with either 0 µg/mL LPS (black), 0.1 µg/mL LPS (orange) or 1.0 µg/mL LPS (grey) for
24 h. The relative expression of (A) XYLT1, (B) XYLT2 and (C) IL1B was analyzed by qRT-PCR. All
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*** p < 0.001 and **** p < 0.0001, when compared to the control treatment.

References
1. Mack, M. Inflammation and fibrosis. Matrix Biol. 2018, 68–69, 106–121. [CrossRef] [PubMed]
2. Bautista-Hernández, L.A.; Gómez-Olivares, J.L.; Buentello-Volante, B.; Bautista-de Lucio, V.M. Fibroblasts: The unknown sentinels

eliciting immune responses against microorganisms. Eur. J. Microbiol. Immunol. 2017, 7, 151–157. [CrossRef] [PubMed]
3. Basso, F.G.; Soares, D.G.; Pansani, T.N.; Turrioni, A.P.S.; Scheffel, D.L.; de Souza Costa, C.A.; Hebling, J. Effect of LPS treatment on

the viability and chemokine synthesis by epithelial cells and gingival fibroblasts. Arch. Oral Biol. 2015, 60, 1117–1121. [CrossRef]
[PubMed]

4. Gvirtz, R.; Ogen-Shtern, N.; Cohen, G. Kinetic cytokine secretion profile of LPS-induced inflammation in the human skin organ
culture. Pharmaceutics 2020, 12, 299. [CrossRef] [PubMed]

http://doi.org/10.1016/j.matbio.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29196207
http://doi.org/10.1556/1886.2017.00009
http://www.ncbi.nlm.nih.gov/pubmed/29034104
http://doi.org/10.1016/j.archoralbio.2015.04.010
http://www.ncbi.nlm.nih.gov/pubmed/26042620
http://doi.org/10.3390/pharmaceutics12040299
http://www.ncbi.nlm.nih.gov/pubmed/32218380


Biomedicines 2022, 10, 1451 19 of 21

5. Ly, T.-D.; Kleine, A.; Plümers, R.; Fischer, B.; Schmidt, V.; Hendig, D. Cytokine-mediated induction of human xylosyltransferase-I
in systemic sclerosis skin fibroblasts. Biochem. Biophys. Res. Commun. 2021, 549, 34–39. [CrossRef]

6. Sp, N.; Kang, D.Y.; Kim, H.D.; Rugamba, A.; Jo, E.S.; Park, J.-C.; Bae, S.W.; Lee, J.-M.; Jang, K.-J. Natural sulfurs inhibit LPS-induced
inflammatory responses through NF-KB signaling in CCD-986Sk skin fibroblasts. Life 2021, 11, 427. [CrossRef]

7. Zhang, A.; Wang, P.; Ma, X.; Yin, X.; Li, J.; Wang, H.; Jiang, W.; Jia, Q.; Ni, L. Mechanisms that lead to the regulation of NLRP3
inflammasome expression and activation in human dental pulp fibroblasts. Mol. Immunol. 2015, 66, 253–262. [CrossRef] [PubMed]

8. Kelly, P.; Meade, K.G.; O’Farrelly, C. Non-canonical inflammasome-mediated IL-1β production by primary endometrial epithelial
and stromal fibroblast cells is NLRP3 and caspase-4 dependent. Front. Immunol. 2019, 10, 102. [CrossRef]

9. Shalhoub, J.; Falck-Hansen, M.A.; Davies, A.H.; Monaco, C. Innate immunity and monocyte-macrophage activation in atheroscle-
rosis. J. Inflamm. 2011, 8, 9. [CrossRef] [PubMed]

10. Roebuck, K.A. Regulation of interleukin-8 gene expression. J. Interferon Cytokine Res. 1999, 19, 429–438. [CrossRef] [PubMed]
11. Vidak, E.; Javoršek, U.; Vizovišek, M.; Turk, B. Cysteine cathepsins and their extracellular roles: Shaping the microenvironment.

Cells 2019, 8, 264. [CrossRef]
12. Mizunoe, Y.; Kobayashi, M.; Hoshino, S.; Tagawa, R.; Itagawa, R.; Hoshino, A.; Okita, N.; Sudo, Y.; Nakagawa, Y.; Shimano, H.;

et al. Cathepsin B overexpression induces degradation of perilipin 1 to cause lipid metabolism dysfunction in adipocytes. Sci.
Rep. 2020, 10, 634. [CrossRef]

13. Li, X.; Wu, Z.; Ni, J.; Liu, Y.; Meng, J.; Yu, W.; Nakanishi, H.; Zhou, Y. Cathepsin B regulates collagen expression by fibroblasts via
prolonging TLR2/NF- κ B activation. Oxid. Med. Cell. Longev. 2016, 2016, 7894247. [CrossRef] [PubMed]

14. Mort, J.S.; Magny, M.-C.; Lee, E.R. Cathepsin B: An alternative protease for the generation of an aggrecan ‘metalloproteinase’
cleavage neoepitope. Biochem. J. 1998, 335, 491–494. [CrossRef] [PubMed]

15. Bien, S.; Ritter, C.A.; Gratz, M.; Sperker, B.; Sonnemann, J.; Beck, J.F.; Kroemer, H.K. Nuclear factor-KB mediates up-regulation of
cathepsin B by doxorubicin in tumor cells. Mol. Pharmacol. 2004, 65, 1092–1102. [CrossRef]

16. De Mingo, Á.; de Gregorio, E.; Moles, A.; Tarrats, N.; Tutusaus, A.; Colell, A.; Fernandez-Checa, J.C.; Morales, A.; Marí, M.
Cysteine cathepsins control hepatic NF-KB-dependent inflammation via sirtuin-1 regulation. Cell Death Dis. 2016, 7, e2464.
[CrossRef] [PubMed]

17. Bruchard, M.; Mignot, G.; Derangère, V.; Chalmin, F.; Chevriaux, A.; Végran, F.; Boireau, W.; Simon, B.; Ryffel, B.; Connat, J.L.;
et al. Chemotherapy-triggered cathepsin B release in myeloid-derived suppressor cells activates the Nlrp3 inflammasome and
promotes tumor growth. Nat. Med. 2013, 19, 57–64. [CrossRef]

18. Hashimoto, Y.; Kakegawa, H.; Narita, Y.; Hachiya, Y.; Hayakawa, T.; Kos, J.; Turk, V.; Katunuma, N. Significance of cathepsin B
accumulation in synovial fluid of rheumatoid arthritis. Biochem. Biophys. Res. Commun. 2001, 283, 334–339. [CrossRef]

19. Götting, C.; Kuhn, J.; Kleesiek, K. Human xylosyltransferases in health and disease. Cell. Mol. Life Sci. 2007, 64, 1498–1517.
[CrossRef]

20. Koslowski, R.; Pfeil, U.; Fehrenbach, H.; Kasper, M.; Skutelsky, E.; Wenzel, K.-W. Changes in xylosyltransferase activity and in
proteoglycan deposition in bleomycin-induced lung injury in rat. Eur. Respir. J. 2001, 18, 347–356. [CrossRef]

21. Faust, I.; Roch, C.; Kuhn, J.; Prante, C.; Knabbe, C.; Hendig, D. Human xylosyltransferase-I—A new marker for myofibroblast
differentiation in skin fibrosis. Biochem. Biophys. Res. Commun. 2013, 436, 449–454. [CrossRef] [PubMed]

22. Götting, C.; Kuhn, J.; Sollberg, S.; Huerkamp, C.; Brinkmann, T.; Krieg, T.; Kleesiek, K. Elevated serum xylosyltransferase activity
correlates with a high level of hyaluronate in patients with systemic sclerosis. Acta Derm. Venereol. 2000, 80, 60–61. [CrossRef]
[PubMed]

23. Hwang, H.S.; Lee, M.H.; Kim, H.A. Fibronectin fragment inhibits xylosyltransferase-1 expression by regulating Sp1/Sp3-
dependent transcription in articular chondrocytes. Osteoarthr. Cartil. 2019, 27, 833–843. [CrossRef]

24. Robert, S.; Gicquel, T.; Victoni, T.; Valença, S.; Barreto, E.; Bailly-Maître, B.; Boichot, E.; Lagente, V. Involvement of matrix
metalloproteinases (MMPs) and inflammasome pathway in molecular mechanisms of fibrosis. Biosci. Rep. 2016, 36, e00360.
[CrossRef] [PubMed]

25. Artlett, C.M. Inflammasomes in wound healing and fibrosis: Inflammasomes in wound healing and fibrosis. J. Pathol. 2013,
229, 157–167. [CrossRef]

26. Yang, H.-Z.; Wang, J.-P.; Mi, S.; Liu, H.-Z.; Cui, B.; Yan, H.-M.; Yan, J.; Li, Z.; Liu, H.; Hua, F.; et al. TLR4 activity is required in
the resolution of pulmonary inflammation and fibrosis after acute and chronic lung injury. Am. J. Pathol. 2012, 180, 275–292.
[CrossRef]

27. Bitzer, M.; von Gersdorf, G.; Liang, D.; Dominguez-Rosales, A.; Beg, A.A.; Rojkind, M.; Böttinger, E.P. A mechanism of suppression
of TGF–beta/SMAD signaling by NF-kappa B/RelA. Genes Dev. 2000, 14, 187–197. [CrossRef]

28. Tiemann, J.; Lindenkamp, C.; Plümers, R.; Faust, I.; Knabbe, C.; Hendig, D. Statins as a therapeutic approach for the treatment of
pseudoxanthoma elasticum patients: Evaluation of the spectrum efficacy of atorvastatin in vitro. Cells 2021, 10, 442. [CrossRef]

29. De Vilder, E.Y.G.; Martin, L.; Lefthériotis, G.; Coucke, P.; Van Nieuwerburgh, F.; Vanakker, O.M. Rare modifier variants alter the
severity of cardiovascular disease in pseudoxanthoma elasticum: Identification of novel candidate modifier genes and disease
pathways through mixture of effects analysis. Front. Cell Dev. Biol. 2021, 9, 612581. [CrossRef]

30. González-Dominguez, A.; Montañez, R.; Castejón-Vega, B.; Nuñez-Vasco, J.; Lendines-Cordero, D.; Wang, C.; Mbalaviele, G.;
Navarro-Pando, J.M.; Alcocer-Gómez, E.; Cordero, M.D. Inhibition of the NLRP3 inflammasome improves lifespan in animal
murine model of Hutchinson–Gilford progeria. EMBO Mol. Med. 2021, 13, e14012. [CrossRef]

http://doi.org/10.1016/j.bbrc.2021.02.092
http://doi.org/10.3390/life11050427
http://doi.org/10.1016/j.molimm.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25863775
http://doi.org/10.3389/fimmu.2019.00102
http://doi.org/10.1186/1476-9255-8-9
http://www.ncbi.nlm.nih.gov/pubmed/21526997
http://doi.org/10.1089/107999099313866
http://www.ncbi.nlm.nih.gov/pubmed/10386854
http://doi.org/10.3390/cells8030264
http://doi.org/10.1038/s41598-020-57428-6
http://doi.org/10.1155/2016/7894247
http://www.ncbi.nlm.nih.gov/pubmed/27648120
http://doi.org/10.1042/bj3350491
http://www.ncbi.nlm.nih.gov/pubmed/9794785
http://doi.org/10.1124/mol.65.5.1092
http://doi.org/10.1038/cddis.2016.368
http://www.ncbi.nlm.nih.gov/pubmed/27831566
http://doi.org/10.1038/nm.2999
http://doi.org/10.1006/bbrc.2001.4787
http://doi.org/10.1007/s00018-007-7069-z
http://doi.org/10.1183/09031936.01.00085601
http://doi.org/10.1016/j.bbrc.2013.05.125
http://www.ncbi.nlm.nih.gov/pubmed/23747722
http://doi.org/10.1080/000155500750012612
http://www.ncbi.nlm.nih.gov/pubmed/10721843
http://doi.org/10.1016/j.joca.2019.01.006
http://doi.org/10.1042/BSR20160107
http://www.ncbi.nlm.nih.gov/pubmed/27247426
http://doi.org/10.1002/path.4116
http://doi.org/10.1016/j.ajpath.2011.09.019
http://doi.org/10.1101/gad.14.2.187
http://doi.org/10.3390/cells10020442
http://doi.org/10.3389/fcell.2021.612581
http://doi.org/10.15252/emmm.202114012


Biomedicines 2022, 10, 1451 20 of 21

31. Sene, A.; Khan, A.A.; Cox, D.; Nakamura, R.E.I.; Santeford, A.; Kim, B.M.; Sidhu, R.; Onken, M.D.; Harbour, J.W.; Hagbi-Levi,
S.; et al. Impaired cholesterol efflux in senescent macrophages promotes age-related macular degeneration. Cell Metab. 2013,
17, 549–561. [CrossRef] [PubMed]

32. Brampton, C.; Pomozi, V.; Chen, L.-H.; Apana, A.; McCurdy, S.; Zoll, J.; Boisvert, W.A.; Lambert, G.; Henrion, D.; Blanchard, S.;
et al. ABCC6 deficiency promotes dyslipidemia and atherosclerosis. Sci. Rep. 2021, 11, 3881. [CrossRef] [PubMed]

33. Hannaford, J.; Guo, H.; Chen, X. Involvement of cathepsins B and L in inflammation and cholesterol trafficking protein NPC2
secretion in macrophages: Cathepsin activity influences TNF-α and NPC2. Obesity 2013, 21, 1586–1595. [CrossRef] [PubMed]

34. Ly, T.-D.; Plümers, R.; Fischer, B.; Schmidt, V.; Hendig, D.; Kuhn, J.; Knabbe, C.; Faust, I. Activin A-mediated regulation of XT-I in
human skin fibroblasts. Biomolecules 2020, 10, 609. [CrossRef] [PubMed]

35. Smith, P.K.; Krohn, R.I.; Hermanson, G.T.; Mallia, A.K.; Gartner, F.H.; Provenzano, M.D.; Fujimoto, E.K.; Goeke, N.M.; Olson, B.J.;
Klenk, D.C. Measurement of protein using bicinchoninic acid. Anal. Biochem. 1985, 150, 76–85. [CrossRef]

36. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]
37. Tardif, F.; Ross, G.; Rouabhia, M. Gingival and dermal fibroblasts produce interleukin-1b converting enzyme and interleukin-1b

but not interleukin-18 even after stimulation with lipopolysaccharide. J. Cell. Physiol. 2004, 198, 125–132. [CrossRef]
38. Eleftheriadis, T.; Liakopoulos, V.; Lawson, B.; Antoniadi, G.; Stefanidis, I.; Galaktidou, G. Lipopolysaccharide and hypoxia

significantly alters interleukin-8 and macrophage chemoattractant protein-1 production by human fibroblasts but not fibrosis
related factors. Hippokratia 2011, 15, 238–243.

39. Tang, X.; Liu, J.; Dong, W.; Li, P.; Li, L.; Hou, J.; Zheng, Y.; Lin, C.; Ren, J. Protective effect of kaempferol on LPS plus ATP-induced
inflammatory response in cardiac fibroblasts. Inflammation 2015, 38, 94–101. [CrossRef]

40. Yang, H.; Hu, C.; Li, F.; Liang, L.; Liu, L. Effect of lipopolysaccharide on the biological characteristics of human skin fibroblasts
and hypertrophic scar tissue formation. IUBMB Life 2013, 65, 526–532. [CrossRef]

41. Pönighaus, C.; Kuhn, J.; Kleesiek, K.; Götting, C. Involvement of a cysteine protease in the secretion process of Human
xylosyltransferase I. Glycoconj. J. 2010, 27, 359–366. [CrossRef] [PubMed]

42. Solini, A.; Chiozzi, P.; Morelli, A.; Adinolfi, E.; Rizzo, R.; Baricordi, O.R.; Di Virgilio, F. Enhanced P2X7 activity in human
fibroblasts from diabetic patients: A possible pathogenetic mechanism for vascular damage in diabetes. Arterioscler. Thromb. Vasc.
Biol. 2004, 24, 1240–1245. [CrossRef] [PubMed]

43. Shi, H.; Guo, Y.; Liu, Y.; Shi, B.; Guo, X.; Jin, L.; Yan, S. The in vitro effect of lipopolysaccharide on proliferation, inflammatory
factors and antioxidant enzyme activity in bovine mammary epithelial cells. Anim. Nutr. 2016, 2, 99–104. [CrossRef]

44. Hosokawa, Y.; Hosokawa, I.; Ozaki, K.; Nakae, H.; Murakami, K.; Miyake, Y.; Matsuo, T. CXCL12 and CXCR4 expression by
human gingival fibroblasts in periodontal disease. Clin. Exp. Immunol. 2005, 141, 467–474. [CrossRef] [PubMed]

45. Kumagai, N.; Fukuda, K.; Fujitsu, Y.; Lu, Y.; Chikamoto, N.; Nishida, T. Lipopolysaccharide-induced expression of intercellular
adhesion molecule-1 and chemokines in cultured human corneal fibroblasts. Investig. Opthalmol. Vis. Sci. 2005, 46, 114–120.
[CrossRef] [PubMed]

46. Tong, B.; Wan, B.; Wei, Z.; Wang, T.; Zhao, P.; Dou, Y.; Lv, Z.; Xia, Y.; Dai, Y. Role of cathepsin B in regulating migration and
invasion of fibroblast-like synoviocytes into inflamed tissue from patients with rheumatoid arthritis. Clin. Exp. Immunol. 2014,
177, 586–597. [CrossRef] [PubMed]

47. Hentze, H.; Lin, X.Y.; Choi, M.S.K.; Porter, A.G. Critical role for cathepsin B in mediating caspase-1-dependent interleukin-18
maturation and caspase-1-independent necrosis triggered by the microbial toxin nigericin. Cell Death Differ. 2003, 10, 956–968.
[CrossRef] [PubMed]

48. Prante, C.; Milting, H.; Kassner, A.; Farr, M.; Ambrosius, M.; Schön, S.; Seidler, D.G.; Banayosy, A.E.; Körfer, R.; Kuhn, J.; et al.
Transforming growth factor B1-regulated xylosyltransferase I activity in human cardiac fibroblasts and its impact for myocardial
remodeling. J. Biol. Chem. 2007, 282, 26441–26449. [CrossRef] [PubMed]

49. Bernstein, A.; Reichert, S.N.A.; Südkamp, N.P.; Hernandez, S.L.; Nerlich, A.G.; Kühle, J.; Mayr, H.O. Expression of xylosyltrans-
ferases I and II and their role in the pathogenesis of arthrofibrosis. J. Orthop. Surg. 2020, 15, 27. [CrossRef]

50. Buechler, M.B.; Pradhan, R.N.; Krishnamurty, A.T.; Cox, C.; Calviello, A.K.; Wang, A.W.; Yang, Y.A.; Tam, L.; Caothien, R.;
Roose-Girma, M.; et al. Cross-tissue organization of the fibroblast lineage. Nature 2021, 593, 575–579. [CrossRef]

51. Korsunsky, I.; Wei, K.; Pohin, M.; Kim, E.Y.; Barone, F.; Kang, J.B.; Friedrich, M.; Turner, J.; Nayar, S.; Fisher, B.A.; et al. Cross-tissue,
single-cell stromal atlas identifies shared pathological fibroblast phenotypes in four chronic inflammatory diseases. Med 2022,
S2666–S6340. [CrossRef] [PubMed]

52. Müller, B.; Prante, C.; Kleesiek, K.; Götting, C. Identification and characterization of the human xylosyltransferase I gene promoter
region. J. Biol. Chem. 2009, 284, 30775–30782. [CrossRef] [PubMed]

53. Casanova, J.C.; Kuhn, J.; Kleesiek, K.; Götting, C. Heterologous expression and biochemical characterization of soluble human
xylosyltransferase II. Biochem. Biophys. Res. Commun. 2008, 365, 678–684. [CrossRef] [PubMed]

54. Terada, K.; Yamada, J.; Hayashi, Y.; Wu, Z.; Uchiyama, Y.; Peters, C.; Nakanishi, H. Involvement of cathepsin B in the processing
and secretion of interleukin-1β in chromogranin A-atimulated microglia. Glia 2010, 58, 114–124. [CrossRef] [PubMed]

55. Sun, L.; Wu, Z.; Hayashi, Y.; Peters, C.; Tsuda, M.; Inoue, K.; Nakanishi, H. Microglial cathepsin B contributes to the initiation of
peripheral inflammation-induced chronic pain. J. Neurosci. 2012, 32, 11330–11342. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cmet.2013.03.009
http://www.ncbi.nlm.nih.gov/pubmed/23562078
http://doi.org/10.1038/s41598-021-82966-y
http://www.ncbi.nlm.nih.gov/pubmed/33594095
http://doi.org/10.1002/oby.20136
http://www.ncbi.nlm.nih.gov/pubmed/23666609
http://doi.org/10.3390/biom10040609
http://www.ncbi.nlm.nih.gov/pubmed/32295230
http://doi.org/10.1016/0003-2697(85)90442-7
http://doi.org/10.1093/nar/29.9.e45
http://doi.org/10.1002/jcp.10400
http://doi.org/10.1007/s10753-014-0011-2
http://doi.org/10.1002/iub.1159
http://doi.org/10.1007/s10719-010-9283-4
http://www.ncbi.nlm.nih.gov/pubmed/20198421
http://doi.org/10.1161/01.ATV.0000133193.11078.c0
http://www.ncbi.nlm.nih.gov/pubmed/15155383
http://doi.org/10.1016/j.aninu.2016.03.005
http://doi.org/10.1111/j.1365-2249.2005.02852.x
http://www.ncbi.nlm.nih.gov/pubmed/16045736
http://doi.org/10.1167/iovs.04-0922
http://www.ncbi.nlm.nih.gov/pubmed/15623762
http://doi.org/10.1111/cei.12357
http://www.ncbi.nlm.nih.gov/pubmed/24749816
http://doi.org/10.1038/sj.cdd.4401264
http://www.ncbi.nlm.nih.gov/pubmed/12934070
http://doi.org/10.1074/jbc.M702299200
http://www.ncbi.nlm.nih.gov/pubmed/17635914
http://doi.org/10.1186/s13018-020-1544-8
http://doi.org/10.1038/s41586-021-03549-5
http://doi.org/10.1016/j.medj.2022.05.002
http://www.ncbi.nlm.nih.gov/pubmed/35649411
http://doi.org/10.1074/jbc.M109.016592
http://www.ncbi.nlm.nih.gov/pubmed/19762916
http://doi.org/10.1016/j.bbrc.2007.10.206
http://www.ncbi.nlm.nih.gov/pubmed/18023272
http://doi.org/10.1002/glia.20906
http://www.ncbi.nlm.nih.gov/pubmed/19544382
http://doi.org/10.1523/JNEUROSCI.0677-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22895716


Biomedicines 2022, 10, 1451 21 of 21

56. Wu, Z.; Sun, L.; Hashioka, S.; Yu, S.; Schwab, C.; Okada, R.; Hayashi, Y.; McGeer, P.L.; Nakanishi, H. Differential pathways
for interleukin-1β production activated by chromogranin A and amyloid β in microglia. Neurobiol. Aging 2013, 34, 2715–2725.
[CrossRef]

57. Faust, I.; Donhauser, E.; Fischer, B.; Ibold, B.; Kuhn, J.; Knabbe, C.; Hendig, D. Characterization of dermal myofibroblast
differentiation in pseudoxanthoma elasticum. Exp. Cell Res. 2017, 360, 153–162. [CrossRef]

58. Wolf, B.; Gressner, A.M.; Nevo, Z.; Greiling, H. Age-related decrease in the activity of UDP-xylose: Core protein xylosyltransferase
in rat costal cartilage. Mech. Ageing Dev. 1982, 19, 181–190. [CrossRef]
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