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Kazuhiko Seya?, Eiji Sasaki® and Yasuyuki Ishibashi®

‘Department of Orthopaedic Surgery, Hirosaki University Graduate School of Medicine, Hirosaki,
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Abstract

Rheumatoid fibroblast-like synoviocytes (RFLS) have an important role in the
infammatory pathogenesis of rheumatoid arthritis (RA). Toll-like receptor 3
(TLR3) is upregulated in RFLS; its activation leads to the production of
interferon-p (IFN-B), a type | IFN. IFN-stimulated gene 56 (ISG56) is induced by
IFN and is involved in innate immune responses; however, its role in RA remains
unknown. Therefore, the purpose of this study was to investigate the role of TLR3-
induced ISG56 in human RFLS. RFLS were treated with polyinosinic-polycytidylic
acid (poly I:C), which served as a TLR3 ligand. ISG56, melanoma differentiation-
associated gene 5 (MDAS), and C-X-C motif chemokine ligand 10 (CXCL10)
expression were measured using quantitative reverse transcription-polymerase
chain reaction, western blotting, and enzyme-linked immunosorbent assay. Using
immunohistochemistry, we found that ISG56 was expressed in synovial tissues of
patients with RA and osteoarthritis. Under poly I:C treatment, ISG56 was
upregulated in RFLS. In addition, we found that the type | IFN-neutralizing
antibody mixture suppressed ISG56 expression. ISG56 knockdown decreased
CXCL10 expression and MDA5 knockdown decreased ISG56 expression. In
addition, we found that ISG56 was strongly expressed in the synovial cells of
patients with RA. TLR3 signaling induced ISG56 expression in RFLS and type | IFN
was involved in ISG56 expression. ISG56 was also found to be associated with
CXCL10 expression, suggesting that ISG56 may be involved in TLR3/type | IFN/
CXCL10 axis, and play a role in RA synovial inflammation.

KEYWORDS

rheumatoid arthritis, ISG56, CXCL10, TLR3, synovitis
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Impact statement

In human mesangial cells, the interferon (IFN)-stimulated
gene 56 (ISG56) is induced by Toll-like receptor 3 (TLR3)
signaling and is involved in innate inflammatory responses.
The role of ISG56 in rheumatoid fibroblast-like synoviocytes
(RELS)
ISG56 expression in cultured human RFLS using the

remains unclear.  Therefore, we  evaluated
TLR3 agonist. Under poly I:C treatment, ISG56 expression
was upregulated in RFLS, and a type I IFN-neutralizing
antibody mixture suppressed ISG56 expression.
ISG56 knockdown decreased CXCL10 expression. ISG56 was
strongly expressed in the synovial cells of patients with RA.
TLR3 signaling induced ISG56 expression in RFLS and type I TFN
was involved in ISG56 expression. These findings suggest that
ISG56 is involved in the TLR3/type I IFN/CXCL10 axis, which
plays an important role in the inflammatory responses in RFLS.
Thus, ISG56 may be a potential target for the development of

novel RA treatments.

Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune
disease that causes chronic inflammation of synovial joints
as well as the cartilage and bones within the joint primarily.
Fibroblast-like synoviocytes (FLS) are important in the
pathogenesis of RA because FLS produce inflammatory
cytokines and proteases that contribute to cartilage
destruction [1]. Therefore, in recent years, RA therapies
have focused on FLS targeting [2, 3]. Toll-like receptors
(TLRs) are pattern recognition receptors (PRRs), present in
various cells and tissues [4], capable of recognizing pathogen-
associated molecular patterns (PAMPs; expressed by
microbes) and danger-associated molecular patterns
(DAMPs; expressed by dead or injured cells). TLR3 detects
double-stranded RNA (dsRNA) to activate innate immune
responses. In the joint fluid of RA patients, dsRNA levels are
elevated [5], suggesting that dsRNA functions as DAMPs in
RFLS. Activation of TLRs, including TLR3, in synoviocytes
aggravates arthritis [6]. Therefore, understanding the
contribution of TLR3 signaling in RFLS could provide a
basis for the development of new therapeutic interventions.
However, the molecular mechanisms underlying TLR3-
mediated inflammation in RFLS have not been fully
elucidated. The binding of dsRNA to TLR3 leads to the
production of a type I interferon (IFN), IFN-B. IFN-f is a
key cytokine in antiviral immunity. IFNs exert their biological
effects by inducing the expression of hundreds of IFN-
stimulated genes (ISGs). ISGs encode several chemokines
which are small molecular proteins that induce the
chemotactic activity of leukocytes, leading to pro-
inflammatory reactions. An ISG example is the C-X-C

Experimental Biology and Medicine
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motif chemokine ligand 10 (CXCL10). CXCL10 expression
is upregulated in serum and tissue of patients with RA [7].
Owing to its role in leukocyte homing to inflamed tissues and
the persistence of inflammation, CXCL10 upregulation may
contribute significantly to tissue damage. In addition to
CXCL10, other ISGs may contribute to rheumatoid
synovial inflammation. Melanoma differentiation-associated
gene 5 (MDAD5) is a type | IEN-induced ISG in melanoma cells
[8]. MDAS is a DExH group RNA helicase; it functions as an
ATPase and a signaling molecule that regulates inflammatory
responses [9]. Saruga et al. [10] showed that the TLR3/type |
IFN/CXCL10 axis plays an important role in the RFLS
inflammatory response. In addition, MDA5 may be
associated with this axis. Another ISG, ISG56 (official gene
symbol: interferon-induced protein with tetratricopeptide
repeat (IFIT) 1) is induced by dsRNA, type | IFN, and
viruses [11]. It is associated with the innate immune
response [12]. In addition, ISG56 is involved in immune
and inflammatory responses induced by TLR3 signaling in
human mesangial [9] and astrocytoma cells [13]. However, the
expression and role of ISG56 in RFLS remains unknown. We
hypothesized that ISG56 plays a role in rheumatoid synovitis
downstream of TLR3. Therefore, in the current study, we
aimed to investigate the expression and role of ISG56 in RFLS,
using the TLR3 agonist polyinosinic-polycytidylic acid (poly I:
C). In addition, we investigated the relationship between
ISG56 and the TLR3/type | IFN/CXCL10 axis. In addition,
we evaluated the expression of the ISG56 protein in the tissues
of patients with RA.

Materials and methods
Cell culture

Patient-derived human RFLS were purchased from the
Health Science Research Resource Bank (Sennan, Japan).
The cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and
treated with 0.4-50 ug/mL poly I:C (Sigma-Aldrich, St.
Louis, MO, United States). The cells were incubated for up
to 24 h at 37°C. For experiments performed with the anti-
human type I IFN-neutralizing antibody mixture (PBL Assay
Science, Piscataway, NJ, United States), the cells were
preincubated with the antibody mixture (1:25 dilution) for
1h and stimulated with 10 ug/mL poly I:C for 16h. For
RNA interference, RFLS were transfected with non-silencing
control small interfering RNA (siRNA) and siRNA against
ISG56 or MDA5 (Qiagen, Hilden, Germany) using the
Lipofectamine RNAIMAX reagent (ThermoFisher, Waltham,
MA, United States), according to the manufacturer’s
instructions. The transfected cells were incubated for 48 h at
37°C. Subsequently, the cells were treated with poly I:C. This
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FIGURE 1

Expression of TLR3 in cultured human rheumatoid fibroblast-like synoviocytes (RFLS) incubated with polyinosinic-polycytidylic acid (poly I:C)

(A) Cultured RFLS were treated with 10 pug/mL poly I:C for 8 h. After RNA extraction, cDNA was synthesized, and quantitative real-time PCR was
performed to amplify TLR3 and GAPDH cDNA.TLR3 mRNA expression was normalized to that of GAPDH. Data for TLR3 are shown as fold increase
relative to that of unstimulated cells. (B) Cells were treated with poly I:C and lysed after 16 h incubation. The lysates were subjected to western
blotting to determine TLR3 and actin protein expression. *p < 0.01, by Student’s t-test.
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FIGURE 2

Expression of ISG56 in cultured human RFLS incubated with poly I:C (A) RFLS were cultured and treated with 0.4—-50 ug/mL poly |:C. After 8 h of
incubation, RNA was extracted, cDNA was synthesized, and quantitative real-time PCR was performed to amplify ISG56 and GAPDH cDNA.
ISG56 mRNA expression was normalized to that of GAPDH. Data for ISG56 are shown as fold increase relative to that of unstimulated cells. (B) Cells
were treated with poly |:C and lysed 16 h post-incubation. The lysates were subjected to western blotting to determine ISG56 and actin protein
expression. (C,D) Time course of ISG56 mRNA and protein expression in RFLS incubated with poly I:C. The cells were treated with 30 pug/mL poly I:C
for up to 24 h, and RNA and protein were obtained. ISG56 mRNA and protein expression was measured using qRT-PCR (C) and western blotting (D),
respectively. Data in (A,C) represent the mean + standard deviation (n = 3). *p < 0.01, by Student's t-test.

study was approved by the Hirosaki University Graduate School ISG56 sense strand; 5'-GGCUGUCCGCUUAAAUCCATT-3',
of Medicine Ethics Committee (2018-1117) [10]. The sequences ISG56 antisense strand; 5'-UGGAUUUAAGCGGACAGC
of siRNAs are as follows. CTG-3/,
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FIGURE 3

Expression of ISG56 under treatment with a neutralizing type

I IFN antibody mixture in RFLS incubated with poly I:C Cells were
preincubated with human type | IFN-neutralizing antibody mixture
(1:25 dilution) for 1 h and further treated with 30 pg/mL poly I:

C for 16 h. (A) RNA was extracted and qRT-PCR was performed. (B)
Cells were lysed and ISG56 and actin protein expression were
determined using western blotting. Data in (A) represent the
mean + standard deviation (n = 3). *p < 0.01, by Student’s t-test.

MDAS5 strand; 5-GGUGUAAGAGAGCUACUA
ATT-3/, and MDAS5 antisense strand; 5'-UUAGUAGCUCUC
UUACACCTG-3.

sense

Quantitative reverse transcription-
polymerase chain reaction (QRT-PCR)

Total RNA was extracted from incubated cells and purified
using the illustraRNA spin kit (GE healthcare, Buckinghamshire,

Experimental Biology and Medicine
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England). Using the purified RNA product as the template and
the oligo(dT);s primer and Moloney Murine Leukemia Virus
reverse transcriptase (ThermoFisher), single-stranded cDNA was
synthesized. The following primers were used for cDNA
amplification:
TLR3-F: 5'- CTCAGAAGATTACCAGCCGCC -3/,
TLR3-R: 5'- CCATTATGAGACAGATCTAATG -3/,
ISG56-F: 5'-TAGCCAACATGTCCTCACAGAC-3/,
ISG56-R: 5'-TCTTCTACCACTGGTTTC-A-T-GC-3/,
CXCL10-F: 5'-TTCAAGGAGTACCTCTCTCTAG-3’,
CXCL10-R: 5'-CTGGATTCAGAC-A-T-CTCTTCTC-3',
MDA5-F: 5'-GTTGAAAAGGCTGGCTGAAAAC-3’
MDAS5-R: 5'-TCGATAACTCCTGAACCACTG-3'
GAPDH-F: 5'-GCACCGTCAAGGCTGAGAAC-3/,
GAPDH-R: 5'-ATGGTGGTGAAGACGCCAGT-3'.
To quantify ISG56, CXCL10, and MDA5 mRNA expression,
a real-time PCR system was utilized with the SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA,
United States). GAPDH was used as an internal control.
ISG56 and MDA5 expression were each represented as a fold
change relative to that in untreated cells. CXCL10 expression was
below the CXCLI10 expression detection limit in untreated cells;
therefore, the data was expressed in arbitrary units.

Western blotting

Cultured cells were washed and lysed in Laemmli sample
buffer. Cell lysates were subjected to electrophoretic separation
using polyacrylamide gel electrophoresis. Then, the proteins were
transferred to polyvinylidene The
were blocked and incubated, with rabbit
antibodies against TLR3 (Cell Signaling Technology, Danvers,
MA, United States; 1:1000 dilution), IFIT1/ISG56 (Genetex,
Irvine, CA, United States; 1:2500 dilution), MDA5 (Immuno-
Biological Laboratories, Gunma, Japan; 1:2000 dilution), or actin
(Sigma-Aldrich; 1:5,000 dilution), overnight at 4°C. ISG56 and
actin protein signals were obtained using a horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG gout antibody
(Medical and Biological Laboratories,

fluoride membranes.

membranes

Tokyo, Japan; I:
10,000 dilution) and an HRP chemiluminescent substrate. The
bands of western blotting were quantified with Image] (National

Institute of Health, United States).

Enzyme-linked immunosorbent
assay (ELISA)

The cell culture medium was collected and centrifuged. The
CXCL10 protein concentration, in the supernatant, was
determined using a sandwich ELISA kit (R&D systems,
Minneapolis, MN, United States).

Published by Frontiers
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Expression of CXCL10 and MDAS in poly IC-treated RFLS under the introduction of small interfering RNA (siRNA) against ISG56 Cells were
transfected with siRNA against ISG56 and incubated for 48 h. Next, cells were treated with 30 pg/mL poly I:C for another 16 h. RNA was extracted
and qRT-PCR was performed to determine CXCL10 (A), MDA5 (B), and ISG56 (C) mRNA expression. (D) The medium was collected and subjected to
CXCL10 ELISA. Data from (A—D) represent the mean + standard deviation (n = 3). *p < 0.01 by Student's t-test. NS, not significant by

Student's t-test.

Statistics

Differences between groups were analyzed using the
Student’s t-tests. Data inputs and analyses were performed
using SPSS  version 29.0 (SPSS 1L,
United  States).  Statistical  significance set
at p-value < 0.05.

Inc., Chicago,

was

Immunohistochemical analysis

To determine ISG56 expression in human rheumatoid
synovial tissue, we obtained knee synovial tissues from four
RA and four osteoarthritis (OA) patients who had undergone
total knee arthroplasty. Synovial tissues from patients with knee
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OA were used as controls. The obtained tissue samples were
fixed in formalin, paraffin-embedded, and sliced into 3 um
thick sections. Sections were probed with rabbit anti-ISG56/
IFIT1 polyclonal antibody (1:50, GTX31570, GeneTex) and
incubated with biotinylated anti-rabbit IgG antibody and
HRP-conjugated The ISG56 protein was
detected using 3,3'-Diaminobenzidine, and the protein

intensity was measured by a pathologist with more than
20 years of experience.

streptavidin.

The study was performed in accordance with the
1964 Declaration of Helsinki and its later amendments or
comparable ethical standards. Approval was obtained from the
ethics committee of Hirosaki University Graduate School of
Medicine (2018-1117). Written
obtained from all the participants.

informed consent was
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Expression of ISG56 under treatment with siRNA against MDAS in RFLS Cells were transfected with siRNA against MDA5 and incubated for 48 h.
Next, cells were treated with 30 pug/mL poly I:C for 16 h. RNA was extracted and gRT-PCR was performed to determine ISG56 (A) and MDAS5 (C)
MRNA expression. (B) Cells were lysed; ISG56, MDA5 and actin protein expression were measured using western blotting. Data from (A,C) represent

the mean + standard deviation (n = 3). *p < 0.01, by Student's t-test.

Results
TLR3 was expressed in RFLS

In cultured RFLS, TLR3 mRNA and protein were expressed
and the expression were increased by treatment with poly I:C
(Figures 1A, B).

Poly I:C induces the expression of ISG56 in
cultured RFLS

In unstimulated RFLS, ISG56 expression was weak and the
protein was undetectable (Figures 2A, B). In RFLS stimulated
with low poly I:C concentrations (0.4 and 2ug/mL),
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ISG56 mRNA was not upregulated. However, higher poly I:
C concentrations (10 and 50 pg/mL) induced ISG56 mRNA
(Figure 2A) and protein (Figure 2B) expression in RFLS.
ISG56 mRNA and protein expression increased-8-24h
and, 16-24h after poly IC
(Figures 2C, D).

treatment, respectively

Type | IFN is implicated in the expression
of ISG56 under poly I:C treatment

Pretreatment of cells with a neutralizing anti-type I IFN
antibody mixture almost completely reduced the poly I.C-
mediated induction of ISG56 mRNA (Figure 3A)
protein (Figure 3B).

and
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A  Control (osteoarthritis) group

FIGURE 6

Immunohistochemical analysis for ISG56 in knee synovial tissue from osteoarthritis and rheumatoid arthritis patients Synovial tissue was collected from
patients that underwent total knee arthroplasty. This included patients with osteoarthritis (OA) [cases 1-4, n = 4, (A)] and rheumatoid arthritis (RA) [cases 5-8, n =
4, (B)]. ISG56 expression was examined by immunohistochemistry. The immunoreactivity of ISG56 was stronger in RA synovial cells than in OA synovial cells.

ISG56 positively regulates the expression
of CXCL10 under poly I:C treatment

Transfection of cells, under poly L:C treatment, with siRNA
against ISG56 significantly reduced CXCL10 mRNA (Figure 4A)
and protein (Figure 4D) expression. In ISG56 knockdown cells poly I:
C did not significantly induce MDA5 mRNA expression (Figure 4B).
ISG56 knockdown was confirmed using qRT-PCR (Figure 4C).

MDAS positively mediates the expression
of ISG56 under poly I:C treatment

SiRNA against MDA5 reduced the poly I:C-induced
ISG56 mRNA (Figure 5A) and protein (Figure 5B) expression.
MDAS5 knockdown was confirmed using qRT-PCR and western
blotting (Figures 5B, C).
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ISG56 expression is upregulated in RA
synovial cells

The immunohistochemistry results are shown in Figure 6. In
the tissues of patients with OA, ISG56 immunoreactivity was
positive in plasma cells, but negligible in synovial cells (case 1-4).
In contrast, intense ISG56 immunoreactivity was observed in
both the plasma and synovial cells of patients with RA (case 5-8).

Discussion

Multiple genetic and environmental factors are associated
with the development of RA. Upon RA onset, innate and adaptive
result, a
and proinflammatory molecules

immunity are activated; as a variety of

immunoregulatory are
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Predicted role of ISG56 expression via TLR3 in RFLS

TLR3 activation by poly I:C induces the expression of CXCL10 in
RFLS. CXCL10 induction is positively regulated by ISG56, and
ISG56 expression is upregulated by type | IFN and positively
regulated by MDA5. CXCL10 induces lymphocyte chemotaxis
followed by synovial inflammation. Thus, ISG56 may be involved in
rheumatoid synovial inflammation, at least in part, by enhancing
TLR3-mediated CXCL10 expression.

expressed [14]. FLS are an important cell type in RA pathogenesis
[15]; therefore, elucidating the role of FLS in the pathogenesis of
RA may provide important insights for developing new RA
therapies. In this study, we evaluated the expression of ISG56,
an IFN-inducible molecule involved in innate immunity, in
cultured human RFLS. Here, we report that the treatment of
RFLS with poly I:C, a TLR3 agonist, induced ISG56 expression.
In addition, we showed that the neutralizing type I IFN antibody
mixture inhibited poly IC-induced ISG56 expression, indicating
that ISG56 may be induced in type I IFN-dependent manner. The
involvement of TLR3 signaling in the pathogenesis of RA has
been previously reported [16]; however, this is the first study that
highlights the role of ISG56 in RFLS.

ISG56 is a member of the IFIT RNA-binding protein family.
IFIT proteins function as anti-viral molecules via multiple
mechanisms, such as inhibiting the translation of non-self
RNA, during viral infection [17]. In addition to their antiviral
functions, IFIT proteins are also associated with inflammation.
ISG56 is associated with autoimmune diseases, such as systemic
lupus erythematosus [18] and lupus nephritis [19, 20]. Therefore,
the results of the present study strongly suggests that ISG56 is
associated with RA pathogenesis.

Cytokines produced by FLS bind to their receptors, activate
signaling cascades, and mediate inflammatory responses,
leading to synovitis, cartilage, and bone destruction [I, 21].
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Chemokines induce leukocyte chemotaxis; and chemokines as
well as chemokine receptors play a pathogenic role in RA [22].
CXCL10, a chemokine, contributes to the pathogenesis of
autoimmune diseases [23]. CXCL10 expression is higher in
the synovial fluid and serum of patients with RA [7, 24]. In
patients with RA, CXCL10 upregulates the receptor activator of
nuclear factor-B ligand (RANKL), which is involved in bone
destruction [25]. In addition, a human phase II clinical trial

showed that an anti-CXCLI0O monoclonal antibody
significantly ~ improved the  American  College  of
Rheumatology 20% improvement criteria [26]. These

findings suggest that CXCL10 plays an important role in the
pathogenesis of RA and that it is important to clarify the
mechanisms underlying the role of CXCL10 in RFLS. In
RFLS treated with poly I:C, CXCL10 is produced via the
TLR3/type I IFN/CXCL10 axis; a reaction that also involves
MDAS5 (another ISG) [10]. In this study, we found that
ISG56 knockdown decreases the expression of CXCL10, but
not MDAS5. In addition, we found that MDA5 knockdown
decreases ISG56 expression. These results suggest that
ISG56 may  be involved in = MDA5-mediated
CXCL10 expression in RFLS and CXCL10-mediated synovial
inflammation in rheumatic joints. Although the precise
molecular mechanisms are not yet clear, the study results
indicate that a complex network of ISGs may be involved in
the RFLS signaling pathways. Further investigations are
required to elucidate the molecular mechanisms.

We also found that ISG56 was upregulated in synoviocytes of
patients with RA wusing immunohistochemical analysis. In
contrast, ISG56 expression in synoviocytes of patients with
OA was negligible. This suggests that ISG56 plays a role in
synovial inflammation in the joints of patients with RA.

The current study has several limitations. In the present
study, we did not elucidate the precise molecular mechanism
underlying ISG56-mediated CXCL10 expression in poly I:C-
treated RFLS. However, the immunohistochemistry results
demonstrated a clear difference in ISG56 expression between
patients with RA and OA. A small sample size was used. In
addition, experiments using animal models have not yet been
conducted. Therefore, further research is necessary to verify the
results of the study.

Conclusion

This study showed that ISG56 expression is induced in
cultured RFLS via the TLR3/type I IFN axis. In addition, it
that ISG56 may  positively  regulate
CXCLI10 expression, induced by TLR3 activation (Figure 7).
Furthermore, ISG56 was upregulated in the synovial joint cells

was  shown

of patients with RA. These results indicate that ISG56 plays a role
in RA pathogenesis. Thus, ISG56 may be a potential target for the
development of novel RA therapies.
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Abstract

Cyclin-dependent kinase-like 3 (CDKL3) has been identified as an oncogene in
certain types of tumors. Nonetheless, its function in hepatocellular carcinoma
(HCQ) is poorly understood. In this study, we conducted a comprehensive
analysis of CDKL3 based on data from the HCC cohort of The Cancer
Genome Atlas (TCGA). Our analysis included gene expression, diagnosis,
prognosis, functional enrichment, tumor microenvironment and metabolic
characteristics, tumor burden, mRNA expression-based stemness, alternative
splicing, and prediction of therapy response. Additionally, we performed a cell
counting kit-8 assay, TdT-mediated dUTP nick-end Labeling staining, migration
assay, wound healing assay, colony formation assay, and nude mouse
experiments to confirm the functional relevance of CDKL3 in HCC. Our
findings showed that CDKL3 was significantly upregulated in HCC patients
compared to controls. Various bioinformatic analyses suggested that
CDKL3 could serve as a potential marker for HCC diagnosis and prognosis.
Furthermore, CDKL3 was found to be involved in various mechanisms linked to
the development of HCC, including copy number variation, tumor burden,
genomic heterogeneity, cancer stemness, and alternative splicing of CDKL3.
Notably, CDKL3 was also closely correlated with tumor immune cell infiltration
and the expression of immune checkpoint markers. Additionally, CDKL3 was
shown to independently function as a risk predictor for overall survival in HCC
patients by multivariate Cox regression analysis. Furthermore, the knockdown
of CDKL3 significantly inhibited cell proliferation in vitro and in vivo, indicating its
role as an oncogene in HCC. Taken together, our findings suggest that
CDKL3 shows promise as a biomarker for the detection and treatment
outcome prediction of HCC patients.
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Impact statement

Cyclin-dependent kinase-like 3 (CDKL3) has been reported
as an oncogene in certain types of tumors. Nevertheless, its
significance in hepatocellular carcinoma (HCC) has not been
well investigated. This study demonstrated that CDKL3 was
significantly upregulated in HCC patients compared to
that CDKL3 had
independent prognostic value in HCC. Functional experiments
further confirmed the oncogenic function of CDKL3 in HCC.
Further research on the mechanisms underlying the function of
CDKL3 in HCC is warranted.

controls. Our analysis also showed

Introduction

the

cancers,

carcinoma

(HCC)
among  primary

Hepatocellular represents

predominant  subtype liver
constituting a majority, exceeding 90% of total cases [1]. This
malignancy is frequently linked to well-recognized risk factors,
namely, metabolic syndrome, hepatitis B and C viral infections,
diabetes mellitus, and alcohol abuse [1]. The complex nature of
HCC, with its diverse presentations and tumor heterogeneity,
makes it challenging to treat. Additionally, HCC has a worse
prognosis compared to many other types of cancer, and its
mortality and incidence rates continue to rise globally [2].
Unfortunately, the diagnoses of a significant number of HCC
patients are made when the malignancy has already progressed to
an advanced stage, leading to dismal survival outcomes due to
increased recurrence rates [3]. Therefore, it is crucial to
investigate potential therapeutic targets and diagnostic/
prognostic biomarkers for HCC to improve patient outcomes.

Cyclin-dependent kinase-like 3 (CDKL3), also referred to as
NKIAMRE, is a constituent of the cyclin-dependent protein
kinase-like family [4, 5]. It is located on human chromosome
5@31.1 and encodes a 52 kDa protein consisting of 455 amino
acids [6]. CDKL3 was first identified in 2001 and plays a role in
cell proliferation [7]. Although it is expressed at low levels in all
tissues, it appears to have an essential function in regulating the
cell cycle of tumor cells [8, 9]. Recent studies have found
abnormal expression of CDKL3 in several cancers, particularly
osteosarcoma, esophageal squamous cell carcinoma, colorectal
cancer, glioma, and cholangiocarcinoma [6, 8, 10-12]. This
abnormal expression is closely associated with tumor
occurrence, development, and prognosis [13].

While some new diagnostic and prognostic markers for HCC
have been reported in recent years [14, 15], research on
CDKL3 in the context of tumors remains limited. Previous
studies have primarily focused on diseases of the central
nervous system [16-18]. However, a recent study by Sun et al.
indicated that exosomal microRNA (miRNA)-205-5p from bone
marrow mesenchymal stem cells can inhibit liver cancer, partially

through the knockdown of CDKL3 [19]. Yet the role of
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CDKL3 in HCC has not been explored comprehensively. In
this study, we utilized publicly available RNA sequencing (RNA-
seq) data to examine the impact of CDKL3 in HCC patients.
Furthermore, we conducted in vitro and in vivo functional assays
to elucidate the potential biological function of CDKL3 in HCC.

Materials and methods
Data processing

The RNA-seq data consisting of copy number variation (CNV)
data, messenger RNAs (mRNAs), long non-coding RNAs
(IncRNAs), somatic mutation data (MuTect2), miRNAs, as well
as clinicopathological information of HCC patients were obtained
from The Cancer Genome Atlas (TCGA) database (LIHC dataset).
The data were collected in December 2021 and preprocessed using
the “TCGAbiolinks” package [20]. Additionally, DNA methylation
data were acquired from UCSC Xena' and underwent preprocessing
procedures consistent with previously documented methodologies
[21]. The median beta value corresponding to the CDKL3 gene
probes was mapped to its promoter, including 1stExon, 5'
untranslated region, transcription start site (TSS)200, and
TSS1500 [22]. The mRNA and IncRNA data, originally presented
in fragments per kilobase per million reads (FPKM), underwent a
conversion to transcripts per kilobase million (TPM) values,
followed by a subsequent log, conversion. The mature miRNA
(mirbase version 21) data, initially in row count values, were
transmuted into reads per million mapped reads (RPM) and
subjected to log2 conversion. Inclusion criteria for this study
were patients diagnosed with primary solid HCC who were
18 years or older. Exclusion criteria included a history of
preoperative adjuvant therapy, lack of survival time data, the
recorded survival time <30 days, or multiple samples from a
single patient [23]. A total of 330 HCC patients and 47 controls
were ultimately enrolled. The clinicopathological information of the
HCC patients can be found in Supplementary Table SI.

Expression and prognosis analyses

The investigation into pan-cancer expression profiles was
facilitated through the TIMER 2.0 tool* [24]. The expression
difference of CDKL3 between HCC patients and controls in the
LIHC dataset was analyzed. Kaplan-Meier (KM) overall survival
(OS) analysis with the log-rank test was conducted by dividing
HCC patients into the high-CDKL3 (hCDKL3) group and the
low-CDKL3 (ICDKL3) group. This division was based on the

1 https://xena.ucsc.edu

2 Accessible at http://timer.comp-genomics.org/
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optimal cut-off expression values determined using the
maximally selected rank statistics algorithm. The univariate
Cox regression model was applied for survival analysis, and
the expression difference of CDKL3 between the hCDKL3 and
ICDKL3 groups was investigated. Multivariate Cox analysis was
implemented to assess the independence of CDKL3 for OS
prediction. Furthermore, a nomogram incorporating other
independent parameters for OS prediction was established.
Internal validation was executed by computing the adjusted
Harrell’s (C-index)
bootstrapping approach with 1,000 resamples [23]. The

concordance  index utilizing  the
performance of the independent parameters of OS and the
nomogram were evaluated using the areas under the curve
(AUC) values, decision curve analysis (DCA), and calibration
curves [25-27].

Bioinformatic analysis

To investigate the potential difference in biological function
between the two groups, a gene set enrichment analysis (GSEA)
was undertaken utilizing the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and HALLMARK gene sets derived from the
Molecular Signatures Database (MSigDB®) [28]. To establish
significance, we conducted a screening process that involved
identifying p values < 0.05 and a false discovery rate >0.25.
Furthermore, the functional annotation of genes in the KEGG
pathway was performed using the online tool KOBAS-i* [29].
Single-sample GSEA (ssGSEA) was performed to explore the
tumor microenvironment (TME) and metabolic characteristics
using 29 functional gene expression signatures (Fges), which
were recently proposed by Bagaev et al. [30]. Moreover, gene set
variation analysis was employed to analyze metabolism-
associated signatures, as detailed in established methods [31].
Immune checkpoint gene (ICG) expression discrepancies
between the two groups were also analyzed. Somatic copy
number alternation (SCNA) burden was assessed, representing
the gain or depletion of total gene count at the focal and arm
levels. This analysis was carried out using the GISTIC
2.0 module® [32, 33]. The calculation of tumor mutation
burden (TMB) for every patient adhered to the methodology
outlined in prior descriptions [34]. The mRNA expression-based
stemness index (mRNAsi) for HCC patients was obtained from a
published reference [35]. Additionally, the percent splice-in (PSI)
value of CDKL3 was retrieved from the SpliceSeq database using
default parameters® [36]. For the missing PSI values, the average

https://www.gsea-msigdb.org

3

4 http://kobas.cbi.pku.edu.cn/
5 https://www.genepattern.org/
6

http://bioinformatics.mdanderson.org/TCGASpliceSeq/index.jsp
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value of each event was used to fill them up. Only events with a
mean PSI value greater than 0.1 were retained for further analysis
in this study. The details for analyzing competitive endogenous
RNA regulatory networks and estimating the benefits of
immunotherapy and chemotherapy can be found in the

Supplementary Material.

Cell culture, transfection, quantitative
real-time polymerase chain reaction
(gPCR), and Western blot assays

The human HCC cell lines SMMC-7721 and HepG2 were
acquired from GeneChem Corporation (Shanghai, China) and
the Cell Bank of Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China), respectively. Subsequently, RPMI-
1640 (Gibco, Waltham, MA, United States) or Dulbecco’s
modified Eagle’s medium (DMEM) added with 10% heat-
inactivated fetal calf serum (FBS, Gibco, Thermo Fisher
Scientific, Inc.) was used to culture these cell lines at 37°C.
Concentrated and purified lentiviral particles expressing a
short hairpin RNA (shRNA) were purchased from GeneChem
Corporation (Shanghai, China). To perform transfection, the
control lentivirus (shCtrl) or the target lentivirus (shCDKL3) was
added to tumor cells (7 x 10* cells/well) in a six-well plate
(Corning Incorporated, United States). After 72h, the
expression level of CDKL3 was assessed using qPCR and
Western blot assays. More detailed information regarding the
qPCR and Western blot assays can be found in the

Supplementary Material.

Cell proliferation, colony formation, and
apoptosis assays

The HCC cells, following infection, were placed in a 96-well
plate (Corning Incorporated, United States) and subsequently
cultured for a span of 4 days. To assess cellular proliferative
capacity, we performed a daily cell counting kit-8 (CCK-8) assay
(Beyotime’s kit from Shanghai, China) as per package guidelines
[37]. A colony formation experiment involved plating
2,000 infected cells per well over a 6-well plate. After 2 weeks
of incubation, 4% paraformaldehyde solution (Beyotime,
Shanghai, China) was employed to fix the tumor cells for
30 min. Subsequently, crystal violet solution (Beyotime,
Shanghai, China) at 0.1% was utilized to stain the cells for
20 min. Under a light microscopy, the number of viable
colonies (>50 cells/colony) was determined. To perform the
apoptosis assay, we plated the infected cells on prepositioned
slides in a 12-well plate (Corning Incorporated, United States).
After an overnight incubation, the cells were immobilized with a
4% paraformaldehyde solution for 30 min. The nuclei were
stained using DAPI (Beyotime, Shanghai, China). The
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FIGURE 1

Expression of CDKL3 in HCC. (A) The expression of CDKL3 in Pan-cancer based on TCGA data via Tumor IMmune Estimation Resource 2.0
(TIMER 2.0, http://timer.comp-genomics.org/). Comparative CDKL3 expression levels in HCC and adjacent normal tissue: plots of unpaired (B) and
paired (C) data. HCC, hepatocellular carcinoma.
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FIGURE 2

Diagnosis and prognosis of CDKL3 in HCC. (A) ROC curve for CDKL3 expression in HCC. (B) Kaplan-Meier overall survival curves
of hCDKL3 and ICDKL3 and the survival difference was evaluated by log-rank test. (C) The dot plot and heatmap demonstrating
the survival status and expression of CDKL3 in hCDKL3 and ICDKL3, respectively. (D) The expression of CDKL3 was compared between
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hCDKL3 and ICDKL3. (E) Forest plot showing the results of univariate Cox analyses for overall survival, disease-specific survival,
progression-free interval and disease-free interval. HCC, hepatocellular carcinoma; hCDKL3, high-CDKL3 group;

ICDKL3, low-CDKL3 group.

detection of cell apoptotic rate was carried out utilizing a TdT-
mediated dUTP nick-end labeling (TUNEL) kit (Beyotime,
Shanghai, China), as described previously [38].

Tumour xenograft assay

For the tumor xenograft assay, six BALB/C nude mice
(Henan Scrobes Company, China), aged 5 weeks, were used in
each group (n = 6/group). At the Center for Laboratory
Animal Research in Anhui Medical University, the mice
All

experiments with animals were done in compliance with

were housed in a pathogen-free environment.
institutional guidelines and with appropriate oversight. The
Experimental Animal Ethics Committee of Anhui Medical
University approved this study (No. 20200695). Subcutaneous
transplantation of SMMC-7721 «cells stably expressing
shControl or shCDKL3 (3x10° cells) was performed on the
upper right back of the mice. The size of the tumor (computed
as: [(m/6) x (length) x (width) [2]]) and its weight were
measured every 4 days over a duration of 4 weeks until the

humane euthanasia of mice.

Statistical analysis

Categorical data were compared utilizing the chi-square or
Fisher’s exact test, whereas the Wilcoxon rank-sum test or
Kruskal-Wallis test was employed for the comparison of
continuous variables. The correlation was tested using a
rank correlation method, either Pearson’s or Spearman’s. R
4.0.1 (The R Foundation for Statistical Computing, Vienna,
Austria) and GraphPad Prism 8.0.2 (GraphPad Software, Inc.)
were used to perform all statistical tests. Statistical significance
was assumed when the p-value was <0.05 (two-tailed) unless
otherwise specified.

Results

CDKL3 is a potential prognostic factor for
HCC patients

Analysis of data from TIMER 2.0 revealed that

CDKL3 was significantly dysregulated in various solid
tumors (Figure 1A). In the TCGA dataset, both unpaired
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and paired analyses demonstrated markedly upregulated
levels of CDKL3 in HCC patients compared to controls
1B, C). Notably, CDKL3 displayed excellent
diagnostic performance for HCC, with an impressive AUC
value of 0.924 (Figure 2A). KM analysis revealed that the OS
of the hCDKL3 group was lower than the ICDKL3 group
(Figures 2B, C).
progression-free interval (PFI), disease-free interval (DFI),

(Figures

Consistent results were observed for

and disease-specific survival (DSS) (Supplementary Figure
S1). Figure 2D illustrates the gene expression differences
between the hCDKL3 and ICDKL3 groups. Univariate Cox
analysis highlighted the association of CDKL3 level with OS,
DSS, DFI, and PFI (Figure 2E). Additionally, we explored
how CDKL3 expression related to clinicopathological
variables (like tumor grade and family history of cancer),
link between the two

and found a substantial

(Supplementary Figure S2).

Construction of a survival nomogram

CDKL3 was shown to independently function as a predictor of
OS in a multivariate Cox regression study (Figure 3A). To aid in
clinical decision-making, a nomogram was devised incorporating
CDKL3 level and other independent clinicopathological variables
(Figure 3B). The predicted and observed survival rates were highly
consistent, as shown by calibration curve graphs (Supplementary
Figure S3A). Receiver operating characteristic (ROC) curve analysis
illustrated that the nomogram outperformed individual factors alone
in estimating 1-, 3-, and 5-year OS, as indicated by higher AUC
values (0.78, 0.75, and 0.78, respectively) (Supplementary Figure
S3B). Furthermore, DCA demonstrated that the nomogram yielded
greater net benefits compared to individual factors (Supplementary
Figure S3C). Internal validation yielded an adjusted C-index of
0.713, indicating the reliability of the nomogram in prognostic
prediction.

Genetic features between the
hCDKL3 and ICDKL3

The Supplementary Figures 54, S5 presented the mutation-
related findings of CDKL3. In terms of the mRNAsi, the
hCDKL3 group exhibited a score superior to that of the
ICDKL3 4A). the
CDKL3 expression was positively linked to the mRNAsi score

cohort (Figure Furthermore,
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FIGURE 3

Construction of nomogram for predicting overall survival of hepatocellular carcinoma in TCGA cohort. (A) Forest plot showing the results of

multivariate Cox analysis. (B) Nomogram.
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Genetic features of CDKL3 in HCC. (A) The mRNAsi score was compared between hCDKL3 and ICDKL3. (B) The
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between CDKL3 expression and PSI values of CDKL3-73366-AT. (F) The hallmarks of tumor sets were enriched in hCDKL3 using
GSEA. ***p < 0.001. HCC, hepatocellular carcinoma; hCDKL3, high-CDKL3 group; |ICDKL3, low-CDKL3 group; PSI,

percent splice-in.

(Figure 4B). Figure 4C demonstrated three alternative splicing
events for CDKL3. The hCDKL3 group displayed a higher PSI
value for CDKL3-73367-AT and a lower PSI value for
CDKL3-73366—-AT when compared to the
ICDKL3 group. Additionally, the expression of CDKL3 had a
positive correlation with the PSI value of CDKL3-73367—-AT and
a negative correlation with the PSI value of CDKL3-73366—-AT
(Figures 4D, E). Interestingly, Figure 4F revealed that the
hCDKL3 group was significantly enriched in hallmark
pathways associated with tumorigenesis, especially the G2/M
checkpoint, E2F targets, DNA repair, MYC targets V1 and V2,
the P53 pathway, and PI3K-AKT-MTOR signaling. These
that the hCDKL3

ICDKL3 groups exhibit distinct genetic features.

findings  strongly  suggest and

TME and metabolism characteristics of the
hCDKL3 and ICDKL3 groups

Figure 5A demonstrates that the ICDKL3 group is
characterized by a significantly decreased enrichment score of
the proliferation rate signature and a notably elevated
enrichment score of Fges, which is related to the cluster of
This
antitumor cytokines, B cells, NK cells, effector cells, the
Thi
analysis confirmed a positive link between CDKL3 expression

antitumor immune infiltrates. enrichment included

signature, and T-cell traffic signatures. Correlation

and the enrichment score of the proliferation rate signature, and
a negative correlation with the enrichment score of antitumor
cytokines, B cells, NK cells, effector cells, the Th1 signature, and
T-cell traffic signatures (Supplementary Figure S6). Moreover, an
investigation into the difference in T-cell exhaustion markers
between the ICDKL3 and hCDKL3 groups highlighted that
hCDKL3 was associated with increased expression of markers
such as BTNL2, CD276, CD40, HAVCR2, LAIR1, LGALSY,
NRPI, TNFRSF4, TNFSF9, and VTCN1 (Figure 5B).
Additionally, the results of GSEA of KEGG pathways
indicated that both the ICDKL3 and hCDKL3 groups were
significantly enriched in multiple metabolic pathways
(Figure 6). Further exploration of the enrichment scores of
metabolism-associated pathways in the four categories (amino
acids, carbohydrates, lipids, and others) between the ICDKL3 and
hCDKL3 groups revealed significant differences. Notably, the
hCDKL3 group exhibited significantly decreased pathway
enrichment scores for lipid and other pathways. Similar

patterns were observed in most amino acid and carbohydrate
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pathways, except for the GLUCOSE, PURINE, PYRIMIDINE,
SELENOAMINO  ACID  metabolism  pathways
S7A-D).  Additionally,  the
CDKLS3 levels were inversely linked to the enrichment score of

and
(Supplementary  Figures
most differentially enriched pathways (Supplementary Figure
S7E). Altogether, these findings suggest that the ICDKL3 and
hCDKL3 groups possess distinct TME and metabolism
characteristics.

Functional annotations and tumour
immune single-cell analysis

We conducted a thorough screening of 50 protein-coding genes that
showed a strong positive correlation with CDKL3, as well as 50 genes that
displayed a negative correlation (Supplementary Table S2). Utilizing
KOBAS-i, we executed functional annotation of these genes in the
KEGG pathway, and observed significant enrichment in various clusters
and functions (Supplementary Figure S8). Specifically, these genes were
found to be closely associated with metabolism pathways, the TGF-beta
signalling pathway, and the PPAR signalling pathway, all of which were
considered to impart a substantial role in the growth of HCC (adjusted
p-value <0.05). For further analysis, we turned to the TISCH database,
where we conducted a single-cell analysis to assess the expression of
CDKL3 in different cell types. However, our findings did not reveal any
significant differences in CDKL3 expression among these cell types
(Supplementary Figure S9). Additional details regarding these results can
be found in the Supplementary Material. The results for analyzing
competitive endogenous RNA regulatory networks and estimating the
benefits of immunotherapy and chemotherapy can be found in the
Supplementary Figures S10, S11.

Verification of the function of
CDKL3 in vitro and in vivo

To verify the effectiveness of CDKL3 knockdown, we
performed qPCR and western blot assays, which confirmed
the stable knockdown of CDKL3 in SMMC-7221 and
HepG2 cells (Figures 7A, B). Through the CCK-8 assay, we
were able to confirm that the knockdown of CDKL3 significantly
reduced the proliferation of SMMC-7221 and HepG2 cells
(Figure 7C). Furthermore, colony forming ability was also
greatly inhibited in these cells as a result of
CDKL3 knockdown (Figure 7D). Notably, the apoptosis rate
in SMMC-7221 and HepG2 cells was markedly increased
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Metabolism-related KEGG pathways were enriched, as demonstrated using GSEA. KEGG: Kyoto Encyclopedia of Genes and Genomes; GSEA:

gene set enrichment analysis.

following CDKL3 knockdown, as demonstrated in Figure 8.
Additionally, the migration of cells was significantly reduced
S12).
Moreover, in the shCDKL3 group, the tumors formed by
SMMC-7721 cells exhibited smaller volumes compared to
those in the shCtrl group (Figure 9). These findings suggest
that CDKL3 the
advancement of HCC.

upon CDKL3 knockdown (Supplementary Figure

contributes  to tumorigenesis  and

Discussion

Recent studies have investigated the oncogenic role of
CDKL3 in various tumors, including glioma [6], oesophageal
squamous cell carcinoma [10], osteosarcoma [11], colorectal
cancer [12], breast cancer [39], and cholangiocarcinoma [8].
However, the role of CDKL3 in HCC has not been thoroughly
examined. In this study, we comprehensively analyzed the
genetic characteristics and prognosis of CDKL3 using the
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LIHC dataset and confirmed its crucial function in the
proliferation and progression of HCC.

According to pancancer analysis, the expression of CDKL3 is
aberrant in different types of cancer, and it is higher in HCC
tumor tissue compared to normal tissue. ROC analysis
demonstrated that CDKL3 could
diagnostic marker for distinguishing HCC from normal

serve as a potential
tissues. Furthermore, we found that high expression of
CDKL3 is an independent predictor of poor prognosis. The
that CDKL3 and
clinicopathological factors demonstrated reliable performance

nomogram incorporates independent
in predicting prognosis. However, there have been limited
studies that have focused on the genetic, TME, and metabolic
features of CDKL3 in HCC biology using bioinformatic analysis.
Our study fills this gap and highlights the significant genetic
differences between the hCDKL3 group and the ICDKL3 group,
including a higher occurrence of TP53 mutations, a greater
burden of SCNA, a higher mRNAsi score, a higher PSI value
of CDKL3-73367-AT, PSI  value of

and a lower
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CDKL3-73366—AT. Moreover, we elucidated the distinct TME
hCDKL3 and
that
docetaxel,

and metabolic characteristics between the
ICDKL3 Additionally,
chemotherapeutic  agents

groups. we  discovered

such as cisplatin,
cytarabine, gemcitabine, bleomycin, paclitaxel, rapamycin, and
sunitinib had higher IC50 values in the ICDKL3 group,
suggesting that CDKL3 could potentially serve as a marker for
diagnosing and predicting prognosis in HCC patients.
Consistent with previous findings showing that SCNA
upregulation in tumors is linked to dismal patient survival
[40], we observed that the hCDKL3 group had a higher level
of SCNA and worse prognosis the
ICDKL3 group. Higher mRNAsi indicate active
biological processes in cancer stem cells, which have been

compared to
scores

29

reported to contribute to tumor progression, recurrence, and
therapeutic resistance [41]. Recently, evidence suggests that
higher mRNAsi scores are related to a worse outcome for
HCC patients [42]. Similarly, when comparing the
hCDKL3 to the ICDKL3 group, we discovered that the former
exhibited greater mRNAsi scores and a grim prognosis. Aberrant
alternative splicing is closely linked to tumor proliferation,
progression, prognosis, and therapeutic resistance [43, 44].
Changes in the expression of splicing factors can result in
alterations in the alternative splicing of the target gene [43].
In our study, hCDKL3 with a higher PSI value of
CDKL3-73367-AT PSI of
CDKL3-73366—AT may contribute to the posttranscriptional
regulation of CDKL3, thereby leading to an unfavorable

and a lower value
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indicate mean + SD.

prognosis. Additionally, the hCDKL3 group exhibited increased
expression of T-cell exhaustion markers and a worse prognosis.
T-cell exhaustion has been shown to limit the anti-tumor
response of the immune system and play a significant role in
immune escape [45, 46]. Thus, the activation of T-cell exhaustion
in hCDKL3 cells might contribute to a poorer prognosis. Overall,
the distinct prognosis between the hCDKL3 and ICDKL3 groups
is likely driven by the different genomic features of these
two cohorts.

We undertook additional investigations to verify the
functional relevance of CDKL3 in both in vitro and in vivo
Our illustrated  that  suppressing
CDKL3 expression contributed to a decline

settings. results
in cell
proliferation, colony formation, and migration ability
while inducing apoptosis in HCC cell lines. Additionally,
in vivo experiments demonstrated a reduction in tumor
volume upon the knockdown of CDKL3. These findings
align with previous studies by Zhang et al, which
highlighted of
cholangiocarcinoma cell progression through
CDKL3 knockdown [8], and Sun et al., whose research
that miRNA-205-5p from bone
marrow mesenchymal stem cells could inhibit liver cancer,

curcumol-mediated inhibition

indicated exosomal
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partially due to CDKL3 knockdown [19]. Our study
strengthens and supports the antitumorigenic role of CDKL3.

Nevertheless, it is important to acknowledge several
limitations in our present research. Firstly, despite using a
public database to determine the prognostic implications of
CDKL3, further investigations involving clinical samples are
necessary to validate our results. Secondly, assessing the
impact of CDKL3 on the immune microenvironment requires
validation through molecular assays in future studies. Thirdly,
additional Dbiological experiments investigating the precise
molecular mechanisms by which CDKL3 influences HCC
progression, such as exploring the mechanistic pathways
involved, are warranted.

Conclusion

In conclusion, our findings suggest that CDKL3 may
function as a significant molecular biomarker for diagnosing
and estimating HCC prognosis. The observed tumor-inhibiting
effect resulting from reduced CDKL3 expression indicates that
CDKL3 may also be a promising molecular target for
HCC therapy.
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Abstract

Osteosarcoma is a form of bone cancer that predominantly impacts osteoblasts, the
cells responsible for creating fresh bone tissue. Typical indications include bone pain,
inflammation, sensitivity, mobility constraints, and fractures. Utilising imaging
techniques such as X-rays, MRI scans, and CT scans can provide insights into the
size and location of the tumour. Additionally, a biopsy is employed to confirm the
diagnosis. Analysing genes with distinct expression patterns unique to osteosarcoma
can be valuable for early detection and the development of effective treatment
approaches. In this research, we comprehensively examined the entire
transcriptome and pinpointed genes with altered expression profiles specific to
osteosarcoma. The study mainly aimed to identify the molecular fingerprint of
osteosarcoma. In this study, we processed 90 FFPE samples from PathWest with
an almost equal number of osteosarcoma and healthy tissues. RNA was extracted
from Paraffin-embedded tissue; RNA was sequenced, the sequencing data was
analysed, and gene expression was compared to the healthy samples of the same
patients. Differentially expressed genes in osteosarcoma-derived samples were
identified, and the functions of those genes were explored. This result was
combined with our previous studies based on FFPE and fresh samples to
perform a meta-analysis. We identified 1,500 identical differentially expressed
genes in PathWest osteosarcoma samples compared to normal tissue samples of
the same patients. Meta-analysis with combined fresh tissue samples identified
530 differentially expressed genes. IFITM5, MMP13, PANX3, and MAGEA6 were some
of the most overexpressed genes in osteosarcoma samples, while SLC4A1, HBAL,
HBB, AQP7 genes were some of the top downregulated genes. Through the meta-
analysis, 530 differentially expressed genes were identified to be identical among
FFPE (105 FFPE samples) and 36 fresh bone samples. Deconvolution analysis with
single-cell RNAseq data confirmed the presence of specific cell clusters in FFPE
samples. We propose these 530 DEGs as a molecular fingerprint of osteosarcoma.
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expression
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Impact statement

Although rare, osteosarcoma attracts global attention because
of the unsatisfactory outcomes associated with current treatment
approaches. In our investigation, we examined total RNA extracted
from 90 FFPE paired samples, consisting of 50 tumoral bone
specimens and their matched non-tumoral counterparts, sourced
from osteosarcoma patients. By comparing our findings with
previous studies, we uncovered differences in gene expression
patterns between normal and affected bone tissues, particularly
emphasizing changes in the regulation of collagen and extracellular
matrix degradation and cell cycle regulation. These findings
deepen our understanding of osteosarcoma and provide
potential directions for future research endeavors.

Introduction

Bone cancer (osteosarcoma, OS) is the most common primary
tumour of the bone in children and young adults [1, 2].
Osteosarcoma arises from the cells forming bone tissue and can
be found in the bone’s metaphysis, the region where the growth
plate is located. The exact cause of osteosarcoma is not fully
understood, but several risk factors have been identified [3].
Some individuals may have a genetic predisposition to
developing osteosarcoma, although it is not typically inherited
in a Mendelian pattern. Certain preexisting conditions, such as
hereditary retinoblastoma (a rare eye cancer) and Paget’s disease of
bone, have been linked to an increased risk of osteosarcoma [4].

Symptoms of osteosarcoma may include pain and swelling in
the affected bone or joint, limited range of motion in the nearby
joint, a mass or lump in the affected area, fractures or bone
weakening in the affected bone [5, 6]. Diagnosis typically
involves a combination of imaging studies like X-rays, MRI,
and CT scans, as well as a biopsy to confirm the presence of
cancerous cells [5, 6]. Treatment for osteosarcoma usually involves
a  multimodal surgery,
chemotherapy and radiation therapy [6], however, none of

approach, which may include
them are accurate and also have strong adverse effect with
chemotherapy and radiation therapy. In addition, there is
higher chances of getting a second cancer [7, 8].

The prognosis for osteosarcoma varies depending on factors
such as the extent of the disease, response to treatment, and the
presence of metastasis [9]. Early diagnosis and aggressive
treatment can significantly improve the chances of successful
outcomes. Long-term follow-up care is essential to monitor for
any potential recurrence or late effects of treatment. Treatment
plans are usually developed in collaboration with a team of
oncologists, surgeons, and other healthcare professionals.

Whole transcriptome analysis is a powerful tool used in
modern-day molecular biology to study the entries set of RNA
molecules produced by a cell or a population of cells [10, 11].
Transcriptome analysis provides snapshots of the genes expressed
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and can be compared with normal [11]. However, the differentially
expressed genes (DEGs) may vary from sample to sample
according to the quality of the samples. For rare diseases like
osteosarcoma, there are not many options for getting fresh samples
due to the death of patients and getting fresh bone samples is not
easy; hence, formalin-fixed paraffin-embedded tissues (FFPEs) are
the best way to analyse the sample. However, RNA gets degraded
[12] due to formalin fixation in FFPE.

In this paper, we report a complex transcriptomic analysis that is
based on four independent studies. We performed two original
experiments and combined these results with previously published
studies. This study provides the molecular signature of osteosarcoma
to generate fundamental knowledge to develop new drugs against
this disease. Through this study, we compared the DEGs in FFPE
with fresh bone samples to identify whether or not the FFPE DEGs
aligned with the fresh bone samples. We performed RNAseq
analysis on a new set of 90 samples. We later compared it to the
two other independent studies (FFPE and fresh) to conduct a meta-
analysis of OS transcriptome. Identified molecular mechanisms and
genes could be used as a potential target for osteosarcoma drug
development and will be evaluated in future studies.

Materials and methods

The sample processing and whole
transcriptome analysis

Our original sample analysis is based on two independent
of the formalin-fixed paraffin-embedded (FFPE)
samples. The paraffin blocks were cut, and RNA was extracted.
This way, any archived biological samples can be analysed for rare
diseases like osteosarcoma; using FFPE samples is the only option to
get meaningful and large samples for the complex transcriptomic
analysis. The FFPE samples (N = 90: 50 OS + 40 healthy control)
were obtained through PathWest Nedlands (QEII Medical Centre,
Australia) and were processed in two batches, and total RNA was
extracted using the Norgen FFPE RNA purification kit (#25300)
using the manufacturer’s standard protocol. The purified RNA

analyses

samples were sent to the Australian Genome Research Facility
(AGRF) Melbourne for sequencing also in two separate batches.

FFPE sample analysis

We combined two PathWest FFPE studies (90 samples
altogether) into a single analysis to increase the formal statistical
power of the analysis. Details of the samples are shown in
Supplementary Table S1. Briefly, this table highlights the gender,
sample group (tumour or normal), age at onset, deceased or alive
and chemotherapy or non-chemotherapy. The raw FASTQ files
obtained after sequencing were used for the data analysis. DEGs
were detected by comparing the OS with normal samples using
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TABLE 1 List of top highly upregulated genes compared to normal tissue.

10.3389/ebm.2024.10161

Gene name Symbol Base mean log2FoldChange Padj
Matrix metallopeptidase 9 MMP9 707.4 7.5 4.12E-25
Cellular communication network factor 4 CCN4 238.0 6.8 5.30E-24
Hyaluronan and proteoglycan link protein 1 HAPLN1 70.6 6.4 1.12E-24
Alkaline phosphatase, biomineralization associated ALPL 158.1 6.4 8.19E-23
Matrix metallopeptidase 13 MMP13 276.9 6.3 8.61E-21
Pannexin 3 PANX3 117.7 6.1 9.43E-21
Rhomboid like 2 RHBDL2 51.6 6.0 8.19E-23
Collagen triple helix repeat containing 1 CTHRC1 123.4 6.0 8.92E-20
Glucosamine-phosphate N-acetyltransferase 1 GNPNAT1 137.6 59 1.41E-19
Transmembrane O-mannosyltransferase targeting cadherins 2 TMTC2 134.7 5.9 1.41E-19
Anillin, actin binding protein ANLN 91.7 5.9 3.21E-21
Collagen type XXIV alpha 1 chain COL24A1 61.4 5.8 3.90E-21
Collagen type XI alpha 1 chain COL11A1 8245 5.8 3.52E-14
Interferon induced transmembrane protein 5 IFITM5 32.5 5.7 1.04E-21
DLG associated protein 5 DLGAP5 41.9 5.7 9.00E-23
Integrin binding sialoprotein IBSP 263.7 5.7 1.63E-16
Parathyroid hormone 1 receptor PTHIR 100.8 5.7 2.45E-18
Lymphoid enhancer binding factor 1 LEF1 75.1 5.6 3.83E-20
Proline rich 11 PRR11 115.6 5.6 3.84E-18
SRY-box transcription factor 11 SOX11 53.2 5.5 8.81E-21
Cyclin B2 CCNB2 31.6 55 2.03E-22
DNA polymerase eta POLH 99.4 5.5 1.12E-19
Fibrillin 2 FBN2 159.2 54 1.04E-15
Sp7 transcription factor SP7 169.0 54 9.98E-16
Spindle apparatus coiled-coil protein 1 SPDLI1 622 5.4 1.28E-19
Sterile alpha motif domain containing 5 SAMD5 182.1 53 1.16E-14
Collagen type X alpha 1 chain COL10A1 103.3 5.3 6.69E-16
MyoD family inhibitor MDFI 727 53 2.02E-17
Kinetochore scaffold 1 KNLI 149.9 5.3 4.68E-16
Neuron derived neurotrophic factor NDNF 208.4 5.2 5.31E-14

Salmon [13]. Statistical analysis of data and differential gene
expression was also performed by using the DESeq2 package of

R [14, 15]. The magnitude of the differential gene expression

between tumour and healthy samples was calculated by analysing
the log-2-fold change of the genes (logFC, the cut-off value of 0.5).
Benjamini-Hochberg method available in the DESeq2 package was

used to adjust the nominal p-value (padj) in order to correct against
false positive findings caused by multiple tests. The significance level

was set at padj<0.05 [15].
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The results from this study were used in the further meta-
analysis and combined with two previously published data.

Meta-analysis

The results from four different whole transcriptome studies
of osteosarcoma were combined to identify the differentially
expressed genes. Two studies are from the present analysis,
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FIGURE 1

Heat map of top differentially expressed genes with largest fold change differences between tumor and normal samples.
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two others are from our previously published papers. Three
studies were based on FFPE samples and one previous study
from Estonia and Vietnam was based on fresh OS samples [16].
(Study 1: Estonia + Vietnam FFPE samples N = 15, Study 2:
PathWest FFPE 1: N = 24 OS + 16 healthy controls, Study 3:
PathWest FFPE 2N = 26 OS + 24 healthy controls and Study 4:
Estonia and Vietnam fresh bones N = 18 OS + 18 healthy
controls). The DEGs found in
compared to each other to find common DEGs.

individual studies were

Deconvolution with single-cell
transcriptomics

Deconvolution was based on a previously published single-
cell transcriptomic study in OS [17]. Cell profiles in scRNAseq
study were from six OS patient samples (GSE162454). ‘Seurat’
package was used to find conserved markers that define cell
clusters. To identify canonical cell type marker genes that are
conserved across all conditions (tumour and treatment), we
used the “FindConservedMarkers ()” function. This function
tests differential gene expression for each dataset/group and
combines the p-values using meta-analysis methods from the
“MetaDE” R package [18]. “Granulator” package was used to
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identify the in bulk FFPE

RNAseq data.

cluster-specific  profiles

Functional analysis of the differentially
expressed genes

To understand the variation of different groups of gene
functions in osteosarcoma, gene ontology (GO) analysis and
Kyoto Encyclopedia of Genes and Genomes (KEGG) were used
to interpret the change in gene expression along with their
cellular locations, biological processes, and involvement in the
molecular pathway [19, 20].

Results
FFPE RNA-seq and meta-analysis

Transcriptome analysis of the PathWest FFPE samples
showed a large number of differentially expressed genes in
tumours compared to healthy bone, as shown in Table 1 and
in Figure 1 (heatmap of the top genes form the FFPE 90 sample).
Some of the overexpressed genes were MMP9, CCN4, HAPLNI,
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FIGURE 2

Box plot showing direct comparison of gene expression in tumor and normal samples for some upregulated genes, gene expressions are
presented in normalized count. (A) PANX3 (B) CTHRC1 (C) MMP13 (D) IFITM5 (E) TMEM119 (F) CENPE.

ALPL, MMP13, PANX3, IFITM5, , CTHRCI, , TMEM119,. In
addition, COLLA11A1, FBN2, IBSP, COLA10A1, MDFI, GPX8
were also found to be overexpressed. A comparison of gene
expressions in normal and tumours for some of the top
differentially (upregulated and downregulated) expressed
genes is presented in Figures 2, 3.

For the meta-analysis, two PathWest studies were treated as
independent studies because the samples were collected,
extracted and sequenced independently from each other.
During the meta-analysis we observed 6,536 DEGs similar
among our PathWest FFPE 2 study and EE-VN study.
However, the number of overlapping DEGs was smaller
(1,505) in PathWest FFPE 2 and PathWest FFPE 1 (Figures
4A, B). In addition, 1,211 DEGs were similar among PathWest
FFPE1 and EE-VN FFPE study. Among those 105 FFPE samples
from three studies, we observed 1,072 identical DEGs. The DEGs
observed with fresh bone OS samples were then compared with
combined FFPE samples, and we observed 530 similar genes to be
differentially expressed as indicated in Figure 4, and the number
of similar and unique genes across different samples are
presented in the Venn diagram (Figure 4B). Some of the top
differentially expressed genes observed in OS compared to
normal samples are presented in Figure 2. The clustering
shows that OS has a remarkable transcriptome heterogeneity
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and indicates the molecular heterogeneity in the pathogenetic
mechanisms causing the osteosarcoma. Our previous study
found similar heterogeneity with only fresh tissue OS samples.
Malignancies are known to have multiple mutations and complex
molecular mechanisms that drive pathogenesis.

Deconvolution analysis was performed to identify the cellular
populations from the FFPE-derived bulk RNAseq. Using the
Seurat package and publicly available scRNA seq data from the
OS sample, we could identify 11 clusters characteristic of the OS
(Figures 5, 6). The clusters had specific patterns that could be
designated to different cell populations, and cluster 2 was
confirmed to be osteoblast-specific as it had typical osteoblast
markers expressed. Our 90 samples from the Pathwest FFPE
collection all had a stable proportion (20%) of osteoblastic cells
Figure 5. Cluster 9 varied quite a lot between samples. The exact
identity of these cellular clusters needs further analysis, but
remarkably, deconvolution is possible from the FFPE-based
bulk RNAseq data.

In addition, we compared the differential gene expression
among the PathWest FFPE samples for chemo and non-chemo
and observed 615 common DEGs (Figure 7). These genes are not
affected by chemotherapy and are specific for the pathogenesis of
the OS. Chemotherapy itself affected a large number of genes
and could be a significant confounding factor. This is why
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FIGURE 3

Box plot showing direct comparison of gene expression in tumor and normal for some down regulated genes, gene expressions are presented
in normalized count. (A) HBA1 (B) HBB (C) SLC4AL1 (D) DES (E) ATP1A2 (F) MIR205HG.

meta-analysis is needed to combine the statistical outcomes from
independent studies. It is almost impossible to get clinical
samples without treatment effects, and this is a common
challenge for all real-life data-based studies, including
genomics. We also observed many genes to be downregulated
in OS compared to normal, as shown in Table 2. Some of the
downregulated genes were SLC4A1, HBA1, HBA2, HBB, DES,
ATP1A2, KRT1, LDB3, AQP7, FosB, G0S2, NRAP, and PLIN4,
as shown in Table 2 with a log2FC value.

The volcano plot (Figure 8) shows the top highly expressed
and top downregulated genes in osteosarcoma compared to
normal samples, with some of the genes labelled and
indicated on the plot. This gives a good overview of the
extent and statistical significance of the differentially regulated
genes in all studies combined and illustrates the transcriptomic
fingerprint of osteosarcoma.

Experimental Biology and Medicine

Functional analysis

GO and KEGG analyses were carried out to investigate the
activation of the cellular pathways and common functional themes
activated by the differentially expressed genes. This analysis is based
on the differences among gene groups with various expressions and
provides a preliminary interpretation of the biological activities of
the differentially expressed genes. Similarly, disease ontology was
performed to identify the disease patterns in the differentially
expressed genes. We identified that the gene expression pattern
we found matches with the osteosarcoma verifying our results
again. A disease ontology study showed (Figure 9) that the DEGs
are highly associated with osteosarcoma, bone cancer, connective
tissue cancer, bone development disease and many other cancers
(Figure 9) and also observed to be correlated with
movement disease.
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one study with fresh bone samples were combined to identify the differentially expressed genes in osteosarcoma. VNEE—-samples from Estonia and
Vietnam B (B) Venn diagram showing the similarity and uniqueness of differentially expressed genes across four different studies.

Functional analysis was done to identify the cellular and KEGG pathway analysis is shown in Figure 10, and it
molecular pathways that had changed in the OS samples. This lets describes the activation of the ribosome and protein
us identify the common themes that connect these genes in this list. processing in the endoplasmic reticulum. The KEGG pathway

Published by Frontiers
Experimental Biology and Medicine Society for Experimental Biology and Medicine
39


https://doi.org/10.3389/ebm.2024.10161

Poudel and Koks

10.3389/ebm.2024.10161

100

estimated cell type proportions (%)
o ~
o (&)

n
o

0

NORMAL_AA16
NORMAL "AA23
NORMAL YB1
NORMAL_YB2
NORMAL YB3
TUMOUR~AB21
TUMQUR“AB22
TUMOUR_BA21

samples

FIGURE 5
Proportions of cell clusters in different normal and tumour samples.

system is a unified canonical system to develop pathway maps for
different cellular and biological functions. These maps
comprehensively describe variable biological functions and
provide maps for visualisation. The maps help us to define
these molecular functions that are affected by osteosarcoma.
KEGG pathway analysis also identified viral carcinogenesis
pathways with some immune-regulated pathways.

Interestingly, a Parkinson’s disease-related pathway was also
identified (Figure 10). This finding possibly reflects the overlap
between protein processing and Parkinson’s pathogenesis
pathways. It is important to mention here that the PARK7 gene
was identified as differentially expressed in all OS studies and
samples we have analysed and the upregulation of PARKY is a
constant finding in OS cases. Therefore, activation of this pathway
seems to be feasible and functionally plausible. PARK? is a gene
that supports cell survival, and its upregulation has been shown to
be related to aggressive brain cancer progression [21]. The
functional deficiency of PARK7 and mutations in this gene
cause autosomal recessive early-onset Parkinson’s disease.

Gene set enrichment analysis (GSEA)
pathway enrichment

GSEA pathway enrichment was carried out to describe the
common themes in the activated gene lists. This is based on the
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gene set enrichment comparison by using the ranked gene list of
the differential expression output. This way only statistically
significant differences will be analysed against the existing
genes sets [22]. In the OS samples, with the GSEA analysis, it
was observed that many gene sets related to the cell cycle and
mitosis regulation indicating presence of the malignant disease in
OS in comparison to normal. To visualise the GSEA analysis
results, we developed dot plots to illustrate the gene number and
the statistical significance level for different gene sets and
pathway that were activated in OS samples. Figure 11 shows
the reactome pathways that are enriched in OS samples. Top
15 highly significant reactome pathways are shown with
corresponding adjusted p-value and normalized count
(Figure 11). Some of the major identified pathways in the plot
are protein translation, cell cycle check points, gene silencing and
keratinization.

Figures 11, 12 show statistical significance and gene numbers
in different GSEA pathways. These illustrations combine the
magnitude of the gene activation with the statistical significance.
In both the figures we see the activation of cell cycle related
pathways and mitosis signals that all reflect the activated
malignant processes (Figure 12). Therefore, the genes we
identified as

samples with some indicated in Table 2 is reflective of

differentially expressed in osteosarcoma

the malignant process. Functional analysis of the gene
activation networks can be even more specific and can go
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FIGURE 7
Venn diagram showing relationship between chemo-therapy
verses non chemo-therapy.

from canonical pathways to the practical analysis of the
disease pathologies. Gene set enrichment data were further
analysed in the context of known pathologies and diseases by
using disease ontology annotation. Interestingly, our dataset
only indicated malignant diseases including different cancers,
bone development and movement disease (Figure 9). Most
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remarkably the top disease

osteosarcoma and bone cancer.

ontology matches were

Discussion
Highly upregulated genes in OS

IFITM5 (Interferon-induced transmembrane protein 5) gene
was overexpressed in osteosarcoma samples compared to normal
samples. It has been shown that IFITM5 is expressed
predominantly in bone tissue and plays a key role in the
formation and mineralisation of bone [23, 24]. In particular,
several studies have shown that IFITM5 is overexpressed in
osteosarcoma and also it was reported that the overexpression
of IFITM5 has been shown to promote the growth and invasion
of osteosarcoma cells in vitro and in vivo [24, 25]. The exact
mechanism by which IFITM5 promotes the development and
progression of osteosarcoma is still not fully understood.
However, it is thought that IFITM5 may regulate the activity
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TABLE 2 Top downregulated genes in osteosarcoma based on FFPE PathWest 2 study.

Gene name Symbol Base mean Padj

Hemoglobin subunit alpha 1 HBA1 133.6 -6.3 7.21E-25
Regulator of G protein signaling 6 RGS6 13.9 4.2 2.36E-17
ATPase Na+/K+ transporting subunit alpha 2 ATP1A2 44.0 -4.1 2.62E-11
Keratin 2 KRT2 10.7 -4.0 1.51E-13
Hemoglobin subunit beta HBB 61.0 -4.0 3.33E-11
LIM domain binding 3 LDB3 40.4 -39 8.24E-11
Desmocollin 1 DsC1 9.8 -39 5.88E-14
Polymeric immunoglobulin receptor PIGR 9.6 -3.8 2.33E-13
Myosin binding protein C1 MYBPCI1 29.4 -3.7 8.11E-09
Keratin 1 KRT1 7.7 -3.6 6.32E-13
WNK lysine deficient protein kinase 2 WNK2 233 -33 5.73E-09
Perilipin 4 PLIN4 19.8 -3.3 1.46E-09
Adenylate cyclase 5 ADCY5 14.2 -33 1.06E-09
GPR176 divergent transcript GPR176-DT 10.1 -33 5.11E-11
Hemoglobin subunit alpha 2 HBA2 40.6 -3.2 1.08E-07
XK related 4 XKR4 20.8 -3.2 1.36E-08
Complement C7 Cc7 20.2 -3.1 1.22E-07
Cardiomyopathy associated 5 CMYA5 65.3 -3.1 1.12E-06
Fatty acid binding protein 4 FABP4 10.0 -3.1 4.29E-10
FosB proto-oncogene, AP-1 transcription factor subunit FOSB 227.3 -3.1 1.55E-05
Tubulointerstitial nephritis antigen like 1 TINAGL1 27.2 -3.1 1.27E-07
GO/G1 switch 2 G0S2 19.4 -3.0 1.86E-08
Adiponectin, C1Q and collagen domain containing ADIPOQ 36.3 -3.0 1.31E-06
Synaptophysin like 2 SYPL2 12.0 -3.0 2.06E-08
Potassium voltage-gated channel subfamily A regulatory beta subunit 1 KCNABI1 14.8 -3.0 3.75E-08
Hemicentin 2 HMCN2 17.9 =29 1.87E-07
G protein-coupled receptor class C group 5 member A GPRC5A 19.4 -2.8 3.85E-07
Ceruloplasmin CP 12.2 -2.8 1.30E-07
Enamelin ENAM 8.7 -2.8 3.91E-09
Sorbin and SH3 domain containing 1 SORBS1 60.6 -2.8 6.77E-06

of osteoblasts and osteoclasts, which are cells that form and break
down bone tissue, respectively. In addition, IFITM5 may
modulate the expression of genes that are important for cell
proliferation, invasion, and survival. Overall, while more research
is needed to fully understand the role of IFITM5 in bone cancer,
these findings suggest that IFITM5 may be a potential target for
the development of new treatments for osteosarcoma and other
bone cancers.
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Collagen triple helix repeat containing 1 (CTHRCI) is a gene
that has been repeatedly shown to be overexpressed in
osteosarcoma and is not only involved in carcinogenesis but is
also a prognostic marker for malignancy, progression, and OS
survival [26]. The high expression of CTHRCI has been shown to
be correlated with differentiation, recurrency, chemotherapy
response, and metastasis in patients with OS [27]. In addition,
the survival analysis suggested that high expression of CTHRCI
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in OS patients correlates with a significantly shorter survival
time. CTHRCI is related to metastasis development and
osteosarcoma invasion. Recent research has shown that
CTHRCI plays

progression. Lentivirus-mediated short hairpin RNA (shRNA)

an important role in osteosarcoma

against CTHRCI significantly inhibited cell proliferation and
colony formation in U20S and SW1353 cells [26]. Flow
that knockdown of CTHRCI
increased the cell percentage of GO/G1 phase, resulting in cell

cytometry assay showed
cycle arrest in U20S cells. Moreover, CTHRCI silencing induced
the cell cycle arrest by a decrease in the cell percentage in GO/
Gl phase and increased in G2/M phase in SW1353 cells. In
addition, crystal violet staining suggested CTHRCI silencing
of U20S SW1353
Downregulation of CTHRCI would be an excellent target to

inhibited ~ migration and cells.
stop the metastases of osteosarcoma.

Pannexin 3 is a member of the pannexin family of proteins
and observed to be highly expressed in osteosarcoma compared
to normal sample. PANX3 regulates bone growth and
differentiation [28] and is expressed in cartilage and regulates
chondrocyte proliferation and differentiation [28]. A phenotypic

analysis of Panx3-KO mice has indicated that PANX3 regulates
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the terminal differentiation of chondrocytes by promoting
vascular endothelial growth factor (VEGF) and matrix
(MMP13) [29]. PANX3
directly involved in the proliferation of the bone progenitor

metalloproteinase Therefore, is
cells. In our studies, we observed PANX3 was overexpressed
in OS samples every time.

The next genes in our list with significant upregulation was
the matrix metallopeptidase 13 (MMP13). This gene is very
well known to be involved in the development of
osteosarcoma [30, 31]. MMPI3 is involved in aggressive
invasion and migration of the OS. It has been repeatedly
shown that inhibition of the MMP13 expression will stop the
and growth of the OS [32]. Moreover,
MMP13 interacts with other MMPs to form a network for
osteosarcoma genes. MMP13, MMP2, and MMP14 have been
identified to interact with each other and to promote the

invasion

progression and invasion of osteosarcoma [33, 34]. This
with the COL gene
Furthermore, the upregulation of matrix metallopeptidase
genes, including MMPI1, MMP2, MMP9, MMPI1I, and
MMPI16, has been observed in osteosarcoma (OS) [35].
Previous studies have demonstrated the overexpression of

network also interacts family.
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these genes not only in OS but also in various types of cancers,
where they play a crucial role in cancer survival [36, 37].
Consequently, MMPs could serve as promising diagnostic
markers and potential drug targets for osteosarcoma.

TMEM119 (transmembrane protein 119) was observed to be
highly upregulated in osteosarcoma derived samples as
compared to healthy samples. The level of TMEMI19 protein
expression was shown to be strongly associated with tumour size,
clinical stage, distant metastases, and overall survival time [38].
Moreover, the gene set enrichment analysis revealed that
TMEMI119 expression in osteosarcoma tissues is positively
correlated with cell cycle, apoptosis, metastasis and TGF-B
signaling. The reduction of the TMEMII9 expression in
U20S and MG63 cells using small interfering RNA revealed
that downregulation of TMEM119 could inhibit the proliferation
of osteosarcoma cells by inducing cell cycle arrest in GO/G1 phase
and apoptosis [38]. It was also found that TMEM119 knockdown
significantly inhibited cell migration and invasion and decreased
the expression of TGF-p pathway-related factors. Several genes of
the TMEM family have been shown to predict the survival of
osteosarcoma patients.

Experimental Biology and Medicine

Another important gene centromere protein F (CENPF) was
found to be overexpressed in OS samples in compared to normal
samples. CENPF has shown to play a key role in regulating the
cell cycle and it was also shown that the increased level
contributed to accelerate the cell proliferation by mediating
apoptosis and cell cycle in OS [39].

Haemoglobin related genes are
downregulated in OS

Similarly, HBA1, HBA2, and HBB were downregulated in
osteosarcoma samples. These are genes that encode haemoglobin
subunits and are additionally involved in the malignancies. It was
shown that overexpression of HBAI and HBB inhibits the cell
proliferation, induces cellular apoptosis and block the cell cycle at
the G2/M phase [40]. HBB and HBA1 are now anti-metastatic factors
in other cancers [40, 41] and the downregulation of these genes may
be indicative for enhanced formation of metastases. HBAI and HBB
mediate apoptosis and growth arrest on malignant cells, therefore the
upregulation of these genes might be beneficial for the OS patients.
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Parkinson disease pathway. The roles of PARK7 protein in Parkinson disease are highlighted.

FosB and cell cycle check point protein
GO0S2 are reduced in OS

FosB is a gene named as FBJ murine osteosarcoma viral
oncogene homolog B and this gene was downregulated in OS
samples. FosB is thought to play a role in the development and
progression of osteosarcoma by promoting the proliferation and
survival of cancer cells. In addition, FosB has been found to be
involved in the regulation of genes that are important for bone
formation, such as osteocalcin and collagen. This suggests that

Experimental Biology and Medicine

45

FosB may also contribute to the development of osteosarcoma by
altering the normal processes of bone formation and remodeling
[42, 43]. Overall, while the exact role of FosB in osteosarcoma is
still being studied, there is evidence to suggest that it may be a
potential target for the development of new treatments for this
aggressive form of bone cancer. The overexpression of FosB gene
attenuated lung cancer growth and induced the death of the
cancer cells. The downregulation of FosB has been shown to be
negatively correlated with the cancer grade. Interestingly, the
studies from other groups have found that FosB is a tumour
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suppressor gene [44]. Research has shown that the expression of
FosB is reduced in osteosarcoma cells compared to normal
bone cells.

GO0S2 is a GO/G1 switch gene 2 which was observed to be
downregulated in osteosarcoma. It is a basic protein that inhibits
the proliferation of stem cells. GOS2 gene is a switch that has been
reported to be involved in migration and invasiveness of the
malignant cells [45, 46]. GOS2 gene controls the cell cycle and the
down regulation of this gene in the OS samples possibly indicates
the mechanisms how OS evades the cell cycle control [47].

This study indicates that even using the partially degraded
FFPE samples and with variable quality, the signature of the
molecular genetic changes that are indicative for osteosarcoma
can be identified. This finding validates our approach and makes
the genes listed in Table 2 highly accurate for the OS analysis.
The number of similar DEGs that exactly matched across our
different independent studies were 530, this number seems to be
low in comparison to the observed DEGs in some populations.
This could be due to the heterogenic nature of our samples.
However, the listed genes do not match with the top DEGs
published by Yang et al., in 2014 [48]. It might be due to the
heterogeneity of samples and the type of control samples used for
the comparison. The enrichment of the GSEA sets and its
comparison to the disease ontology showed very clearly that
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the transcriptional profile we have discovered is related to the
osteosarcoma and the genes we have identified are relevant for
the OS pathology. GSEA enrichment indicated highly significant
enrichment of the genetic networks related to osteosarcoma,
bone cancer and connective tissue cancer. The first part of our
analysis can be concluded that the FFPE sample analysis resulted
in functionally meaningful and feasible results as we were able to
identify the gene expression profile that is recognised by the
complex computational enrichment analysis as osteosarcoma
molecular network. Moreover, genes in Table 2 that is our
formal list of statistically significant genes, contains many
genes that are identified malignancy genes in literature. These
malignancy genes are involved in osteosarcoma, other sarcomas,
and in brain cancer.

Conclusion

Although the prevalence of osteosarcoma is relatively modest
compared to other human cancers, the degree of malignancy is
extremely high and poses a serious hazard to young patients [2, 3,
6]. The fact that neither the newly developed gene targeting
therapy nor immunotherapy, which have been showing inspiring
clinical effects in many other tumours, have received a positive
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has
improvement in patient survival over the past 30 years [6,

response in osteosarcoma, contributed no notable
49]. Tt is important to explore the genetics of osteosarcoma in
order to screen for prospective genes involved in cancer
development and find promising targets. Analysis of
differentially expressed gene expression could be a first step
to identifying and establishing the marker and may potentially
lead to the development of a potential drug target specific to
osteosarcoma. From this study we were able to report the top
upregulated and downregulated genes specific to OS in
comparison to normal tissue which could assist to develop
an efficient prognostic marker and therapeutic intervention
specific to osteosarcoma.

We observed 530 differentially expressed genes in OS
comparison to normal across our four different studies.
The top highly expressed genes in OS comparison to
normal controls are mostly found to be associated with
extra cellular matrix related genes and have shown
promise as clinical biomarker and therapeutics target in OS
which needs further evaluations in preclinical models.

Nevertheless, additional data analysis is required using
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fresh bone samples and validation of differential gene
expression with qPCR and immunocytochemistry. The
challenge lies in obtaining fresh bone samples, as not all
patients undergo surgery. Another limitation in our study
was the heterogeneous nature of the samples in terms of
treatment; some underwent and such

drug therapy,

treatments may impact the gene expression pattern.
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Abstract

The lack of effective treatment options for an increasing number of cancer
cases highlights the need for new anticancer therapeutic strategies.
Immunotherapy mediated by Salmonella enterica Typhimurium is a
promising anticancer treatment. Candidate strains for anticancer therapy
must be attenuated while retaining their antitumor activity. Here, we
investigated the attenuation and antitumor efficacy of two S. enterica
Typhimurium mutants, AtolRA and AihfABpmi, in a murine melanoma model.
Results showed high attenuation of AtolRA in the Galleria mellonella model, and
invasion and survival in tumor cells. However, it showed weak antitumor effects
in vitro and in vivo. Contrastingly, lower attenuation of the attenuated
AihfABpmi strain resulted in regression of tumor mass in all mice,
approximately 6 days after the first treatment. The therapeutic response
induced by AihfABpmi was accompanied with macrophage accumulation of
antitumor phenotype (M1) and significant increase in the mMRNAs of
proinflammatory mediators (TNF-a, IL-6, and iNOS) and an apoptosis
inducer (Bax). Our findings indicate that the attenuated AihfABpmi exerts its
antitumor activity by inducing macrophage infiltration or reprogramming the
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immunosuppressed tumor microenvironment to an activated state, suggesting
that attenuated S. enterica Typhimurium strains based on nucleoid-associated
protein genes deletion could be immunotherapeutic against cancer.

KEYWORDS

S. enterica Typhimurium, melanoma, mutants, anticancer, macrophage

Impact statement

Melanoma is the most common form of malignancy in
Caucasians globally. Recent advances in cancer treatment are
still insufficient to mitigate mortality and recurrence rates,
primarily due to tumor heterogeneity. Live tumor-targeting
bacteria represent a unique therapeutic option to overcome
cancer therapeutics’ high toxicity, drug penetration, and

S. enterica Typhimurium
AihfABpmi

* Attenuated
* Able to invade and survive in cancer cells
» Cytotoxic to tumor cells

resistance. Here, we show that live attenuated Salmonella
enterica Typhimurium mutants have antitumor potential in
vivo against the aggressive melanoma model with no
observable side effects. Intratumoral injection of attenuated S.
enterica Typhimurium mediated the reduction of the tumor
mass. Furthermore, we demonstrate that the tumor regression
caused by our triple mutant is related to a shift to a pro-
inflammatory response. These findings delineate new mutants

Treatment of melanoma-bearing mice (B16F10) induces

Accumulation of M1-type macrophages
The expression of inflammatory cytokines, iNOS, and Bax.
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in the fight against cancer and possible mechanisms of localized

bacteria-mediate inflammation leading to mouse tumor
regression. Advances in our understanding of bacteria-
mediated cancer treatment will help guide the development of

new and improved cancer treatment therapies.

Introduction

Cancer is a malignant disease difficult to treat efficiently,
resulting in significant global, social, and economic burden [1].
Despite major advances in cancer treatment, including the
development of surgery, chemotherapy, radiotherapy, and
antibody immunotherapy, mortality and recurrence rates
remain high due to the complexity of the disease and
limitations of currently available treatment options [1-3].
Surgical resection of tumors with surrounding healthy tissue
represents the primary and most favorable treatment option for
patients with early-stage cancer (when the tumor is small and
localized). However, due to the silent nature of oncogenesis, most
patients are often diagnosed at advanced stages of the disease
when surgical resection is not a viable treatment option. The
standard anticancer treatments of chemo- and radiotherapy have
low specificity and high toxicity, resulting in severe side effects
[4]. Therapies based on monoclonal antibodies also show limited
immune response and penetration, with only a minority of
patients that respond to treatment [5]. Therefore, new
therapeutic approaches for efficient treatment of cancer
patients are urgently needed. In this context, Salmonella
enterica Typhimurium-mediated immunotherapy represents a
viable solution for cancer treatment.

Salmonella enterica Typhimurium strains have been
extensively explored in cancer immunotherapy due to several
innate characteristics, including the targeting of intrinsic tumors,
penetration of hypoxic areas [6, 7] and intrinsic antitumor
[8]. The of 8.
Typhimurium is mainly attributed to activation of the

activity antitumor  activity enterica
immune system [8-12]. Infection by S. enterica Typhimurium
in the tumor microenvironment alerts the immune system,
activating oncolytic mechanisms such as increased expression
of interferon vy, inducible nitric oxide synthase (iNOS),
interleukin-1f3 (IL-1f), and tumor necrosis factor a (TNF-a)
[10], as well as decreased levels of transforming growth factor-p
(TGEF-p), vascular endothelial growth factor (VEGF), and anti-
inflammatory cytokines. Moreover, S. enterica Typhimurium can
promote the recruitment of immune cells, such as dendritic cells,
neutrophils, lymphocytes, and macrophages [10-13]. Taken
together, these mechanisms alter the immunosuppressed
antitumor  microenvironment into an  immunoactive
environment that promotes tumor cell destruction.
Macrophage infiltration and phenotype after S. enterica
administration in the tumor microenvironment has been little

studied [13]. Alternately activated macrophages or M2-type
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macrophages  promote  immunosuppression and  are
characterized by decreased iNOS and TNF-a expression, and
positively influence tumor growth, metastases, angiogenesis, and
extracellular matrix remodeling, while classically activated or
MI-type macrophages exhibit phagocytic activity, can promote a
Th1 response, and are associated with tumor growth suppression
[10, 14, 15]. Lipopolysaccharide (LPS) can induce phenotypic
changes in macrophages [15, 16]. Previously, it was shown that S.
enterica Typhimurium mutants could induce macrophage
infiltration and reprogram the M2 to M1 macrophage
polarization [10, 11, 16], suggesting their potential use to
combat tumor progression.

Different strains of S. enterica Typhimurium have shown
promising results in vitro and in vivo [17-22]. However, strains
evaluated in clinical trials have not shown antitumor efficacy
[23-25], making it essential to explore new strains of S. enterica
Typhimurium with antitumor potential. A good anticancer
therapy candidate must have a balance between attenuation
and antitumor activity. Wild-type S. enterica Typhimurium
strains are unsuitable for cancer therapy because they can
cause severe sepsis in the host. Highly attenuated strains are
inefficient because they cannot stimulate the immune system for
tumor elimination [26].

Considering the need to develop safe strains with
antitumor efficacy, in this study, we constructed two
mutants of S. enterica Typhimurium and evaluated their
therapeutic efficacy, as well the induction of macrophage
infiltration and production of inflammatory mediators in
tumors. The AtolRA mutant strain lacks two cell envelope
proteins, and the AihfABpmi mutant is deficient in 6-
phosphomannose isomerase and integration host factor
(IHF), a nucleoid-associated protein. Both mutants showed
attenuation of virulence and antitumor potential in a murine
melanoma model. Furthermore, the antitumor efficacy of the
AihfABpmi mutant was associated with the accumulation of

phenotype M1 macrophages in melanoma tumors.

Materials and methods

Bacterial strains, plasmids, primers, and
culture media

The bacterial strains, plasmids, and primers used in this study
are described in Supplementary Table S1. Bacteria were grown
aerobically at 37°C on LB agar, LB broth (prepared according to
Sambrook and Russell, 2001 [27]), MacConkey (Kasvi, Brazil),
and Salmonella-Shigella (SS) media (Oxoid, United Kingdom).
Ampicillin (100 pg/mL; Sigma, Spain), Kanamycin (50 pg/
Spain), (25 pg/mL;  USB,
United Kingdom), or mannose (0.5%, Sigma, Spain) were

mL;  Sigma, chloramphenicol
used, as required. The bacterial strains used in this study were

stored at —80°C in 20% glycerol in an LB medium.
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In vitro growing conditions

Bacteria were seeded on LB agar and incubated at 37°C for
16-18 h. Colonies grown on LB agar were inoculated into LB
broth and cultured for 16-18h at 37°C under agitation
(150 rpm). The next day, the culture was diluted 1:100 in
fresh LB broth and grown to the exponential phase
(~10® CFU/mL) under the above conditions. The culture was
centrifuged at 4,000 x g for 5 min, and the pellet was suspended
in PBS. Subsequently, the bacteria were diluted to the appropriate
concentration for in vitro and in vivo experiments. In all
experiments, mannose was added to the culture medium (LB
agar or LB broth) for the growth of the AihfABpmi mutant.

Construction of mutants

The new triple mutant AihfABpmi was constructed using the
X\ Red recombination system followed by transduction with
phage p22. We initially constructed the Apmi:Kan mutant by
recombination-mediated allelic exchange of the pmi gene with
the kanamycin cassette. The deletion of the pmi gene was verified
by PCR using the detection primers described in Supplementary
Table S1. Subsequently, Apmi:Kan was used as the donor strain
for transduction with the p22 phage, and the AihfAB mutant was
used as the recipient strain, resulting in the AihfABpmi mutant.

The double mutant AtoIRA was constructed using the A Red
system as previously described [28]. We deleted the toIR and tolA
genes from the ATCC 14028 chromosome in a single step, by
red-mediated recombination and allelic exchange of the toIR and
tolA genes with the kanamycin resistance gene. The gene deletion
was confirmed by PCR using the tolRADT-F and tolRADT-R
primers described in Supplementary Table SI.

Cancer cell lineage

Cell lines B16F10 (mouse melanoma) and 5,637 (human
bladder cancer) were used in this study. Cells were grown at 37°C
in humidified air with 5% CO, Dulbecco’s Modified Eagle
medium  (Thermo  Fisher  Scientific, Carlsbad, CA,
United States) (DMEM) was used to grow B16F10 cells and
RPMI 1640 (Thermo Fisher Scientific) medium was used to grow
5,637 cells. Both media were supplemented with 10% fetal bovine
serum, penicillin (100 U/mL) and streptomycin (100 pg/mL) for
cell growth.

Growth curve
The in vitro growth of the mutants was assessed in LB broth

as previously described [29]. Briefly, a 16-18h culture was
diluted (1:1,000) in LB broth and incubated at 37°C and
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150 rpm. Growth was monitored for 12h employing hourly
optical density readings and CFU determination by plating on
LB-agar. Three independent experiments were performed.

Virulence in the Galleria mellonella model

Virulence attenuation of engineered mutants of S.
enterica Typhimurium was evaluated in vivo in the
Galleria mellonella infection model by inoculating 10 pL of
a 1 x 10° CFU/mL bacterial (mutant or wild-type strain)
suspension in the last proleg of larvae between 200 and
250 mg. Ten larvae were used per group. Larvae survival
was observed for 96 h after inoculation. The experiment
was performed three times.

LPS extraction and analysis by sodium
dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)

The integrity of LPS, which is associated with bacterial
immunogenicity, was also analyzed by profiling LPS on a
polyacrylamide gel. LPS from the mutants and wild-type
strain was extracted as previously described [30]. Briefly,
colonies grown on LB-agar plates were homogenized in
deionized water until an ODgy, between 0.4 and 0.5 was
reached. The
10,000 rpm for 2 min, and the supernatant was discarded. The

bacterial suspension was centrifuged at
pellet was homogenized in a Laemmli buffer (Tris-HCI, pH 6.8
0.625 M, 2% SDS, 25% glycerol, and 0.01% bromophenol blue)
incubated at 100°C for 10 min. Then, 10 pL of Proteinase K
solution (2.5mg/mL) was added, and the suspension was
homogenized and incubated at 60°C for 1 h. The LPS samples
were analyzed by SDS-PAGE. Polyacrylamide electrophoresis
was performed in a 5% stacking gel and in a 12% separating gel,
with exposure to a constant voltage of 100V for 2h. The
separated LPS was stained with silver stain [31], by initially
incubating the gel in a fixative solution (40% ethanol and 5%
acetic acid) for 16 h, followed by incubation in an oxidizing
solution for 10 min. After three washes in deionized water, the gel
was stained for 10 min with a silver solution (0.02M NaOH, 1.5%
ammonium hydroxide, and 0.7% silver nitrate), followed by three
wash-steps in deionized water. Bands were developed in 0.02%
formaldehyde and 0.005% acetic acid solution. After the
appearance of the bands, the gel was washed in deionized
water and photographed. Pseudomonas aeruginosa (kindly
donated by Dr. of
Biochemistry, Instituto de Quimica, Universidade de Sao

Regina Lucia Baldini—Department

Paulo) containing the wzz gene deletion was used as a control
for the absence of LPS. The wzz gene is essential for LPS
biosynthesis. In Pseudomonas aeruginosa, strains with a
deletion of this gene cannot produce LPS.
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Invasion and survival assay

The invasiveness and survival capabilities of the mutants
were measured using gentamicin resistance, as previously
described, with some modifications [22, 32]. Briefly, 1x10°
melanoma or bladder cancer cells per well were seeded in 24-
well plates with antibiotic-free medium (RPMI for bladder
cancer cells or DMEM for melanoma cells) supplemented with
10% fetal bovine serum and incubated at 37°C, 5% CO, for
20 h; two 24-well plates were prepared, one for the invasion
assay and one for the survival assay. The next day, 2 x 10° CFU
of bacteria were added over the cells to reach a multiplicity of
infection (MOI) of 10:1 and incubated at 37°C, 5% CO, for 1 h.
After three washes with PBS, a medium (RPMI for bladder
cancer cells or DMEM for melanoma cells) containing 100 ug/
mL gentamicin was added to each well and incubated for 1 h to
kill extracellular bacteria. Then, each well was rewashed with
PBS. For the invasion assay, tumor cells from one of the plates
were immediately lysed with 0.5% Triton X-100 solution in
PBS, followed by CFU determination by plating on LB-agar
medium. For the survival assay, the other plate was incubated
with medium (RPMI or DMEM) containing 20 pg/mL
gentamicin and incubated for 4h. Then, the tumor cells
were washed with PBS and lysed for CFU determination.
We performed three independent experiments, with three
replicates from each strain.

In vitro toxicity tests

The MTT assay evaluated the cytotoxic effect of the
mutants as previously described [33]. A total of 1x10* cells
were seeded in 96-well plates with antibiotic-free medium
(RPMI for bladder cancer cells or DMEM for melanoma cells)
supplemented with 10% fetal bovine serum. Cells were
incubated for 20h at 37°C and 5% CO,. Then, the cells
were washed with PBS and treated with 2 x 10° CFU of
bacteria to reach an MOI of 100:1. The plate was incubated
at 37°C under 5% CO, for 1 h. Cells were rewashed with PBS
and incubated with medium (RPMI or DMEM) containing
100 pg/mL gentamicin for 2 h at 37°C under 5% CO,. Then,
the cells were rewashed and incubated with a medium (RPMI
or DMEM) containing 20 ug/mL of gentamicin for 24 h under
appropriate culture conditions. After the incubation, the
medium was removed, the cells were rewashed and the cells
were re-incubated for 4h with MTT (5 mg/mL) diluted in
RPMI or DMEM medium. MTT diluted in the medium was
discarded, and crystals were dissolved with dimethyl sulfoxide
(DMSO-Sigma, Saint Louis, MO, United States). Absorbance
was read at 570 nm. The viability of cells treated with the
mutants was compared to that of untreated (control) cells. We
performed three independent experiments, with three
replications of each strain.

Experimental Biology and Medicine

54

10.3389/ebm.2024.10081

Animals

6-8-week-old C57BL/6]JUnib females were used in this study.
All animals were obtained from the Multidisciplinary Center for
Biological Research (CEMIB—UNICAMP). The animal care
committee of Universidade Estadual de Campinas approved all
experiments with mice under protocol numbers 5769-1/2021 and
5895-1/2021. The animals were kept under specific pathogen-free
conditions. The mice were acclimatized for 2 weeks before the start
of the experiments. Mice were 8 weeks old at the time of the first
inoculations. The mice were shaved on the right flank 2 days before
starting the experiments to facilitate subcutaneous inoculations.

Treatment safety tests

The animals were randomly divided into four groups of five and
injected subcutaneously with 60 pL in the right flank. Group I: mice
received 10° CFU of AihfABpmi weekly for 2 weeks, two
inoculations total. Group II: the animals received 10° CFU of
AtolRA weekly for 2weeks. Group III: the animals received
107 CFU of AtolRA weekly for 2 weeks. Group IV: mice received
phosphate-buffered saline (PBS) weekly for 2 weeks. During the
experiment, the animals were weighed thrice a week, and the
appearance of any signs of disease (ocular discharge, piloerection,
lethargy) was analyzed. They were euthanized 2 weeks after the last
inoculation. In addition, parts of the liver, spleen, lung, and kidneys
were collected and immediately fixed in 4% paraformaldehyde
solution for organ damage analysis. Tissues were stained in H&E
and analyzed under a Leica DM5500 B optical microscope (Wetzlar,
Hesse, Germany). Two independent experiments were performed.

To quantify bacterial distribution and persistence at the end of
the experiment, part of the liver, blood, and spleen were aseptically
collected and homogenized in PBS with a tissue homogenizer (Omni
Mixer Homogenizer, Vernon Hills, IL, United Stated), as previously
described [29]. The homogenized tissues were plated on LB-agar,
MacConkey, and SS with appropriate antibiotics to determine CFU.
Two independent experiments were performed using 5 mice per
group in each experiment.

In vivo antitumor efficacy

The antitumor efficacy of the mutants was evaluated in a
B16F10 cells were diluted in
antibiotic-free and fetal bovine serum-free DMEM medium.

murine melanoma model.

B16F10 cells (3x10°) were inoculated subcutaneously into the
dorsal flank region of C57BL/6JUnib mice. When the tumor
reached 100 mm® (10-12 days after tumor cell inoculation), the
tumor-bearing animals were randomly assigned to groups (PBS,
AihfABpmi, and AtolRA), seven mice per group. Mice were
inoculated intratumorally with 60 uL of mutant strains
suspensions (10° CFU of AihfABpmi or 10° CFU of AtolRA) or
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PBS once a week for 2 weeks. Tumor size was measured every
2-3 days, and tumor volume was calculated as previously
described [19]. Two independent experiments were performed
using 7 mice per group in each experiment.

Tumor-bearing mice that reached 2000 mm® or showed signs of
pain were euthanized to avoid suffering. The body weight of the
mice was also measured every 2-3 days, and the mice were observed
for any signs of disease throughout the treatment period. At the end
of the experiments, the mice were euthanized by intraperitoneal
injection of 5 mg/kg of xylazine and 40 mg/kg of ketamine, followed
by cervical dislocation. Liver, spleen, kidney, and lung samples were
collected, fixed in 4% formaldehyde, and stained with H&E for
histopathological examination. The experiment was repeated twice.

To quantify bacterial distribution and persistence at the end of
the experiment, tissues were weighed and homogenized with a tissue
homogenizer (Omni Mixer Homogenizer, Vernon Hills, IL, United
Stated), as previously described [29]. The mixed tissue suspension
was plated in LB-agar, MacConkey, and SS with appropriate
antibiotics to determine CFU. This experiment was performed twice.

The potential therapeutic antitumor of mutants was also
evaluated intraperitoneally. Mice bearing B16F10 tumors
(100 mm®) were treated intraperitoneally with 10° CFU of
AihfABpmi, 10° CFU of AtolRA or PBS once a week for
2 weeks. Tumor size was measured every 2-3 days. The mice
were euthanized 19 days after starting the treatments. One
independent experiment was performed using 5 mice per group.

Immune response involved in the
antitumor effect

To understand the immune response involved in the antitumor
effect mediated by the AihfABpmi mutant, mice bearing tumors of
approximately 100 mm® were inoculated intratumorally with
10° CFU of AihfABpmi or PBS. Four days later, the mice were
euthanized. The tumor mass was divided into two parts, one for
macrophage analysis by flow cytometry and another for analysis of
the expression of genes involved in the antitumor response.

Macrophage analysis by flow cytometry

A suspension of isolated cells was prepared from the tumor
tissue. Tumor tissue was cut into small fragments and digested in
200 U/mL collagenase IV buffer at 37°C for 1 h, then passed through
a 70 pum cell filter. The samples were incubated with fluorochrome-
labeled antibodies [CD80-Pe, CD206-APC, CD11b-Percp, F4/80-Fitc
(Elabscience. Houston, United States)] for 20 min at 4°C and
50,000 events were analyzed using the cytometer of NovoCyte
flow using the following panel macrophage (F4/80+ CD11b+),
M1 macrophage (F4/80+ CD80") and M2 macrophage (F4/80+
CD260+). The data were analyzed with the software NovoExpress
1.5.0 software.
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Quantitative RT-PCR (qRT-PCR) for the
detection of gene expression

mRNA expression was analyzed by qRT-PCR. Total RNA
extraction from tumor tissue was performed using a Direct-zol
RNA MiniPrep Plus kit (Zymo Research, Irvine, CA,
United States) and Trizol reagent (Invitrogen, United States)
according to the manufacturer’s instructions. RNA integrity was
confirmed by agarose gel followed by ethidium bromide staining.
RNA purity and concentration were verified using NanoDrop
2000c (Thermo Scientific, United States). The RNA was treated
with DNase I Amplification grade (Sigma-Aldrich. Louis, MO,
United States) to eliminate genomic DNA contamination. As a
contamination control, a PCR was performed on all samples to
verify the absence of genomic DNA. Reverse transcription was
performed to synthesize cDNA using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems. United States).
Then, the real-time PCR reaction was performed using the 2x
qPCRBioSyGreen Mix Separate-Rox kit (PCRBIOSYSTEMS.
United States),
manufacturer’s instructions, in a MicroAmp Optical 96-Well

Wayne, Pennsylvania, according to the
Reaction Plate microplate (Thermo Scientific, United States),
using the StepOnePlus Real-Time PCR System (Applied
Biosystems, United States). The dissociation Curve was made
to verify the specificity and quality of the primers used. The
mRNA expression was normalized to the expression of p-actin
and GAPDH, which were used as endogenous controls. Relative
mRNA expression levels were calculated using the 2744¢T
method. The sequences of the primers used are shown in

Supplementary Table S2.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 8 (GraphPad, San Diego, CA, United States). One-way
ANOVA followed by Dunnett’s test was used in experiments
with three or more experimental groups. Student’s t-test was used
to analyze data from experiments from two experimental groups.
Data were represented as the mean + Standard Deviation of the
mean (SEM), and p < 0.05 was considered statistically significant.

Results

In vitro growth of mutants and attenuation
of virulence in the Galleria
mellonella model

First, we verified the potential effects of gene deletions on
bacterial growth by comparing the mutants (AihfABpmi and
AtolRA) with the parental strain 14028 WT. For in vitro growth
in LB broth (37°C, 150 rpm), we observed similar ODg values
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Bacterial growth and virulence of mutants. (A) Growth of the mutants and wild-type strain, monitored for 12 h by measuring the OD (A 600 nm);

(B) number of colony forming units (CFU) per ml of the mutants and wild-type strain monitored every hour. Growth curves were performed three
times. The graph shows the mean + SD of three independent experiments. (C) Virulence of mutants and wild-type strains in the Galleria mellonella
model. Larvae were inoculated with 10% CFU in the last proleg, and survival was observed for 96 h. (D) Electrophoretic profile of
lipopolysaccharides (LPS). Polyacrylamide gel stained with silver to confirm bacterial LPS integrity. 1. Dual color molecular weight standard (Bio-rad);
2. Salmonella enterica Typhimurium 14028; 3. S. enterica Typhimurium 14028 AihfABpmi; 4. S. enterica Typhimurium 14028 AtolRA. 5.
Pseudomonas aeruginosa (Awzz). The graphs show representative values from three independent experiments.

between the mutants and the parental strain (Figure 1A).
However, analysis of colony forming units (CFU) number
counts showed that the growth rate of AihfABpmi was lower
than that of 14028 WT (Figure 1B), and AihfABpmi had a lower
number of CFUs in the stationary phase of growth as compared
to 14028 WT. AtolRA showed a growth pattern similar to
14028 WT (Figure 1B).

Next, we investigated whether the deleted genes affected the
virulence of 14028 WT by inoculating G. mellonella larvae with
1 x 10° CFU of AihfABpmi, AtolRA, and 14028 WT (Figure 1C
and Supplementary Figure S1). We observed lower mortality of
larvae inoculated with the mutants than with the parental strain.
Here, 90% and 50% of larvae inoculated with AtolRA and
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AihfABpmi, respectively, survived 96 h post-inoculation, while
all larvae inoculated with 14028 WT died within 24h of
inoculation. These results suggest that the AihfABpmi and
AtolRA mutants are virulence-attenuated.

Electroporation, used for constructing mutants, can result in
the selection of mutant colonies with incomplete LPS. However,
LPS is critical for bacterial immunogenicity. Therefore, we
investigated the LPS integrity of the mutants by performing
LPS preparations on polyacrylamide gels, followed by periodic
acid oxidation and silver staining. We observed similar LPS
profiles of the mutants and the wild-type strain, suggesting
that  the had a LPS
layer (Figure 1D).

constructed mutants complete
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Invasion, survival, and cytotoxicity of mutant strains in bladder carcinoma (5,637) and melanoma (B16F10) cells. Cancer cells were infected

in vitro with mutant strains for 2 and 6 h at an MOI of 10:1, after which the ability of invasion (A) and survival (B) of the mutant strains in cancer cells was
determined by measuring intracellular CFU. 14028 WT was used as a positive control. Percentage of viable 5,637 (C) and B16F10 (D) cancer cells after
24 h of bacterial strain infections. The results were normalized to those of the uninfected cells. Results are represented as mean + SD of three
independent experiments performed in triplicate wells. Statistical significance was determined by one-way ANOVA followed by Multiplex

Comparison Test *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.0001.

Invasion and survival capability of mutants
in cancer cells

We determined whether gene deletion affected the invasiveness
and survival of 14028 WT in tumor cells by infecting two cancer cell
lines with the mutant and 14028 WT strains for 2 and 6 h, followed
by determining the number of intracellular CFU after tumor cell
lysis. In B16F10 murine melanoma cells, AtolRA showed a similar
invasion and survival profile to the parental strain. However, the
AihfABpmi mutant showed a statistically significant reduction in
invasiveness and survival, and similar results were observed with
bladder carcinoma 5,637 cells (Figures 2A, B).

Cytotoxicity of S. enterica Typhimurium
mutants in tumor cells

In addition to invasion and survival, potential S. enterica
Typhimurium mutants must also exert a cytotoxic effect. We
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assessed the in vitro antitumor potential of the mutants by
the with  3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) in B16F10 melanoma and 5,637 bladder carcinoma
cells (Figures 2C, D). The MTT assay was performed with

performing colorimetric ~ assay

previously proposed modifications for the elimination of
bacterial contribution to MTT reduction [33]. Cancer cells
without the addition of bacteria were used as a negative
control (100% viability), while cells treated with 14028 WT
were used as a positive control. We observed that 14028 WT,
AtolRA mutant and AihfABpmi mutant significantly decreased
the viability of both cell lines (melanoma and bladder
carcinoma cells). Treatment with 14028 WT decreased
viability by 55%-68%, AihfABpmi
decreased viability by 36%-54%, while the AtolRA mutant
decreased viability by 32%-40%. B16F10 melanoma cells were

mutant treatment

more resistant to the cytotoxic effect of both mutants and the
likely due their
metastatic phenotype.

parental strain, to aggressive and
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Safety analysis of treatment with
attenuated S. enterica
Typhimurium mutants

We assessed treatment tolerance with attenuated mutants of
S. enterica Typhimurium by inoculating healthy mice
subcutaneously with the mutants once a week for 2 weeks, for
a total of two doses (the experimental design is shown in
Figure 3A). The mutant AihfABpmi dose (10° CFU) was
chosen based on our previous studies that showed that the
double mutant AihfAB is an attenuated strain and 10° CFU of
the AihfAB mutant is a safe and efficient dose to treat bladder
cancer in mice (unpublished data). Based on these results, we
chose 10°CFU of the triple mutant AihfABpmi as the
experimental dose here. A previous study reported that the
AtolRA mutant is highly attenuated [28], and our results in G.
mellonella further confirmed this attenuation (Figure 1C and
Supplementary Figure S1). Thus, we tested two doses of 10° and
107 CFU of the AtolRA mutant in safety analysis experiments.

The body weight of the mice was determined as a sign of
general health. After the first inoculation, we observed that mice
inoculated with 107 CFU of the AfoI[RA mutant lost +2 g (12% of
body weight) with signs of disease, such as eye discharge,
piloerection, and lethargy. However, 1week after the first
inoculation with 107 CFU of the AtolRA mutant, the mice
regained weight, and the disease symptoms disappeared
(Figure 3B). In mice inoculated with PBS, 10° CFU of the
AtolRA mutant, or 10° CFU of the AihfABpmi mutant, we did
not observe weight loss or signs of systemic disease such as ocular
discharge, piloerection, lethargy throughout the experiment
(Figure 3B). Despite the symptoms, no mortality was observed
in the mice throughout the experiment (Table 1).

The mice were euthanized 21days after the initial
inoculation, and the organs were collected for bacterial
persistence and histopathological analysis. To analyze bacterial
distribution and persistence at the end of the experiment,
homogenized or macerated blood samples from the liver and
spleen were diluted and plated on LB agar, SS, and MacConkey
with appropriate antibiotics for subsequent CFU counting of our
mutants. However, no bacterial colonies were detected in any of
the three media tested or any tissue group, even when samples
were plated without dilution. The fact that no mutants were
isolated suggests that the bacteria cannot persist in these organs
21 days after the first inoculation and 15 days after the second
inoculation.
of the
hepatomegaly and splenomegaly in the group inoculated with
107 CFU of the AtolRA mutant. Significant differences in spleen
and liver weights were observed in mice inoculated with 107 CFU

Macroscopic  examination organs  showed

of the AtoIRA mutant, as compared to the group inoculated with
PBS (Figures 3C, D). However, we did not observe significant
differences between organ weights of mice inoculated with
10° CFU of the AtolRA mutant or 10° CFU of the AihfABpmi
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mutant compared with mice inoculated with PBS
(Figures 3C, D).

Microscopic analysis of spleen, liver, lung, and kidney
samples from mice inoculated with PBS revealed typical
histological structures (Supplementary Figure S2). The spleen,
liver, kidney, and lung of mice inoculated with the AihfABpmi
mutant showed no signs of tissue damage. However, histological
changes related to mild inflammation were observed in the liver,
lung, and spleen. Interestingly, we also observed an increase in
the megakaryocyte number in the spleen of mice inoculated with
the AihfABpmi mutant as compared to that in mice inoculated
with PBS. Megakaryocytes have previously been related to
inflammation [34]. Despite these effects, no histological
architectural changes were observed in the evaluated organs,
suggesting that subcutaneous inoculation of 10° CFU of the

AihfABpmi mutant is safe for use as a treatment.

Antitumor efficacy of attenuated S.
enterica Typhimurium mutants in the
murine melanoma model

Based on the safety analysis described above, we performed
the antitumor efficacy tests with 10° CFU of the AtoIRA mutant
and 10°CFU of the AihfABpmi mutant since, at these
concentrations, no weight loss, splenomegaly, or hepatomegaly
were observed, suggesting that these mutants are well-tolerated in
mice at these concentrations. The antitumor efficacy of the
mutants was evaluated in terms of the survival rate of the
mice and the ability to reduce tumor mass. B16F10 cells (3 x
10°) were implanted subcutaneously in the dorsal flank region of
female C57BL/6JUnib mice. When the tumor reached 100 mm?
(10-12 days after tumor cell inoculation), mice bearing
B16F10 tumors were treated intratumorally or intraperitoneal
with 10° CFU of the AfoIRA mutant or 10° CFU of the AihfABpmi
mutant. Mice bearing B16F10 tumors inoculated with PBS were
used as a negative control. As shown in Figure 4, both the AtolRA
mutant and the AihfABpmi mutant treatments reduced tumor
growth compared with the PBS-treated group (control), and
treatment with the AihfABpmi mutant was more efficient in
reducing melanoma tumors than treatment with the
AtolRA mutant.

Figures 4C, I show the tumor size at the end point of the
experiment (19 days after the first dose of treatment with the
mutants). Intratumoral treatment with the AihfABpmi mutant
eliminated the tumor from all mice, leaving only a scar at the
tumor site (Figure 4C). Moreover, we also observed that the
AihfABpmi mutant completely reduced the tumor mass of all
mice 6 days after the first dose of treatment, which did not grow
back in the following 15days (Figure 4E). Intraperitoneal
treatment with the AihfABpmi mutant eliminated the tumor
in two of the five treated mice (Figure 41). On the other hand,
although intratumor or intraperitoneal treatment with the
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Safety assessment of treatment with attenuated mutants of Salmonella enterica Typhimurium. (A) Experimental design to test the toxicity and
safety of mutants in mice inoculated by the subcutaneous route. (B) Body weight of mice inoculated with attenuated mutants throughout the
experiment. Weight of spleens (C) and livers (D) of mice inoculated with attenuated mutants. In the graphics, the error bars represent the average +
SD of 5 mice per group. Data are from one experiment representative of two independent experiments. Each experiment performed with

5 mice per group. Statistical significance was determined by one-way ANOVA followed by Multiplex Comparison Test *p < 0.05; **p < 0.01; ***p <

0.005; ****p < 0.0001.

TABLE 1 Safety trial of treatment with subcutaneous attenuated mutants in C57BL/6JUnib mice (5 per group).

Groups CFU Survivors/inoculates
PBS 5/5
AihfABpmi 10° 5/5
AtolRA 107 5/5
AtolRA 10° 5/5

Data are from one experiment representative of two independent experiments. Each experiment performed with 5 mice per group. In both experiments, survival was 100% in all groups

analyzed.
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FIGURE 4

Antitumor efficacy of attenuated mutants of Salmonella enterica Typhimurium in a BL6F10 subcutaneous tumor model. C57BL/6JUnib mice
were inoculated with B16F10 cells (3 x 10°), subcutaneously in the dorsal flank region. When the tumor reached 100 mm?* (10-12 days after tumor
cell inoculation), 10° CFU of the AtolRA mutant, 10° CFU of the AihfABpmi mutant or PBS was injected intratumorally (n = 7) or intraperitoneal (n = 5)
once a week for 2 weeks (n = 7). (A) Tumor growth after starting treatments intratumorally. (B) Weight of mice during treatments intratumorally.

Data reported in graphs A and B are average values + SD. (C) Tumor size at the endpoint of the treatments intratumorally. (D—F) Kinetics of individual
tumor growth in groups treated intratumorally with PBS, AihfABpmi mutant, and AtolRA mutant, respectively. Day one is considered when the tumor
reaches 100 mm?®. Two independent experiments were performed, using seven mice per group. (G) Tumor growth after starting treatments
intraperitoneal. (H) Weight of mice during treatments intraperitoneal. Data reported in graphs (G, H) are average values + SD. (I) Tumor size at the
endpoint of the treatments intraperitoneal. (3-L) Kinetics of individual tumor growth in groups treated intraperitoneal with PBS, AihfABpmi mutant,
and AtolRA mutant, respectively. Day one is considered when the tumor reaches 100 mm?®. One experiment was performed, using five mice

per group. Statistical significance was determined by one-way ANOVA followed by Multiplex Comparison Test *p < 0.05; **p < 0.01; ***p < 0.005;
*kk*k
p < 0.0001.
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AtolRA mutant inhibited tumor growth compared to the PBS
control, it did not eliminate tumors in mice.

All mice inoculated with the mutants survived until the
endpoint of the experiment. However, the mice in the PBS
group were euthanized 1week before the end point of the
experiment to avoid further suffering due to substantial tumor
growth. We did not observe any significant differences between
the weight of the mice inoculated with the mutants and the PBS
group (Figures 4B, H). We also did not observe any signs of
disease in mice intraperitoneally or intratumorally treated with
the AihfABpmi mutant.

In the endpoint of the experiment intratumorally, blood,
liver, spleen, and tumor samples were homogenized or macerated
and plated on LB agar, SS, and MacConkey for subsequent CFU
counting. However, no bacterial colonies were detected in the
analyzed groups (mice treated with PBS, AihfABpmi, or AtolRA),
even when samples were plated without dilution. The non-
isolation of the mutants suggests that the bacteria either
cannot persist in these organs or get eliminated by the
immune system of the mice. It would be interesting to
determine the colonization efficiency of the two mutants
tested in the tumor microenvironment to see if differences in
antitumor activity can be attributed to bacterial fitness. Future
analyses will include the analysis of bacterial colonization after
24, 48 and 72 h of treatment with the mutants.

Hematoxylin and Eosin (H&E) staining of tissues revealed
inflammatory  foci  (infiltration of mononuclear and
polymorphonuclear cells) in the liver and spleen of mice
treated with the AihfABpmi mutant (Figure 5). However, we
did not observe pathological changes in the architecture of the
analyzed organs.

Analysis of the immune response involved
in the antitumor effect

The immunological responses underlying the antitumor
effects of S. enterica Typhimurium remain poorly understood.
Recent evidence suggests the involvement of cells of the innate
immune system, such as macrophages, and the production of
pro-inflammatory cytokines in tumor elimination [15]. We used
the AihfABpmi mutant to analyze the immune responses
involved in its antitumor response because treatment with the
AihfABpmi mutant showed a more significant tumor inhibition
than treatment with the AtoIRA mutant. Mice were euthanized,
and tumor tissue was collected 4 days after treatment with
10° CFU of the AihfABpmi mutant, as the AihfABpmi mutant
rapidly inhibited tumor growth.

Tumor cell suspensions prepared from tumor tissue were
labeled and analyzed using the following panel macrophage (F4/
80+ CD11b+), M1 macrophage (F4/80+ CD80") and
M2 macrophage (F4/80+ CD260+). Flow cytometric analysis
showed significant difference between the proportion of
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macrophages from mice treated with the AihfABpmi mutant
and mice treated with PBS (Figure 6B). Next, we examined the
phenotype of intratumoral macrophages, and observed that
treatment with the AihfABpmi mutant significantly reduced
the proportion of M2-type macrophages and increased the
proportion of M1-type macrophages compared to PBS-treated
mice (Figure 6C). This suggests that the tumor elimination ability
of AihfABpmi is associated with the induction of the
accumulation of macrophages with antitumor phenotype and
the reduction of pro-tumor immunosuppressive macrophages.

We evaluated the expression of cell proliferation genes (Ki-
67), (VEGF), apoptosis (Bax),
inflammatory (IL-6, TNF-a, and iNOS) markers to further
investigate the immune responses underlying the antitumor

angiogenesis and pro-

effects of AihfABpmi. Tumor tissue from mice treated with
the AihfABpmi mutant or PBS was collected after 4 days to
measure the levels of mRNA expression using qRT-PCR. We
observed that treatment with the AihfABpmi mutant induced a
statistically significant upregulation of the mRNA levels of Bax,
IL-6, TNF-qa, and iNOS (Figures 7A, B, D, F, respectively). Thus,
pro-inflammatory cytokines secreted by immune cells such as
macrophages can contribute to tumor cell death and trigger a
strong tumor-specific immune response [35].

Discussion

Bacteria-based anticancer therapy is a promising option for
treating cancer [22, 36]. Facultative anaerobic bacteria such as S.
enterica are the focus of anticancer research due to their natural
ability to attack tumors with variable oxygen concentrations and
their immunogenicity, which leads to the activation of the immune
system to destroy tumors in animal models [37, 38]. However, S.
enterica is also a pathogen that causes Salmonellosis in humans [39].
Therefore, their virulence must be attenuated for S. enterica strains
to be considered in cancer therapy to ensure safe use [22].

The virulence of S. enterica can be attenuated by mutating or
eliminating pathogenicity genes or genes essential for survival
[19, 40, 41]. However, the mutation of these genes can also
compromise their anticancer activity and their ability to invade
and destroy tumor cells [42]. For example, deletion of the genes
for LPS biosynthesis (ArfG and ArfD) decreases the intrinsic
antitumor effect of S. enterica Typhimurium 14028 (Frahm et al.,
2015). Strains KST0651 (ArelA AspoT) and KST0649 (AptsI Acrr)
lost the ability to replicate in macrophages and epithelial cells [43,
44]. The low yield of the VNP20009 strain, modified in lipid A
(AmsbBApurI), as evidenced by the lack of tumor colonization
and antitumor activity in clinical trials, has been attributed to the
deletion of the msbB gene [23, 24, 45]. Therefore, careful selection
of S. enterica strains is required to maintain their tumor-
attacking ability while achieving their attenuation.

We demonstrated the antitumor efficacy of two strains of S.
enterica Typhimurium, whose antitumor potential has not been
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FIGURE 5
Histological analysis of normal tissues. Tumor-bearing mice were treated with 10° CFU of AihfABpmi mutant or PBS, twice a week for 2 weeks.
After 1 week of the last inoculation, the spleen, liver, lung, and kidney were collected for histological analysis using H&E staining of organ sections.
Slight inflammation was observed in the liver and spleen of mice treated with AihfABpmi mutant. The asterisks indicate the megakaryocytes in the
spleens and inflammatory foci in the liver. Scale bar: 200 pm for x100 and 50 pm for x400.

explored yet. The strains were designed by deleting chromosomal periplasm, and outer membrane [48]. TolR and TolA are
genes. The double mutant AtolRA lacks two proteins critical for anchored to the inner membrane through a single region near
maintaining the integrity of the bacterial membrane (TolR and the N-terminus [49]. Inactivation of any of the Tol-Pal system
TolA), and the triple mutant AilfABpmi lacks two proteins, IHF, genes negatively affects outer membrane integrity, results in
a nucleoid-associated protein that also functions as a leakage from the periplasm, increases susceptibility to toxic
transcriptional regulator and is involved in the expression of compounds, and increases outer membrane vesicle
pathogenicity genes, and 6-phosphomannose isomerase, a key production [46].
enzyme for lipopolysaccharide O production. Of these mutants, In addition to maintaining the cell envelope structure, TolR and
the AtolRA mutant was highly attenuated, but its ability to TolA proteins also have other biological functions. In E. coli, the
eliminate melanoma tumors was compromised, at least in the TolR protein is involved in the retrograde transport of
mouse model. The AihfABpmi mutant, in turn, showed less phospholipids. In Shigella flexneri, strains lacking the tolR gene
attenuation than the AfolRA mutant, but maintained its are more sensitive to antibiotics and bile salts and are less virulent
tumor-eliminating ability. [50, 51]. In S. enterica Typhimurium, the TolR protein has motility-
The TolR and TolA proteins are part of the Tol-Pal system, a related functions, and deletion of the folR gene significantly increases
critical multiprotein complex for maintaining the integrity of outer membrane vesicle production [52, 53].
Gram-negative bacteria’s cell envelope associated with bacterial Deletion of the gene encoding the TolA protein in S. enterica
virulence [46, 47]. The Tol-Pal system crosses the inner, Typhimurium increases its sensitivity to bile salts and reduces
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FIGURE 6

Immunophenotyping of macrophages infiltrated in B16F10 tumors. (A) Representative gating strategy to identify macrophage (F4/80+
CD11b+), M1 macrophage (F4/80+ CD80*) and M2 macrophage (F4/80+ CD206+). (B) Macrophage population and (C) Macrophage phenotype
(M1 or M2 type) after intratumoral treatment with 10° CFU of the AihfABpmi mutant or PBS in a murine model of melanoma (three mice per group).
Results are presented as the mean + SD (n = 6). Statistical significance was calculated by Student's t-test. *p < 0.05; **p < 0.01.

motility and bacterial load in the spleen, liver, Peyer’s patches, and
lymph nodes compared with S. enterica wild-type. Salmonella
enterica Typhimurium AfolA is considered highly attenuated in
mice and G. mellonella and is more sensitive to the complement
system than wild-type strains, a feature that has also been reported
for mutants lacking folR [50, 52, 54, 55]. Our virulence results for the
AtolRA mutant are consistent with previous reports. In the G.
mellonella model, the AtolRA mutant was highly attenuated as
90% of larvae inoculated with the AfolRA mutant survived. In
contrast, all larvae inoculated with the wild-type strain died 24 h
after inoculation (Figure 1C).

The attenuation and hypervesiculation profiles of mutants
lacking the toIR and tolA genes made these strains and the outer
membrane vesicles isolated from these mutants a research focus in
the development of vaccines against S. enterica, Mycobacterium
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tuberculosis, E. coli, and SARS-CoV-2 [28, 54, 56, 57]. However, its
anticancer potential has not been investigated yet. In this study, we
investigated whether S. enterica Typhimurium AfolRA double
mutant possesses antitumor activity in vitro and in vivo. The
AtolRA mutant exhibits essential features for a potential
antitumor strain, such as strong attenuation of virulence
(Figure 1C), ability to invade and survive similar to the wild-type
strain (Figures 2A, B), and toxicity in bladder cancer and melanoma
cells (Figures 2C, D). The main feature of the AfolRA mutant
observed in this study was its ability to inhibit melanoma growth
in a murine model. The AtolRA mutant was not sufficient to
eradicate the tumor mass (Figure 4). The high attenuation of this
strain likely compromised its antitumor efficacy.

To date, none of the analyzed strains is capable of eradicating
human tumors, so research into new antitumor strains is
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FIGURE 7

Effect of the AihfABpmi mutant on gene expression. The relative level of RNA expression of Bax (A), IL-6 (B), VEGF (C), iNOS (D), Ki-67 (E), and
TNF-a (F) genes. Tumor tissue from B16F10 tumor-bearing mice was collected after 4 days of an intratumoral injection with 10° CFU of the
AihfABpmi mutant or PBS (n = 6). Results are presented as the mean + SD. Statistical significance was calculated by Student's t-test. *p < 0.05; **p <

0.01; ***p < 0.005; ****p < 0.0001.

necessary to obtain more effective and safer strains that can be
used in anticancer treatment [23, 24, 45]. We previously showed
that the mutant for the ihfA gene of S. enterica Typhimurium
attenuates virulence and reduces tumor mass in a murine model.
However, this strain exhibited high toxicity in vivo, with 70% of
mice treated intratumorally with S. enterica Typhimurium AihfA
dying 15 days after inoculation with a 10° CFU dose [19].

The ihfA and ihfB genes encode the a and { subunits of the
IHF binds to specific
transcriptional promoters and induces their bending >120°.
the

between RNA polymerase and regulatory proteins [60,

heterodimeric ITHF protein [58, 59].

interaction
l. A
recent study in Pseudomonas putida revealed that IHF influences

Influencing transcription by facilitating

homologous recombination and mutagenic processes and that

64

recombination and mutation rates are lower in mutants for the
IHF protein [
controls the expression of several virulence genes and cell
]. Strains lacking ihfA and ihfB are attenuated,
leading to global transcriptional dysregulation [64, 65].

]. In S. enterica Typhimurium, IHF positively
invasion [

Previous studies have shown that the homodimeric forms of
IHF (ac or BP) are biologically active but less stable [66].
However, mutations lacking ihfA or ihfB are still capable of
producing homodimeric proteins which might explain the
increased toxicity of the single AihfA mutant in our
previous study [19].

To solve the toxicity problems of the AihfA mutant, we
constructed an IHF-deficient strain (homodimer or
heterodimer) by deleting ihfA and ihfB. The double mutant
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ihfA and ihfB of S. enterica Typhimurium 14028 did not
presented toxicity as exhibited by the AihfA single mutant
[19]. We also showed that the double mutant ihfA and ihfB of
S. enterica Typhimurium 14028 and violacein exerted an
antitumor effect on bladder cancer in a murine model
(unpublished data). Considering these results and to improve
the safety and attenuation of the double mutant of S. enterica
Typhimurium 14028 AihfAAihfB, we constructed a new triple
mutant in this study by additionally deleting the pmi gene.
The pmi gene encodes 6-phosphomannose isomerase, an
enzyme that performs the reversible interconversion of
fructose-6-phosphate to mannose-6-phosphate, a precursor of
mannose GDP. Since GDP-mannose is required for the synthesis
of the O antigen side chain of LPS, strains with a pmi gene
mutation grow in the absence of mannose but cannot synthesize
the O antigen. These mutants can only produce complete LPS in
the presence of exogenous mannose [67, 68]. Mutants with a
deletion in the pmi gene have already been studied previously, as
they allow obtaining strains with regulated delayed attenuation, a
strategy implemented for constructing safe and immunogenic
vaccine strains [68-70]. Apmi mutants are grown in a mannose-
host
colonization in the initial stages of invasion. After several

supplemented culture medium, allowing optimal
generations of in vivo growth, the O antigen is gradually lost,
and the Apmi mutant is attenuated by the absence of mannose in
animal tissues [68].

In this study, we deleted the pmi gene based on previous
studies demonstrating that these mutants are attenuated and
immunogenic, with the advantage of ceasing the expression of
complete LPS in vivo [67]. This characteristic gives the strain
greater security for the host since strains with incomplete LPS are
more susceptible to the immune system [67, 70].

Our results suggest that the AihfABpmi mutant is an attenuated
strain with antitumor potential that balances attenuation and
antitumor efficacy. Although the triple mutant AihfABpmi is an
attenuated strain, its attenuation profile was lower than the
attenuation profile of the AfolRA mutant (Figure 1C). The
AihfABpmi could invade and survive inside tumor cells, but not
as efficiently as the wild type (Figures 2A, B). Despite its decreased
survivability, the AihfABpmi mutant efficiently decreased the viability
of tumor cells in vivo and in vitro (Figures 2C, D). Mutations in the
ihfA, ihfB, and pmi genes did not compromise the antitumor capacity
of S. enterica Typhimurium, as treatment with the triple mutant led
to complete regression of BI6F10 tumors (Figure 4) without harmful
effects on normal organs (Figure 5). Several studies have shown that
S. enterica Typhimurium exerts its antitumor activity by activating
the immune system [11, 17, 35], thus the immunogenicity of the
bacterium is the key to eliminating tumors.

After a few replication cycles, the inability to produce full LPS in
the Apmi mutant allows the mutant to activate the immune system
and acquire an additional attenuation phenotype through mannose
deficiency [67]. A closer examination of the antitumor effect showed
that treatment of tumors with the AihfABpmi mutant leads to
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accumulation of macrophages of phenotype M1 and decrease of
macrophages of phenotype M2. We found that M2-type
macrophages were more abundant in mice from the control
group (PBS) tumor tissue than in the AihfABpmi-treated
group. In contrast, the percentage of macrophages and M1-type
macrophages was higher in the mutant-treated group (Figure 6).
Our data do not allow us to know whether the accumulation M1-
type macrophages and decrease of M2-type macrophages observed
in tumors of mice treated with AihfABpmi are due to AihfABpmi
induces the reprogramming of intratumoral macrophages from pro-
tumor phenotype to anti-tumor phenotype or whether AilfABpmi
induces the infiltration of anti-tumor macrophages in antigenically
poor tumors. Further studies are needed to elucidate this finding.
Accumulation of M1-type macrophages was also accompanied with
a significant increase in the mRNA of inflammatory cytokines
(TNF-a and IL-6), iNOS, and Bax (Figure 7). In addition, the
cytokines TNF-a, IFN-y, IL-6, and IL-12P70 have been associated
with antitumor activity in previous studies [33, 71]. Together, our
results suggest that the AihfABpmi mutant induces accumulation of
M1-type macrophages, which leads to apoptosis and suppresses
tumor growth by secreting cytokines with antitumor activity.

Macrophages have been demonstrated to be activated by LPS
and flagellin to specifically kill tumor cells [11, 16]. LPS and
flagellin present in S. enterica Typhimurium can stimulate the
infiltration of immune cells, such as macrophages, by TLR5 and
TLR4 signaling, respectively. Immune cells produce pro-
inflammatory mediators such as TNF-a, IL-6, IL-1, IL-12, and
iNOS, leading to reprogramming the immunosuppressive tumor
microenvironment into an immunogenic one to aid in the
elimination of tumors [35]. At the time of inoculation, the
AihfABpmi mutant has complete LPS, allowing the bacterium
to colonize efficiently and leading to reprogramming of the
tumor microenvironment, evidenced by the percentage of
M1 macrophages and the significant increase in iNOS, an
indicator of type M1 macrophages. Our results are consistent
with previous reports in models of melanoma, lymphoma, colon
adenocarcinoma, and breast cancer that also show that S. enterica
Typhimurium can induce the accumulation of macrophage
phenotype to the M1 phenotype and induce the secretion of
inflammatory cytokines in tumors [7, 11, 16, 35, 72].

TNF-a production is associated with apoptosis-induced tumor
cell death [72, 73]. Previous studies have shown that S. enterica
Typhimurium has an apoptotic effect by increasing Bax production
[7, 74]. The data presented here show that treatment with the
AihfABpmi mutant significantly increases the expression of genes
involved in the apoptosis pathway, suggesting that S. enterica
Typhimurium exerts its antitumor activity by activating apoptosis.

Bacterial toxicity is a barrier to their use in cancer
immunotherapy. The triple mutant explored in this study
loses complete LPS after a few generations, which makes the
bacterium more susceptible to the immune system and can be
eliminated from the host without causing serious toxicity. At the
endpoint of the experiment, we did not detect the AihfABpmi
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mutant in the blood, tumor, liver, or spleen of mice, suggesting
that our mutant reduced the tumor mass and was subsequently
eliminated by the immune system. Furthermore, mutations in
the genes coding for the IHF protein reduce the risk that the
AihfABpmi mutant makes homologous recombination with
microbiota bacteria or that random mutations will appear. In
addition, IHF mutants are further attenuated as discussed
previously. It is important to mention that S. enterica mutants
for HU, another NAP, were also attenuated and induced a
protective immunological response in the murine model [29].
Altogether, these data indicate that NAP proteins represent a new
target for the development of S. enterica attenuated strains with
vaccine and antitumor potential.

In the present study, we report two attenuated mutants of S.
enterica Typhimurium and explored their antitumor activity
in vitro and in vivo. The first mutant was shown to be highly
attenuated, but with compromised antitumor activity. The
second mutant, AihfABpmi showed a lower attenuation profile
but maintained its ability to invade and survive in tumor cells.
Additionally, it was efficient in eliminating melanoma. Our
results also suggest that the antitumor effect of treatment with
the  AihfABpmi the of
macrophages from MI-type macrophages, that secrete pro-

mutant  induces accumulation
inflammatory mediators, leading to the apoptosis of tumor
Taken data provide

understanding the activity of S. enterica Typhimurium in

cells. together, our a basis for

cancer immunotherapy.
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Abstract

In-ovo imaging using avian eggs has been described as a potential alternative to
animal testing using rodents. However, imaging studies are hampered by
embryonal motion producing artifacts. This study aims at systematically
comparing isoflurane, desflurane and sevoflurane in three different
concentrations in ostrich embryos. Biomagnetic signals of ostrich embryos
were recorded analyzing cardiac action and motion. Ten groups comprising
eight ostrich embryos each were investigated: Control, isoflurane (2%, 4%, and
6%), desflurane (6%, 12%, and 18%) and sevoflurane (3%, 5%, and 8%). Each
ostrich egg was exposed to the same narcotic gas and concentration on
development day (DD) 31 and 34. Narcotic gas exposure was upheld for
90 min and embryos were monitored for additional 75 min. Toxicity was
evaluated by verifying embryo viability 24 h after the experiments. Initial
heart rate of mean 148 beats/min (DD 31) and 136 beats/min (DD 34)
decreased over time by 44-48 beats/minute. No significant differences were
observed between groups. All narcotic gases led to distinct movement
reduction after mean 8 min. Embryos exposed to desflurane 6% showed
residual movements. Isoflurane 6% and sevoflurane 8% produced motion-
free time intervals of mean 70 min after discontinuation of narcotic gas
exposure. Only one embryo death occurred after narcotic gas exposure with
desflurane 6%. This study shows that isoflurane, desflurane and sevoflurane are
suitable for ostrich embryo immobilization, which is a prerequisite for motion-
artifact free imaging. Application of isoflurane 6% and sevoflurane 8% is a) safe
as no embryonal deaths occurred after exposure and b) effective as
immobilization was observed for approx. 70 min after the end of narcotic
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gas exposure. These results should be interpreted with caution regarding
transferability to other avian species as differences in embryo size and
incubation duration exist.

KEYWORDS

in-ovo imaging, ostrich eggs, animal model, biomagnetism, alternative animal testing,
narcotic gases, magnet-ovography

Impact statement

In-ovo imaging represents an adequate alternative for
preclinical imaging sparing animal research using rodents. In
order to avoid image artifacts caused by embryonal motion, use
of isoflurane has been described previously. This work
and

systematically narcotic ~ gases

concentrations, showing successful immobilization for more

investigated  different

than one hour after exposure using highest concentrations of
isoflurane, desflurane and sevoflurane. This information is
needed for planning and execution of in-ovo imaging

experiments.

Introduction

In-ovo imaging has been described as a potential alternative
concept to animal testing using rats or mice [1-4]. According to
national and international legislation, research using eggs does
not qualify as animal testing as long as all experiments are carried
out before hatching [5-8].

In-ovo methods comprise experiments using chorio-allantois
membrane (CAM), vaccine research and production, toxicity
studies as well as cardiovascular research, just to name a few. The
largest research area is covered by CAM assays, because this
highly vascularized membrane enables basic research regarding
cancer (tumor cell growth [9], xenografts [10], epithelial-
mesenchymal transition [11], circulating tumor cells [12]),
[13, 14],
wound healing, stem cells [15] and even serves as training

angiogenesis (pro- and antiangiogenetic drugs)

platform for surgical procedures [16]. As these models have
been shown to provide essential information about cell
interactions, cancer and drug effects [17], they are suitable to
answer important questions of basic research [18, 19]. Regarding
the role of in-ovo methods within the landscape of research in
general, drug development is chosen as an example: It is
commonly accepted that new drugs are tested on animals
(i.e., rodents) before first application in humans in order to
sort out drug candidates which are associated with toxicities. If
there was a tool that allowed for an even earlier selection of
promising drug candidates, this would reduce the number of
animals needed.

With regard to preclinical imaging, in-ovo methods
contribute to reduction of classic animal research using
rodents as it can serve as a “pre-selection tool” in order to
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test and dismiss unfavorable experimental approaches (e.g.,

radiopharmaceutical ~ substances for nuclear medicine
imaging), so only promising experimental approaches are
tested on rodents. Thus, in-ovo research complies with the
principles of modern animal testing (3R) as established by
Russel and Burch in 1959 [20].

Usually, chicken embryos are used for in-ovo imaging,
however, this requires dedicated small animal imaging devices
which represents a disadvantage regarding limited access [1, 2, 4].
A concept using substantially larger ostrich eggs and imaging
devices commonly used in routine clinical examinations in
humans (e.g., computed tomography, CT; magnet resonance
imaging, MRL; and positron emission tomography, PET) has
been published before [1, 2, 4].

Preclinical in-vivo imaging requires immobilization in order
to produce artifact-free imaging [21, 22]. In rodents, isoflurane
anesthesia is an established method [23]. Previous publications
report on the effect of isoflurane on chicken and ostrich embryos
and have investigated feasibility and success of reduction of
embryonal movements [1, 22]. However, there are no studies
that explore the effect of different narcotic gases and different
concentrations.

Thus, this study aims at comparing isoflurane, desflurane and
sevoflurane in three different concentrations. The frequency of
movements and heart rate is assessed using biomagnetic signals.
Furthermore, embryo survival after narcotic gas exposure is
evaluated. Two different development stages of ostrich

embryos are investigated, i.e., development day (DD) 31 and 34.

Materials and methods
Ostrich eggs

Ostrich eggs were obtained from a local ostrich farm 15 km
from the research facility between April and September. Artificial
incubation was started 1-4 days after laying and was carried out
using a multistage egg incubator (Sofie 3, Hemel, Verl, and
Germany) with constant incubation properties at 36.5°C and
25% air humidity as described elsewhere [2, 4]. The ostrich eggs
used in this study were part of a larger research project
comprising different experiments. During the time period, a
total of 373 ostrich eggs were obtained. Non-fertilized eggs
and eggs containing dead embryos were discarded. After
31 days of incubation, 188 ostrich embryos were available for
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different experiments and of these, 85 ostrich embryos were
randomly chosen to be investigated with different narcotic gases
as described in this study. Initial egg weight was 1,398 + 112 g.

If artificially incubated, ostrich eggs usually hatch after
42 days [24]. As it was a requirement to end all experiments
before hatching, studies were performed on DD 31 and DD 34.
This embryo study did not qualify as an animal research study
according to the Federal German Animal Protection Act.
Registration took place with the Office for Consumer
Protection of the Thuringia State, registration number 22-
2684-04-02-114/16.  Thus, ethic
was waived.

committee’s  approval

Magnet-ovography (MOG)

Methodological aspects of detecting embryonal movement
and cardiac action using standard magnetencephalograph (MEG,
Neuromag, Elekta, Sweden) systems have been published before
[1].

measuring magnetic flux and background noise [25]. Each

In short, MEG consists of multiple magnetometers,

magnetometer produces a graph (channel) showing the
magnetic field change over time. Due to the negative influence
of ferromagnetic objects close to the investigation site, all
components have to be designed metal-free and thus, remote
controls consisting of tubes and a chamber to hold the ostrich egg
were used to narcotic

described before [1].

apply different gases  as

Data acquisition and post-processing

Data acquisition followed chronological steps as outlined by
Freesmeyer et al. comprising optimal egg positioning via visual
verification of heart signals, followed by automated signal
recording of each magnetometer channel [1]. Regarding data
post-processing, cardiac signals were detected using a method
which has been validated for human fetus observations described
by Schmidt et al. in 2019, analyzing information about the signal
amplitude (minimum-maximum), the overall signal strength,
signal space angle and moving correlation coefficient [26].
Movement signals were evaluated by methods of Schmidt
et al. (ie, advanced automatic movement detection, using
position changes of the heart signal vector over time) and
Freesmeyer et al. (ie., manual movement detection, using a
threshold-based analysis of different signal frequency-bands of
each magnetograph channel) [I, 26]. In order to ensure
comparability for both methods, a data set comprising two
groups (control, isoflurane 6%) from Freesmeyer et al. was
analyzed using both methods and agreement was determined
using Bland-Altmann plots. The individual embryos studied by
Freesmeyer et al. were the same as investigated in this analysis
[1]. The other groups (isoflurane 4%, isoflurane 2%, desflurane,
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sevoflurane) were evaluated only using advanced automatic
movement detection method due to time aspects. This
schedule was deemed adequate in view of time efficiency as
estimated duration for manual movement detection (Freesmeyer
etal.) [1] is longer than advanced automatic movement detection
(Schmidt et al.) [26].

Experimental design

Isoflurane (Piramal Healthcare, Mumbai, India), Desflurane
(Suprane, Baxxter Inc., Illinois, United States) and Sevoflurane
(Abbvie Inc., Illinois, United States) were used in three different
concentrations according to the available range which was
predefined by the respective vaporizers (Vapor 2000 Isofluran,
Vapor 2000 Desfluran, Vapor 2000 Sevofluran each by Draeger,
The and highest
concentration was investigated as well as a concentration in

Luebeck, Germany). lowest possible
between. Ten groups were investigated: Control, isoflurane
(2%, 4%, and 6%), desflurane (6%, 12%, and 18%) and
sevoflurane (3%, 5%, and 8%). For each concentration, eight
ostrich embryos were investigated on DD 31 and the same ostrich
embryos were investigated on DD 34 again. Additionally, a
control group comprising 8 ostrich eggs was evaluated
without exposure to narcotic gases.

The experiments were conducted as described elsewhere [1].
In short, eggs were removed from the incubator and transferred
to MEG facility. Surface temperature was measured using an
infrared contactless thermometer (VOLTCRAFT IR 900-30S,
Conrad Electronic, Hirschau, Germany) before and after MOG.

Eggs were placed into chamber connected to tubes which
enabled in- and outflow of narcotic gases and ambient air. The
chamber was set into the MEG device and signal quality was
visually assessed. If a positive cardiac signal was visible,
experiment started according to Figure 1. After a resting
phase of 15min, narcotic gas exposure was started and
continuously monitored using a gas measurement module for
anesthetic care (Scio Four Oxi, Draeger, Luebeck, Germany). In
order to extract the respective narcotic gas from the vapor,
ambient air (21% oxygen, 79% nitrogen) was used. The flow
was set at 2 L/min and adjusted as needed, always verifying the
desired narcotic gas concentration via the gas measurement
module. Narcotic gas exposure was upheld for 90 min and
then vaporizer was closed. Data acquisition was continued for
additional 75 min (follow-up phase) assessing possible re-
appearance of embryonal movement. In total, data were
continuously acquired for 180 min. During resting phase and
follow-up phase, ambient air was inflated into the chamber
holding the ostrich egg, preventing accumulation of carbon
dioxide and subsequent embryo suffocation. In the control
group, ambient air was inflated into the chamber for 180 min
at a flow of 2 L/min. After the experiment, eggs were transferred
into incubator and viability of ostrich embryos was investigated
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FIGURE 1

Time schedule for narcotic gas exposure. Phase “rest” (15 min) allows for reduction of embryonal arousal after egg transport to MEG-facility.

This phase is followed by “narcotic gas exposure” (90 min) and a “follow-up phase” (75 min). During rest and follow-up phase, ambient air is inflated
into the chamber holding the ostrich eggs. During “narcotic gas exposure,” respective narcotic gas is applied. In control group, during this phase
ambient air is inflated. During 180 min MOG, the ostrich egg is held by a container which is located at the head rest (a) of the MEG system.
Narcotic gas inflow is provided by specific vapor (b) and narcotic gas outflow (c) is provided by exhaustion system. During the whole experiment,
narcotic gas concentration was continuously measured using a gas measurement module (d) for anesthetic care (Scio Four Oxi, Draeger, Luebeck,

10.3389/ebm.2024.10037

Germany), ensuring adequate concentration of narcotic gas within the chamber holding the ostrich egg.

approx. 24 h later by 5min MOG measurement assessing for
cardiac signals; thus, experiment toxicity was evaluated. After the
last experiment (on DD 35; viability assessment), ostrich
embryos were subjected to imaging studies on DD 37 after
which they were sacrificed on DD 37 at the latest using
sodium-pentobarbital. Necropsy comprising organ removal
was performed aiming at verification of imaging studies.

Statistics

Individual embryo heart rate was determined for each
minute and median values within each group were calculated
and compared. Graphs were designed to visually compare heart
rate change over time. ANOVA method was used to determine
differences between narcotic gases and concentrations regarding
heart rate reduction over time.

Method agreement between manual movement detection
and advanced automatic movement detection was evaluated
by determination of levels of agreement described by Bland
and Altmann [27].

Embryo movement was normalized for individual motion
signal level during resting phase. Relative signal change was
recorded for each minute and median values within each
group were calculated. Groups were compared using graphs.
Furthermore, a sigmoid fitting curve was calculated for each
experiment and inflection points were determined as the time

Experimental Biology and Medicine

point of successful immobilization (“sleep”) and re-appearance
of movement during follow-up phase (“awake”). Time points
were compared for each group using Kruskal-Wallis-Test and p =
0.05 as a level of significance.

Results

In total, 168 MOG comprising 85 ostrich eggs were carried
out. Eight data sets from 5 ostrich eggs were excluded from
analysis due to erroneous data recording, corrupt data files and
inconsistent duration of narcotic gas exposure. One of 80 ostrich
embryos died after exposure to desflurane (6%) on DD 34. In
79 ostrich embryos, positive heart signal was obtained approx.
24 h after the last experiment, indicating survival. Necropsy
revealed no abnormal findings attributable to narcotic
gas exposure.

Between MOG start and end, mean temperature reduction
was 6.1°C and different narcotic gases did not differ significantly
regarding temperature decrease.

Data
automatic movement detection method. Comparison with

reconstruction was successful using advanced
manual movement detection method showed good agreement
between control group and isoflurane 6% regarding motion
analysis (Figure 2). Duration of data reconstruction and
evaluation ranged from 20min to 160 min per data file

comprising 180 min.
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FIGURE 2

Embryonal movement using advanced automated movement detection according to [26] in a data set derived from [1]. Left: Boxplot diagram
showing level of activity during resting phase (0—15 min; grey) and isoflurane/ambient air (15-105 min; red) in two groups (isoflurane 6% and control)
on DD 34. Right: Four Bland-Altmann plots showing adequate agreement of advanced automated movement detection and manual movement
detection. The four plots refer to the four boxes in the boxplot diagram. The Bland-Altmann plots compare each value between advanced
automated movement detection and manual movement detection. The dots indicate the difference between both methods (y-axis) over absolute
value (embryonal movement; x-axis) and the solid line represents the mean value of all dots. Dashed lines indicate 2x standard deviation of all
differences. All values are in the range of 2x standard deviation, indicating no significant underestimation or overestimation.

Heart rate

Heart rate change over time is shown in Figure 3 for all
embryos on DD 31 and DD 34, respectively. On DD 34, ostrich
embryos showed significant lower heart rate (106.9 + 14.6/min)
than ostrich embryos on DD 31 (140.9 + 15.8/min) during the
first 5 min after exposure to narcotic gases (p < 0.001).

Figure 4 visualizes effects of isoflurane, desflurane and
sevoflurane over time. Mean heart rate reduction between
time intervals 0-15min and 151-180 min was 43.8/min on
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DD 31 and 47.7/min on DD 34, respectively; there was no
significant difference between control group and narcotic
gases and different concentrations (Figure 5).

Embryonal movement

Embryonal movement over time is shown in Figure 6,
aiming at visualization of immobilization effect. Control
groups on DD 31 and DD 34 (grey lines) differ slightly
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FIGURE 3

Boxplot diagram of heart rate during different time intervals of all 80 ostrich embryos investigated on DD 31 and 34. Significant differences
between DD 31 and DD 34 occur within the first 5 min after initiation of narcotic gas exposure, in the middle of narcotic gas exposure and at the end
of follow-up. Aggregated data of all groups including control group was deemed appropriate in view of Figures 4, 5, excluding significant differences
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FIGURE 4

Mean heart rate over time for each narcotic gas and concentration (green: isoflurane, blue: desflurane; orange: sevoflurane). Top row: DD 31;
bottom row: DD 34. In each graph, control group is depicted in grey. Dashed lines represent start and end of narcotic gas exposure. In each group,

eight ostrich embryos on DD 31 and 34 were investigated, respectively.
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FIGURE 5

Boxplot diagram of mean heart rate reduction (difference) between 0-15 min and 151-180 min for each narcotic gas and concentration.
Considering DD 31 and DD 34 separately, comparison between control group and each narcotic gas and concentration revealed no significant

differences.
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FIGURE 6

Mean embryonal movement over time for each narcotic gas and concentration (green: isoflurane, blue: desflurane; orange: sevoflurane). Top
row: DD 31; bottom row: DD 34. In both rows, results of control groups are depicted in grey. Dashed lines represent start and end of narcotic gas
exposure. Note the light blue graph on DD 31 and DD 34 (desflurane 6%) during narcotic gas exposure (15-105 min) which indicates residual
movement whereas the other graphs (desflurane 12%, 18%; sevoflurane, isoflurane) show almost constant O values. This figure mainly focuses

on visualization of group differences. For quantification of effectiveness of immobilization, see Figure 7.

Experimental Biology and Medicine

75

Published by Frontiers

Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2024.10037

Perkas et al.

30
25

20

e e

timepoint sleep (min)

qu:@

isoflurane desflurane sevoflurane

Olow E medium B high

DD 31

30 *

25 L

20

| e

timepoint sleep (min)

e  Flm

isoflurane desflurane sevoflurane

Olow O medium M high

DD 34

FIGURE 7

10.3389/ebm.2024.10037

@! EQI 5

isoflurane

80
70
60
50
40
30
20
10

timepoint awake (min)

-10

desflurane sevoflurane

Olow O medium M high

DD 31

80 A ks
70
60
50
40
30
20
10 5

timepoint awake (min)

-10

isoflurane desflurane sevoflurane

Olow O medium M high

DD 34

Boxplot diagram of duration between start of narcotic gas exposure and reduction of movements (“time point sleep”; left diagrams) as well as
duration between end of narcotic gas exposure and re-appearance of movements (“time point awake”; right diagrams) for ostrich embryos on DD 31
(top row) and DD 34 (bottom row). In order to compare concentration levels of narcotic gases, categories “low,” “medium” and "high” were used as
provided by dedicated vaporizers. Note the shorter time until re-appearance of movements for desflurane [as compared to sevoflurane and
isoflurane (highest concentrations)] on DD 34. *p < 0.05; **p < 0.01; ***p < 0.001.

without significant differences while less embryonal
movement is detectable when using highest concentrations
for isoflurane, desflurane and sevoflurane, respectively.

Figure 7 visualizes effectiveness of immobilization using
time points “sleep” and “awake” in minutes after starting
and ending narcotic gas inflow, respectively. On DD 34,
highest of
sevoflurane lead to a significantly different median time
point “sleep” of 7.5 + 2.1 min, 3.0 + 1.5min and 3.5 *
1.4 min, respectively (p = 0.0169) and a significantly
different time point “awake” of 75.0 * 5.7 min, 46.0 *
9.6 min, and 71.0 * 21.4 min, respectively (p = 0.0252).
There is no significant difference between low, medium and

concentration isoflurane, desflurane and

high concentration within each narcotic gas group. On DD
31 and DD 34, sevoflurane produces a significantly shorter
median time for the ostrich embryo to “sleep” (DD 31: 4.0 +
1.7 min; DD 34: 4.0 + 3.5 min) than isoflurane (DD 31: 7.0 +
4.7 min; DD 34: 8.0 + 5.5 min) and desflurane (DD 31: 6.0 +
5.3 min; DD 34: 6.0 + 4.5 min) (DD 31: p = 0.0143; DD 34: p =
0.0015). Over all narcotic gas groups and concentrations,
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ostrich embryos awake earlier on DD 31 (24.0 + 22.1 min)
than on DD 34 (37.0 £ 22.6 min) (p = 0.0016).

Discussion

Isoflurane, desflurane and sevoflurane were compared in
three different concentrations regarding effect on ostrich
embryo motion and heart rate.

Method agreement

Both methods of movement detection, ie., manual

movement detection and advanced automatic movement
detection showed a good agreement in a dataset (comprising
control group and isoflurane 6% on DD 34) retrieved from [1],
thus confirming appropriateness of automatic movement
detection. As data reconstruction and evaluation was shorter

for the automatic approach, this method was chosen for
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comparison of different narcotic gases and concentrations.
Initially, the algorithm for automatic movement detection was
designed for human fetuses of 34-38 weeks of gestational age
[26, 28]. Human fetuses of that age weigh approx. 2400-3400 g
[29], which is about ten times heavier than an ostrich embryo of
approx. 350 g on DD 34 and 220 g on DD 31, respectively.
However, less weight did not hamper MOG signal detection
as the algorithm produced adequate results. This study revealed
that data reconstruction and evaluation using the automatic
approach (as short as 20min) was faster than manual
movement detection which required at least 45 min for a
90 min-data file, as reported by Freesmeyer et al. [1].

Embryonal movement

The three narcotic gases show comparable results regarding
efficacy of movement reduction during exposure. After less than
8 min, ostrich embryos show a distinct cessation of movements
and sevoflurane was most effective with this regard. Only one
group (desflurane 6%) which represents the lowest concentration
for this gas, showed residual movements during narcotic gas
exposure (15-105min) (Figure 6). After discontinuation of
narcotic gas exposure, ostrich embryos having been exposed
to desflurane showed a significantly shorter time until
of first than
sevoflurane, indicating inferior immobilization effects of

reappearance movements isoflurane and
desflurane (Figure 7). As expected, highest concentrations of
each narcotic gas produced a longer immobilization than lowest
concentration (Figure 6), however, this result was not significant
(Figure 7). This finding is in line with results showing more
depression of motor evoked potentials in rats being exposed to
higher concentrations of isoflurane [30].

Regarding ostrich eggs, only one study has addressed the
effect of immobilization using narcotic gases, i.e., isoflurane [1];
however not investigating different concentrations. Heidrich
et al. have successfully used isoflurane in chicken embryos in
order to enable artifact free imaging, but also did not investigate
different concentrations of isoflurane [22]. Dose-dependent
effects of desflurane and other narcotic gases are well-known
[31] and adjustment of concentrations represent common
clinical practice in anesthetic management of patients.
Chambers holding ostrich eggs and preventing leakage of
narcotic gases might produce image artifacts [4, 32], thus, the
setup described in this study aimed at narcotic gas exposure
before imaging procedure. In this context, it is very important to
consider the time from the end of narcotic gas exposure and
reappearance of movements. This time span is required to
establish a vessel access in order to intravenously administer
substances, e.g., radiopharmaceuticals for in-vivo imaging. On
DD 34, desflurane in its highest concentration (18%) led to an
earlier reappearance of movements in ostrich embryos than
isoflurane and sevoflurane, respectively (Figure 7). Thus,
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desflurane is less suitable to suppress embryonal movement,
whereas isoflurane and sevoflurane allow for artifact-free

imaging after mean 70 min after the end of narcotic gas exposure.

Heart rate

Heart rate reduction over time was present in all individuals
including control group which indicates factors independent
from narcotic gases as the underlying reason. Continuous
cooling of ostrich eggs during experiments is considered the
main factor as a mean reduction of 6.1°C was observed in this
study. Similar effects were reported previously using the same
methodological approach [1]. MOG requires a complex MEG-
system shielding of the entire room to suppress external magnetic
field changes interfering with detection of magnetic flux. Also,
MEG-system relies on constant room temperature of 25°C which
makes cooling of the ostrich eggs inevitable. Due to close
proximity of ostrich eggs and magnetometers, thermal support
with heating pads was not possible as it would have also increased
the temperature of magnetometers, thus hampering MOG.
Interpreting the heart rate reduction over time for each
narcotic gas and concentration separately indicates a slightly
pronounced decrease after initiation of narcotic gas exposure
(16-20 min) and continuous (linear) reduction during narcotic
gas exposure and follow-up; however, this difference is not
significant (Figures 4, 5). Concluding, heart rate reduction is
present in all ostrich embryos and occurs independently from
narcotic gas exposure.

This study revealed low toxicity of repeated narcotic gas
exposure as all individual survived experiments on DD 31 and
79/80 embryos survived experiments on DD 34. The assessment
of viability 24 h after the last experiment was deemed appropriate
to verify lethality. Regarding toxicity, da Rosa et al. investigated
effects of isoflurane and sevoflurane in low concentrations on
fertility of mice [33] and Liu et al. reported on long-term
neurotoxicity of isoflurane and sevoflurane in neonatal mice
[34]; however, both studies consider long-term effects and not
short-term survival as in this study. Ostrich embryos were
sacrificed on DD 37 at the latest, ie., three days after last
exposure to narcotic gases. Therefore, long-term effects of
narcotic gases on ostrich embryos cannot be assessed using
the current experimental setup.

All ostrich embryos underwent narcotic gas exposure on DD
31 and DD 34. This approach was chosen in order to show
feasibility and safety of narcotic gases even in repeated
experiments. As it is the goal to enable artifact-free imaging of
ostrich embryos, repeated experiments in the same animal is
desirable in order to reduce the number of embryos used in an
experiment. Few differences were present between these two
development stages which are predominantly characterized by
embryo growth; organogenesis is complete at this late time point
[2, 24, 35]. Namely, significant lower heart rate was observed in
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embryos on DD 34 in the first 5 minutes after initiation of
narcotic gas exposure as well as at the end of follow-up-phase
(Figure 3) and ostrich embryos on DD 31 show a faster re-
appearance of movements after discontinuation of narcotic gas
exposure than embryos on DD 34. These are unexpected
results as the applied narcotic gas divided by embryo weight
is much higher in embryos on DD 31 (data not shown) and
should lead to a stronger effect than in further developed
embryos. It is well known that in general, heart rate is
higher in smaller and younger individuals; however, this
does not explain the differences in reaction to narcotic gas
exposure. One possible explanation is the repetition of narcotic
gas exposure.

All embryos investigated on DD 34 had been investigated
with the same narcotic gas in the same concentration 3 days
before. This might indicate a cumulative effect of narcotic
gases; however, this assumption cannot be proven with the
current setup and would require experiments comprising a
control group of embryos on DD 34 without prior narcotic
gas exposure.

Limitations

This study addresses important questions regarding the effect
of narcotic gases; however, the following limitations have to be
considered: The experiments investigated only two time points
during development, i.e., DD 31 and 34. Especially considering
unexpected results between both time points regarding heart rate,
experiments on further time points, i.e., DD 37 and 28 are
important to transfer feasibility of immobilization via
narcotic gases.

The system setup of MOG is rather elaborate due to extensive
shielding and necessary metal-free environment. More compact
and mobile systems would be desirable in order to enable
simultaneous detection of cardiac action/movements and
acquisition of images (CT, MRI, and PET).

The concept of using ostrich embryos as an alternative for
animal testing is rather new and not (yet) widely distributed and
results cannot be transferred without limitations to more
commonly used chicken eggs or even mammals. Furthermore,
it is unknown whether narcotic gases might influence
experiments (e.g,, normal biodistribution of radiopharmaceuticals)
in ostrich embryos.

Conclusion

This study investigated desflurane, isoflurane and sevoflurane
in three different concentrations for immobilization of ostrich
embryos in order to enable motion artifact-free imaging.
Minor methodological changes regarding automation of
data reconstruction were successfully applied. Isoflurane and
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sevoflurane in their respective highest concentration (as
permitted by the dedicated vaporizers), i.e. 6 % and 8%,
respectively, were most suitable for immobilization which
lasted for approx. 70 min after discontinuation of narcotic
gas exposure. All three narcotic gases are considered safe as
only one of 80 embryos (160 experiments) died after narcotic
gas (i.e., desflurane) exposure and heart rate did not change
significantly when compared to a control group.
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Abstract

Podocyte injury or dysfunction can lead to proteinuria and glomerulosclerosis.
Zonula occludens 1 (ZO-1) is a tight junction protein which connects slit
diaphragm (SD) proteins to the actin cytoskeleton. Previous studies have
shown that the expression of ZO-1 is decreased in chronic kidney disease
(CKD). Thus, elucidation of the regulation mechanism of ZO-1 has considerable
clinical importance. Triptolide (TP) has been reported to exert a strong
antiproteinuric effect by inhibiting podocyte epithelial mesenchymal
transition (EMT) and inflammatory response. However, the underlying
mechanisms are still unclear. We found that TP upregulates ZO-1 expression
and increases the fluorescence intensity of ZO-1 in a puromycin
aminonucleoside (PAN)-induced podocyte injury model. Permeablity assay
showed TP decreases podocyte permeability in PAN-treated podocyte. TP
also upregulates the DNA demethylase TET2. Our results showed that
treatment with the DNA methyltransferase inhibitors 5-azacytidine (5-AzaC)
and RG108 significantly increased ZO-1 expression in PAN-treated podocytes.
Methylated DNA immunoprecipitation (MeDIP) and hydroxymethylated DNA
immunoprecipitation (hMeDIP) results showed that TP regulates the
methylation status of the ZO-1 promoter. Knockdown of TET2 decreased
Z0O-1 expression and increased methylation of its promoter, resulting in the
increase of podocyte permeability. Altogether, these results indicate that TP
upregulates the expression of ZO-1 and decreases podocyte permeability
through TET2-mediated 5 mC demethylation. These findings suggest that TP
may  alleviate podocyte permeability  through TET2-mediated
hydroxymethylation of ZO-1.
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Z0-1
permeability in PAN-induced podocyte injury model.

e Triptolide upregulates to decrease podocyte

e Triptolide regulates the methylation status of ZO-1
promoter in podocyte.

e Knockdown of TET2 decreases ZO-1

in ZO-1

expression,

accompanied by an increase promoter

methylation levels.

Impact statement

Proteinuria is one of the most common manifestations of
chronic kidney disease (CKD) and also one of the most
important independent risk factors for CKD progression.
Podocyte injury is the major cause of proteinuria. Zonula
(ZO-1) maintains by
connecting the slit diaphragm (SD) proteins to the actin

occludens 1 podocyte  structure
cytoskeleton. Numerous studies have confirmed that the
expression of ZO-1 is decreased in CKD. Therefore, clarifying
the regulatory mechanism of ZO-1 is of great significance.
Triptolide (TP) can alleviate proteinuria through various
mechanisms. In this study, we aimed to clarify the mechanism
by which TP regulates ZO-1 from the novel perspective of
epigenetics. Accordingly, a puromycin aminonucleoside
(PAN)-induced podocyte injury model was developed and
treated with TP. The results showed that TP upregulates the
expression of ZO-1 and decreases podocyte permeability through
TET2-mediated hydroxymethylation of the ZO-1 promoter. Our
study reveals the novel mechanism by which TP can reverse

podocyte damage.

Introduction

Chronic kidney disease (CKD) is a highly progressive disease,
which has becoming one of the leading causes of death in the 21st
century [1]. Proteinuria is not only an early clinical manifestation
of CKD, but also an independent prognostic risk factor for CKD
progression [2]. Podocytes, also known as glomerular epithelial
cells, are highly differentiated cells that are attached to the
glomerular basement membrane (GBM) and located in the
outermost layer of the GBM [3]. Podocytes are connected to
each other by the slit diaphragm (SD), and the integrity of this
connection plays an important role in preventing renal protein
loss. Podocyte injury or dysfunction can lead to proteinuria and
glomerulosclerosis [4]. Therefore, effective prevention and
treatment of podocyte injury is an important issue.

Zonula Occludens 1 (ZO-1) belongs to the uridine kinase
family. It was the first tight junction proteins to be identified, and
contains the PDZ, SH3 and uridine acid regions [5]. ZO-1 is
mainly expressed on the cytoplasmic side of the foot process of
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glomerular podocytes near the SD and links the SD proteins
through its PDZ domain to the actin cytoskeleton [6].
Accumulating studies have shown that the expression of ZO-1
is significantly reduced in CKD [7-9]. Therefore, the correct
localization and expression of ZO-1 in the tight junction between
the podocytes are particularly important for the maintenance of
podocyte permeability.

Triptolide (TP) is a major active component of the medicinal
plant Tripterygium wilfordii Hook. f., and is widely used for the
treatment of inflammation and autoimmune disorders. Animal
experiments have suggested that TP can relieve proteinuria by
various mechanisms, including anti-inflammatory, and
antioxidant effects, inhibition of epithelial mesenchymal
transition, and promotion of autophagy [10-14]. However,
whether TP can affect the expression of ZO-1 in podocytes
remains unclear.

In the present study, we used a puromycin aminonucleoside
(PAN)-induced podocyte injury model to explore the effect of TP
on ZO-1 expression, podocyte permeability as well as to detect

the methylation status of the promoter of ZO-1.

Materials and methods
Cell culture and treatment

Human conditionally immortalized glomerular podocytes
(HPCs) were cultured in complete RPMI 1640 medium
containing 10% fetal bovine serum (Gibco, Gaithersburg, MD,
United States) and insulin-transferrin-selenium (1x, Thermo
Fisher Scientific, Waltham, MA, United States) at 33°C in 5%
CO,. After differentiation at 37°C for 10-14 days, the mature
podocytes were randomly divided into three groups: Control,
PAN-stimulated group (PAN, 50 ug/mL, GLPBIO), and TP
intervention group (5nM, Yuanye Bio-Technology Co., Ltd,
Shanghai). Additionally, 5'-azacytidine (5-AzaC, 10 uM in
phosphate-buffered saline [PBS], MCE, United States) or
RG108 (Beyotime, Shanghai, China) were used as the DNA
methyltransferase inhibitors. Lentivirus (Lv) carrying the
TET2 short-hairpin RNA (shRNA) and control lentivirus
(scramble Lv) were purchased from GeneChem (Shanghai,
China). After incubation for 24-72 h, cells were collected for
subsequent experiments.

Detection of reactive oxygen species
(ROS) level

HPCs were treated with PAN and TP for 24 h, then incubated
with 10 uM DCFH-DA (Beyotime, Shanghai, China) for 30 min,
followed by washing three times with PBS. Thereafter, the
fluorescence intensity of DCFH-DA was detected using
fluorescent microscopy.
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TP upregulates ZO-1 expression and decreases podocyte permeability in PAN-induced podocytes. (A) Immunofluorescence staining for ZO-1

in each group. Scale bar, 200 um. (B) Semi-quantitative analysis of the fluorescence intensity of ZO-1. ****p < 0.0001. (C) The mRNA expression of
Z0O-1in each group. Data are shown as mean + SD. *p < 0.05. (D) The protein expression of ZO-1 in each group. (E) Relative protein level was
calculated by the band intensity against GAPDH, respectively. *p < 0.05, ****p < 0.0001. (F) The podocyte permeability was detected using
FITC-labeled bovine serum albumin in a transwell chamber. *p < 0.05, **p < 0.01.

Permeability assay

The permeability assay was conducted as previously
described [15]. Briefly, HPCs (1 x 10°/well/200 uL) were
seeded in the upper layer of the transwell chamber (24 well
plate, NEST Biotechnology Co. Ltd, Wuxi, China). Cells were
treated with PAN (50 ug/mL) or TP (5nM) after undergoing
starvation. After 36 h, fluorescein isothiocyanate (FITC)-labeled
bovine serum albumin (0.25 mg/mL, Solarbio, Beijing, China)
was added to the upper chamber of the transwell chamber for
10 min at room temperature. The fluorescence intensity of the
medium in the lower chamber, reflecting the podocyte
monolayer permeability, was detected using a multifunctional
enzyme-linked immunosorbent assay reader (excitation: 493 nm,
emission: 550 nm; Thermo Fisher Scientific, Waltham, MA,
United States).
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Quantitative real-time polymerase chain
reaction (QRT-PCR)

Total RNA was extracted from HPCs using the TRIzol
cDNA
Primescript™ reagent kit (TaKaRa, Kusatsu, Shiga, Japan).
The primers used were as follows: ZO-1-Forward: 5-CAA
CATACAGTGACGCTTCACA', ZO-1-Reverse: 5'-CACTAT
TGACGTTTCCCCACTC-3'; TET2-Forward: 5'-TCCTGG
TGGCAGCTCTGAACG-3', TET2-Reverse: 5 -TGGTGGTGG
TGGTGTGGTAGTG-3"; GAPDH-Forward: 5-ACCACAGTC
CATGCCATCAC-3', GAPDH-Reverse: 5'-TCCACCACCCTG
TTGCTGTA-3'. PCR was performed using a QuantStudio 5 real-
time PCR system (Applied Biosystems, Waltham, MA, United
States). GAPDH was used as an internal reference. Each

reagent and reverse-transcribed to using a

experiment was performed in triplicate.
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FIGURE 2

TP reduces PAN-induced increase in cellular ROS and NOX4. (A) The cellular ROS level was detected using DCFH-DA staining. Scale bar,

100 pm. (B) Quantification of ROS level. **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) The protein expression of NOX4 in each group. (D) Relative
protein level was calculated by the band intensity against GAPDH, respectively. ****p < 0.0001
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FIGURE 3

TP upregulates TET2 expression in PAN-treated podocytes. (A) The mRNA expression of TET2 in each group. Data are shown as mean + SD. *p <
0.05, **p < 0.01. (B) The protein expression of TET2 in each group. (C) Relative protein level was estimated by the band intensity against GAPDH,

respectively. *p < 0.05, ****p < 0.0001.

Western blotting

HPCs were lysed using RIPA buffer containing a
proteinase inhibitor cocktail at 4°C for 30 min and
centrifuged at 10,000 x g for 10 min. The BCA reagent kit
(Beyotime, Shanghai, China) was used to calculate the protein
concentration in the supernatant, followed by mixing with
SDS-PAGE sample loading buffer (2x) and boiling at 95°C for
10 min. Equal amounts of protein were separated using SDS-
PAGE and transferred to nitrocellulose membranes.
Membranes were blocked with 5% skim milk, and then
incubated with primary antibodies, including TET2
(Abcam, Cambridge, UK, ab94580), ZO-1 (ABclonal,
Wuhan, China, A0659), NOX4 (ProteinTech, Rosemont, IL,
United States, 67,681-1-1g), and GAPDH (ProteinTech,
Rosemont, IL, United States, 60,004-1-Ig) at 4°C overnight,
followed by incubation with infrared-labeled anti-rabbit/
mouse IgG antibody. Reactive bands were observed using
an Odyssey infrared imaging system (LI-COR Biosciences,
Lincoln, NE, United States).

Immunofluorescence

Podocytes were fixed with 10% formalin for 10 min at
room temperature, blocked with 5% goat serum, and
incubated with rabbit anti-ZO-1 (ABclonal, Wuhan,
China) at 4°C for 1 h. Podocytes were then incubated with

Experimental Biology and Medicine

FITC-conjugated goat anti-rabbit IgG (Thermo Fisher
Scientific, Waltham, MA, United States) at 4°C for 1 h after
washing with PBS three times. Cells were photographed
under a fluorescence microscope (Olympus) after
staining with DAPI.

DNA isolation and shearing

DNA was isolated using the genome extraction kit (Genefist,
Shanghai, China), according to the manufacturer’s protocol.
The genome was broken into 200-1000 bp segments by
ultrasonic fragmentation. The ultrasonic conditions were
set as: sonicate 3-4 pulses of 10s each at 50 W, followed
by 30s rest on ice between each pulse. The sonicated cell
lysate was analyzed by agarose gel analysis before
subsequent use.

Methylated/hydroxymethylated DNA
immunoprecipitation (MeDIP/hMeDIP)

Methylated DNA was isolated from sonicated DNA (1.0 ug)
using the EpiQuik™ Methylated DNA Immunoprecipitation Kit
(Epigentek, Farmingdale, NY, United States), according to the
manufacturer’s protocol. The EpiQuik™ Hydroxymethylated
DNA Immunoprecipitation Kit (Epigentek, Farmingdale, NY,
United States) was used to extract hydroxymethylated DNA
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FIGURE 4

CpGiisland prediction results. Three CpG islands were found in the promoter region of ZO-1. The criteria used were as follows: Island size >100,

GC Percent >50.0, and Obs/Exp >0.6.

from the sonicated DNA (0.5 pg) in each group. Meanwhile,
total sonicated DNA was used as the input DNA for
equal loading.

Amplification of methylated and
hydroxymethylated ZO-1

DNA amplification, the PCR reactions were
performed with a volume of 20 pL containing: TaKaRa Ex
Taq” (2x) 10 pL, forward primer (10 uM) 1 uL, reverse primer
(10 uM) 1 pL, eluted DNA 2 pL, and ddH,O 6 pL. The primer
sequences were as follows: Pro-ZO-1-Forward: 5'-AACGAG

AGCAACGCTTCTGA-3" and Pro-ZO-1-Reverse: 5'-GTC

For
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CACTTGCTCCTCGACAA-3'. All reactions were
performed on a Veriti" 96-Well Thermal Cycle (Thermo
Fisher Scientific), and the PCR products were observed

using a Gel Imaging System.

Statistical analysis

Statistical analyses were performed using SPSS (version 20.0,
IBM Corp., Armonk, NY, United States). Values are presented as
mean + standard deviation. Quantitative data were compared
between the two groups using the student’s t-test. One-way
analysis of variance was used for multiple group comparisons.
p-value <0.05 was considered statistically significant.
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FIGURE 5

ZO-1expression is regulated by epigenetics. (A) The expression of ZO-1in each group was determined by qRT-PCR. Data are shown as mean +

SD. **p < 0.01, ***p < 0.001. Control: control podocyte; PAN: podocyte treated with 50 pg/mL PAN; PAN + RG108: podocyte treated with 50 pg/mL
PAN and RG108 (5 pM, 10 pM, and 50 puM). (B) The expression of ZO-1 in each group was determined by western blot. (C) Relative protein level was
calculated by the band intensity against GAPDH, respectively. **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) The expression of ZO-1in each group

was determined by gRT-PCR. Data are shown as mean + SD. Control: control podocyte; PAN: podocyte treated with 50 pug/mL PAN; PAN+5-AzaC:
podocyte treated with 50 pg/mL PAN and 10 uM 5-AzaC; 5-AzaC: podocyte treated with 10 uM 5-AzaC. *p < 0.05, **p < 0.01. (E) The expression of
ZO-1in each group was determined by western blot. (F) Relative protein level was calculated by the band intensity against GAPDH, respectively.
*xkn < 0.0001.

Results discontinuous  distribution in PAN-stimulated podocytes
(Figures 1A, B). ZO-1 mRNA and protein expression levels

TP upregulates Z0-1 to decrease were also decreased (Figures 1C-E). However, TP treatment
podocyte permeability markedly increased the fluorescence intensity and upregulated
ZO-1 expression levels. Next, we assessed podocyte permeability

PAN induces podocyte injury by causing decreased using a transwell chamber, and found that the permeability of
expression and abnormal distribution of SD proteins, PAN-treated podocytes was nearly twice of that of untreated
including ZO-1 [16]. Similarly, in our study, we observed a podocytes (Figure 1F). However, TP intervention significantly
decrease in the fluorescence intensity of ZO-1, along with its decreased the podocyte permeability of the PAN-treated
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TP regulates the methylation status of the ZO-1 gene promoter. (A) Agarose gel electrophoresis images of the ZO-1 promoter amplified by
polymerase chain reaction of methylated DNA obtained by methylated DNA immunoprecipitation (MeDIP). (B) Agarose gel electrophoresis images of
the ZO-1 promoter amplified by polymerase chain reaction of hydroxymethylated DNA obtained by hydroxymethylated DNA immunoprecipitation

(hMeDIP). The input DNA was used as the control for equal loading

group. These findings suggest that TP can decrease podocyte
permeability by upregulating ZO-1 expression.

Many studies have shown that PAN-induced podocyte injury
is associated with the overproduction of ROS [8]. Considering
that podocytes express various NADPH oxidase subunits,
including NOX4, we determined the cellular NOX4 and ROS
levels. The results showed that PAN significantly increased the
cellular ROS level and NOX4 expression (Figures 2A, C).
However, TP significantly reduced the ROS level and
NOX4 expression, which was confirmed by quantitative
analysis (Figures 2B, D). Apocynin, an inhibitor of NADPH
oxidase activity, led to a significant reduction in the ROS level
induced by PAN. These results correlate with the changes in
podocyte permeability, and indicate that PAN-induced oxidative
stress might be involved in the increased podocyte permeability.

TP upregulates expression of
demethylase TET2

Growing evidence has shown that epigenetics played an
important role in the evolvement of podocyte injury.
Therefore, we detected the expression of DNA demethylase
TET family proteins. qRT-PCR and western blotting results
indicated that the expression of TET2 was significantly
reduced in the PAN group compared with the control
group (Figure 3). After TP treatment, the expression of
TET2 increased significantly 3).
TET2 and TET3 demonstrated no significant differences
among the groups (data not shown). These results indicate

(Figure However,

that TP may selectively regulate the expression of TET2 in
PAN-induced podocyte injury model.

Z0O-1 expression is regulated by
epigenetics

It is well known that the TET family proteins play a crucial

role in passive and active demethylation [17]. The
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synchronous upregulation of TET2 and ZO-1 suggests that
ZO-1 expression may be regulated by TET2. To test our
hypothesis, we firstly obtained the promoter region of ZO-1
by retrieving the upstream 2,200bp sequence of the
transcription start site from the human genome. Using the
online methylation analysis software MethPrimer', we found
that the ZO-1 promoter region contains three CpG islands
(688-858 bp, 1,614-1,874 bp, and 1,950-2,145 bp; Criteria
used: Island size >100, GC Percent >50.0, Obs/Exp >0.6),
indicating that the expression of ZO-1 may be epigenetically
regulated (Figure 4). Subsequently, we used the DNA
methyltransferase inhibitors 5-azacytidine (5-AzaC) and
RG108 to treat the podocytes. The results showed that ZO-
1 expression was significantly increased in podocytes treated
with 5-AzaC and RG108 compared with the PAN alone
stimulated group (Figure 5). Taken together, these results
suggest ZO-1 expression is closely related to epigenetic
regulation.

TP can regulate the methylation status of
the ZO-1 gene promoter

To further test whether TP regulates the methylation status of
the ZO-1 promoter, we used MeDIP and hMeDIP methods to
analyze the methylation status of ZO-1 in genomic DNA samples
isolated from podocytes. As expected, the decreased expression of
Z0O-1 in the PAN group was associated with increased promoter
methylation, while the promoter methylation levels of ZO-1 in
the TP treatment group were significantly reduced (Figure 6A).
Furthermore, we observed that ZO-1 demethylation upon TP
with Z0-1
hydroxymethylation (Figure 6B), suggesting that TP can

intervention corresponded increased

mediate ZO-1 demethylation, which is accompanied by ZO-1
hydroxymethylation.

1 http://www.urogene.org/methprimer/
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blot. (D) Relative protein level was calculated by the band intensity against GAPDH, respectively. ****p < 0.0001. (E) Podocyte permeability was
measured using FITC-labeled bovine serum albumin in a transwell chamber. *p < 0.05. (F) Expression of ZO-1 was detected after knocking down of
TETZ2. Lv targeting TET2 and scramble Lv were transfected into the podocytes, respectively. After 72 h of transfection, podocytes were treated with
PAN (50 pg/mL) and TP (5 nM). Cells were collected for western blotting analyses after 48 h of incubation. (G) Relative protein level was
calculated by the band intensity against GAPDH, respectively. ****p < 0.0001
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Knockdown TET2 affected the methylation level of ZO-1. (A) Agarose gel electrophoresis images of ZO-1 promoter amplified by polymerase
chain reaction of methylated DNA obtained by MeDIP. (B) Agarose gel electrophoresis images of ZO-1 promoter amplified by polymerase chain
reaction of hydroxymethylated DNA obtained by hMeDIP. The input DNA was used as the control for equal loading

TP upregulates the expression of ZO-1
through TET2

In order to determine the role of TET2 in ZO-1 expression and
methylation, we knocked down TET2 using a lentivirus-mediated
shRNA prior to TP intervention. After 72h of infection, most
podocytes strongly expressed GFP, indicating strong infectivity of
the Lv (Figure 7A). gqRT-PCR results showed the mRNA expression
of TET2 in the TET2 Lv treatment group decreased by
approximately 67.57% compared to that in the control group
(Figure 7B). Western blot results also revealed that TET2 was
significantly inhibited after Lv treatment (Figures 7C, D). The
podocyte permeability increased significantly in the TET2
knockdown group compared with the scrambled Lv group
(Figure 7E). Moreover, the expression of ZO-1 was decreased
significantly in the TET2 knockdown group compared with the
scrambled Lv group, even after treatment with TP (Figures 7F, G).
Meanwhile, compared with the control group, increased promoter
methylation of ZO-1 was observed in the TET2 knockdown group
(Figure 8A), accompanied by decreased ZO-1 hydroxymethylation
(Figure 8B). Altogether, these results indicate TP may upregulate the
expression of ZO-1 through TET2-mediated 5 mC demethylation.

Discussion

Growing evidence shows that TP has a strong antiproteinuric
effect through multiple mechanisms. Notably, the current studies
on TP intervention in podocyte injury at home and abroad
mainly focus on the changes in the podocyte phenotypic
molecules and the related signaling pathways. Few studies
have considered the perspective of epigenetics. This study
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explored the relationship between TP, TET2, and ZO-1 from
the novel perspective of epigenetics.

ZO-1 is a tight junction protein which plays an essential role
in maintaining the integrity of the podocyte filtration barrier
[18-20]. Previous studies have demonstrated that podocyte-
specific depletion of ZO-1 leads to damage to SD integrity,
thus causing proteinuria [18]. Besides, ZO-1 can not only
regulate the stability of the SD protein nephrin but can also
regulate cytoskeleton organization by binding to F-actin [20-22].
Therefore, clarification of the regulation mechanism of ZO-1
holds considerable clinical importance.

TET proteins mediate DNA demethylation by converting 5-
methylcytosine (5 mC) to 5-hydroxymethylcytosine (5 hmC). We
have previously shown that TET1-3 have a differential expression
pattern in the podocytes, with relatively high expression of
TET2 and low expression of TET1 and TET3 [23]. Other studies
have also confirmed the expression of TET2 and TET3 is higher
than that of TET1 in the kidney [24]. Furthermore, we found
TET2 was downregulated in the TGF-Pl-induced podocyte injury
model, and TP could reverse podocyte EMT by TET2-mediated
podocyte SD gene demethylation. TET2 was consistently
demonstrated to play an important role in both cisplatin-induced
and ischemia reperfusion-induced acute kidney injury [24-26].
These findings studies suggest that TET2 plays an important role
in the pathophysiological processes in the kidney.

In this study, multi-level experiments showed a correlation
between TET2 and ZO-1 expression. Firstly, TET2 expression
synchronized with ZO-1 in the PAN-induced
podocyte injury model and TP intervention group. Secondly,
three predicted CpG islands were found in the promoter of ZO-

expression

1 using MethPrimer online analysis software. Treatment with 5-
AzaC and RG108 upregulated ZO-1 expression compared with the
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PAN-induced group. Thirdly, increased ZO-1
methylation level, decreased ZO-1 expression level, and increased
podocyte permeability were found in the TET2 knockdown group
compared with the scrambled Lv group, even after treatment with
TP. All these findings indicate that TET2-mediated ZO-1 promoter
demethylation reverses podocyte injury.

Currently, there are conflicting reports on the toxicity and
therapeutic effects of TP on the kidney [10, 27, 28]. TP showed
renoprotection effects against metronidazole-induced injury in

promoter

zebrafish, puromycin-induced nephropathy, PM 2.5-induced
injury,
hypertension-induced renal injury in mice subjected to

podocyte and  deoxycorticosterone  acetate-salt
uninephrectomy [13, 29, 30]. In contrast, TP was also shown
to exert nephrotoxicity in normal BALB/c mice and renal tubular
epithelial cell lines NRK-52E and HK-2 [31-33]. Besides, Lixin
Sun et al. found that TP-induced nephrotoxicity in rats leads to
changes in the barrier and permeability of the proximal tubular
epithelium by altered localization of ZO-1 [32]. Similarly, Huang
Shan et al. demonstrated that TP caused decreased expression
and abnormal subcellular localization of ZO-1 in a TP-induced
cholestasis model [34]. In contrast, our study provides evidence
that TP has a protective effect on PAN-induced podocyte injury
through the upregulation of ZO-1 expression and decreased
podocyte permeability. These contradictory effects may be
attributed to various factors, including the dosage of TP and
differences among the experimental subjects. Research on TP
nephrotoxicity mostly focuses on normal cells, while its
protective effect is mostly investigated in damaged cells.
Taken together, these results indicate that TP is a double-
edged sword, and only its correct and standardized use can
avoid the side effects.

The limitation of our study is that we mainly focused on the
cellular level to explore the epigenetic regulation of podocyte
tight junction protein ZO-1 by of TP. We plan to use a CKD-
related animal model to reveal the exact molecular mechanism
and provide more in vivo evidence in the future.

In summary, the present study shows that TP can reverse ZO-1
expression by regulating TET2-mediated DNA demethylation.
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Abstract

The corneais an avascular tissue in the eye that has multiple functions in the eye
to maintain clear vision which can significantly impair one’s vision when
subjected to damage. Peroxisome proliferator-activated receptors (PPARs), a
family of nuclear receptor proteins comprising three different peroxisome
proliferator-activated receptor (PPAR) isoforms, namely, PPAR alpha (a),
PPAR gamma (y), and PPAR delta (§), have emerged as potential therapeutic
targets for treating corneal diseases. In this review, we summarised the current
literature on the therapeutic effects of PPAR agents on corneal diseases. We
discussed the role of PPARs in the modulation of corneal wound healing,
suppression of corneal inflammation, neovascularisation, fibrosis, stimulation
of corneal nerve regeneration, and amelioration of dry eye by inhibiting
oxidative stress within the cornea. We also discussed the underlying
mechanisms of these therapeutic effects. Future clinical trials are warranted
to further attest to the clinical therapeutic efficacy.

KEYWORDS

cornea, proliferator-activated receptors, neovascularisation, wound healing,
inflammation, fibrosis, nerve regeneration

Impact statement

The cornea constitutes a vital element of the ocular structure which exerts a profound
impact on vision when compromised. The application of peroxisome proliferator-
activated receptor (PPAR) agents has been widely documented particularly in the
treatment of metabolic conditions such as hyperlipidemia and diabetes. Yet, their
therapeutic potential in the context of corneal diseases remains not well-understood.
This review article summarises the reported therapeutic effects of PPAR agents in the
management of corneal inflammation, neovascularisation, wound healing, fibrosis, nerve
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regeneration, and dry eye. With further clinical validation, PPAR
agents may serve as a new avenue in the treatment of a variety of
corneal diseases.

The cornea

The cornea is an avascular tissue that sits at the anterior-most
surface of the eye. It comprises both cellular and acellular
components; the former includes epithelial cells, keratocytes,
and endothelial cells, and the latter includes mainly collagen
and glycosaminoglycans.

Functionally, the cornea fulfills several crucial roles,
including protecting ocular integrity, preserving optical clarity,
and providing refractive power to the eye. The cornea provides a
protective barrier against the environment, facilitated by the
the
continuous regeneration of the corneal epithelial cells [1, 2].

intercellular junctions within its epithelium and
Consequently, damage to the cornea through trauma renders it
compromised, which in turn triggers a corneal wound healing
response consisting of inflammatory and fibrotic reactions.
Excessive corneal wound healing responses lead to corneal
scarring and opacification, profoundly impacting vision. The
World Health Organization stated that cornea opacity is a
priority eye disease and is one of the main causes of low
vision and visual impairment, affecting 146 million people
worldwide with an increase of 1.5-2.0 million new cases every
year [3, 4]. This underscores the importance of corneal wound
healing process, emphasizing a need to develop more efficacious
interventions to accelerate this restorative process.

The cornea is also the most densely innervated tissue in our
body, richly supplied by sensory and autonomic nerve fibres [5].
Corneal nerves sustain corneal health and homeostasis by
facilitating tear secretion and providing trophic support to
epithelial and stromal cells [6, 7]. In conditions such as
surgery,
degeneration manifests, causing decreased corneal sensitivity

diabetic keratopathy or corneal corneal nerve
and increased vulnerability to corneal ulceration [8, 9].
Therefore, interventions targeting corneal nerve regeneration
constitute a pivotal approach to enhancing cornea health.

Researchers have previously explored potential therapeutic
agents aimed at these fundamental aspects of corneal health. In
this review, we explore a promising therapeutic avenue, namely,
the peroxisome proliferator-activated receptor family, on
corneal diseases.

The expression of PPARs in eyes

The PPARs are a group of transcription factors belonging to
the nuclear hormone receptor family [10]. The PPAR family
comprises three isotypes: PPAR alpha (a), PPAR gamma (y), and
PPAR delta (§), each exhibiting distinct tissue expression
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patterns and involved in the regulation of diverse biological
functions [11]. At the molecular level, while the PPAR
isoforms exhibit a sequence identity of 60%-70% within their
ligand-binding domains (LBDs), significant variations in the
overall pocket size of the three-dimensional structures of these
LBDs exist, leading to distinctive binding affinities of each PPAR
isoform with specific compounds [12]. The discovery of PPAR’s
mechanism as a distinct transcription factor capable of targeted
activation by peroxisome proliferators for potential therapeutic
application, by Issemann and Green in 1990, paved the
groundwork for further research into PPAR [13]. Since then,
prior research has firmly established the role of PPARs as
modulators of adipocyte differentiation, glucose and lipid
metabolism, and inflammation [11, 13, 14]. Within the eye, all
3 PPAR isoforms exhibit distinct localisation patterns within
ocular structures [15]. Specifically, PPARa and PPARYy are found
in the cornea, conjunctiva, retina, meibomian, and lacrimal
glands, whereas PPARS is expressed in the cornea, retina, and
lacrimal glands, all demonstrating varied levels of expression
across various tissue types [15, 16]. Beyond the eye, PPARa is
localised in the kidneys, liver, muscle, and heart; PPARS displays
ubiquitously across numerous organs and tissues, while PPARY is
found in adipocytes and small intestines [17, 18]. Clinically, they
are routinely used as therapeutic agents such as fenofibrate, a
PPARa agonist, for hyperlipidaemia, as well as pioglitazone, a
PPARy agonist for diabetes [19, 20].

All 3 PPAR isoforms have been reported to exhibit
expression within the retina, each with differing functions.
PPARa has been reported to possess protective and anti-
inflammatory effects in the retina across several studies
[21-24]. A study reported the PPARa’s anti-apoptotic
properties  in [21], whilst
demonstrated anti-oxidative and anti-angiogenic effects of

retinal  ischaemia another
PPARa in age-related macular degeneration [22]. In a similar
vein, PPARa has illustrated their anti-inflammatory role in
treating diabetic retinopathy and experimental autoimmune
uveoretinitis [23, 24]. PPARy has been reported to exhibit
neuroprotective effects on retinal ganglion cells, preventing
retinal dysfunction following optic nerve crush [25]. The
existing therapeutic options to address corneal pathological
processes remains limited. Within corneal inflammation,
topical corticosteroid or
drugs (NSAIDs) serve as the main agents for treatment.

non-steroidal anti-inflammatory

However, both anti-inflammatory treatment options are
accompanied by significant adverse side-effects, including
increased intraocular pressure, cataract formation due to
corticosteroid use [26], and NSAID-induced corneal melting
[27]. The current treatment options of steroids or mitomycin
C for corneal fibrosis also present with limitations with particular
concerns pertaining to long-term drug safety profile [28]. Lastly,
recombinant nerve growth factor (NGF) emerges as the singular
drug approved by the Food and Drug Administration (FDA) to
treat neurotrophic keratopathy. However, this treatment option
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remains costly and dictates the need for frequent topical
[29]. that
angiogenesis are closely associated with corneal scar tissue

administration Given inflammation  and
formation, the various therapeutic effects of PPAR agents,
positions them as promising therapeutic candidates for
corneal diseases. Additionally, several PPAR agents such as
fenofibrate and rosiglitazone are existing drugs widely used in
the treatment of metabolic diseases, offering the advantages of
drug repurposing in contrast to de novo drug discovery. This
includes reduced developmental time and costs, alongside well-
established pharmacokinetic considerations [30]. In this review,
we focus on the therapeutic potential and underlying work of
action of the different PPAR isoforms on corneal diseases,
including corneal wound healing, corneal inflammation,
fibrosis, neovascularisation, corneal nerve regeneration, and

dry eye disease.

PPARs on corneal wound healing

Corneal wound healing is a complex process driven by local
molecular factors and endogenous soluble factors. It is a widely
accepted notion that transforming growth factor-beta (TGF-p)
and tumour necrosis factor alpha (TNF-a) play pivotal roles in
regulating cellular responses during wound healing [31, 32].
Previous studies examined the 3 PPAR isoforms in relation to
corneal wound healing, uncovering mechanisms that accelerate
the process.

PPAR«’s involvement in corneal wound healing has been
recently elucidated through its role in regulating corneal cell
[33]. In that
mitochondrial oxidative phosphorylation is a primary source

metabolism vitro studies have revealed
of adenosine triphosphate (ATP) production for human corneal
epithelial cells. Significantly reduced mitochondria metabolism
and subsequently, impaired corneal healing process in PPARa
knockout mice, compared to wild-type mice, were found,
suggesting the role of PPARa as a key regulator of
mitochondrial metabolism and corneal wound healing. In
addition, PPARa expression was downregulated in diabetic
human corneas compared to non-diabetic groups, reinforcing
the role of PPARa in mitochondria metabolism and corneal
healing in light of well-documented delayed wound healing
observed in diabetic corneas. Administration of fenofibrate, a
PPARa agonist, ameliorated mitochondrial dysfunction and
enhanced corneal wound healing in diabetic mice and
humans, further underscoring the role of PPARa in corneal
wound healing [33].

Regarding the role of PPARy in corneal wound healing, in-
vitro epithelial cell proliferation was significantly accelerated
following adenoviral gene of PPARy [34].
Additionally, PPARy effectively preserved the corneal

epithelial basement membrane in the alkali-burned corneas

transfer

subjected to adenoviral gene transfer. Expression of matrix
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metalloproteinase-2 (MMP-2) and TGEF-f within the corneal
epithelium was significantly suppressed by PPARy gene transfer
using real-time RT-PCR [34]. Given the TGF-p’s inhibitory role
in epithelial cell growth and MMP’s role in extracellular matrix
degradation, this indicates PPARYy’s participation in corneal
wound healing.

PPARS has also been shown to promote corneal healing via
facilitating proliferative capacity in rat alkali burn models [35].
This was evidenced by significantly increased Ki67-positive cells
and Ki67 mRNA expression following four topical
administration of 0.05% GW50516 solution, a PPARS agonist
[35]. Compensatory elevation of PPARS expression during
corneal wound healing in both animal and human corneal
models was reported, and topical administration of PPARS
agonist further inhibited corneal epithelial cell death, thereby
facilitating corneal wound healing [36].

PPARs on corneal inflammation

PPARa’s involvement in corneal inflammation has been
explored by assessing the anti-inflammatory effects in rat
[37, 38].
suppression of inflammatory cell infiltration was observed in

corneal chemical injury models Significant
the cornea following alkali burn after the instillation of 0.05%
fenofibrate twice daily for 14 days, in comparison to the vehicle
group [38]. Western blotting also demonstrated a significantly
reduced expression of nuclear factor-kappa B (NF-«B), a key
transcription factor in inflammation, in the PPARa group versus
the vehicle group [38].

Similarly, another study investigating the anti-inflammatory
effects of fenofibrate following rat corneal alkali injury
demonstrated a reduction in corneal inflammatory processes
[37].
expression of proinflammatory cytokines and chemokines
interleukin-1 (IL-1), IL-6, IL-8 and monocyte
chemoattractant protein-1 (MCP-1) [37]. Following corneal

This was evidenced by significantly reduced mRNA
such as

chemical injury, staining with a PPARa antibody highlighted
the primary localisation of PPARa-positive cells within the
regenerating epithelial basement cell, indicating the vital role
of PPARa in inflammatory responses [37].

PPARy was also explored for its potential corneal anti-
inflammatory effects [39]. Similar to the effects observed
with PPARa,
specifically

topical application of PPARy
hydrochloride,

decreased neutrophilic and macrophage infiltration after

agonist,
pioglitazone significantly
alkali-burn injury in rats, whilst significantly increasing
Further
reverse transcription polymerase chain reaction (RT-PCR)

anti-inflammatory M2 macrophages. real-time
analysis revealed the suppression of IL-1, IL-6, IL-8, TGEF-
f1, and MCP-1 in corneas [39]. Similarly, in another study
using an alkali injury model, a significant reduction in TNF-a
mRNA expression and upregulation of M2 macrophage
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polarisation upon PPARy agonist treatment were observed,
enhancing the role of PPARy in the context of corneal
inflammation [40].

Topical application of a synthetic PPARS-specific agonist,
GW5015116, twice daily for 7 days, also significantly inhibited
neutrophil and macrophage infiltration in rat corneal alkali burn
models. Significantly lower expression levels of NF-Kb and
inflammatory cytokines were also observed in the PPARS
group compared to the vehicle group on the real-time RT-
PCR analysis [41].

The anti-inflammatory effects of the PPAR agonists within
the cornea have been postulated to be orchestrated through
several pathways. Western blotting analyses indicate that the
interference of the PPAR isoforms with activity of key
proinflammatory transcription factors such as NF-kB pathway,
which may underlie the significantly decreased immune cell
infiltration observed in the cornea across these studies. This is
in line with previous studies which has shown that the
attenuation of NF-kB activity by PPARa agents may be
achieved through the maintenance of a negative regulator,
nuclear expression of the kappa light polypeptide gene
enhancer in the B cell inhibitor, alpha (IyB-a), which plays a
role in inhibiting NF-kB activation [42]. Additionally, PPAR
agonists may exert immunomodulatory effects in corneal
inflammation by enhancing monocyte differentiation to
M2 macrophages. In the context of macrophage-driven
inflammation, M1 macrophages are distinguished as tissue
injury-type macrophages which serve as potent effector cells
that kill microorganisms and produce pro-inflammatory
cytokines such as IL-6 and TNF-q, inducing inflammation
[43]. Conversely, M2 macrophages function to dampen
inflammation through the production of anti-inflammatory
factors, promoting tissue remodelling and repair [44]. The
decrease in pro-inflammatory cytokines like MCP-1 may
the
infiltration, given its crucial role in promoting immune cell

additionally  contribute to reduced immune cell
infiltration [45]. Thus, the observed reduction in pro-
inflammatory cytokine expression in these studies may be
ascribed to the immunomodulatory effects of PPAR agonists

during corneal inflammation.

Suppression of corneal fibrosis of PPARs

Corneal fibrosis arises from abnormalities in corneal wound
healing, characterised by excessive production of aberrant
extracellular matrix (ECM) proteins and corneal crystalline
enzymes by myofibroblasts. Whilst corneal fibrogenesis acts
to restore corneal integrity following injury, excessive wound
remodeling causes corneal scars, resulting in visual impairment
or blindness [46]. In corneal fibrogenesis, TGF-P1 is a key
cytokine responsible for promoting keratocyte differentiation
into active myofibroblasts [47, 48]. The profibrotic properties

Experimental Biology and Medicine

95

10.3389/ebm.2024.10142

of TGF-P1 are achieved through multiple intracellular signaling
pathways such as Smad, p38 mitogen-activated protein
kinase (MAPK), and extracellular signal-regulated kinase
(Erk) [49, 50]. Given the established anti-fibrotic properties
of PPARY in the lungs and kidneys [51, 52], corneal studies have
explored the possible role of PPARy in alleviating corneal
scarring [53-56].

Instillations of pioglitazone, a PPARy agonist, demonstrated
a significant inhibitory effect on corneal fibroblast migration,
conducted on cultured corneal fibroblasts using scrape-wound
assays [53]. It also led to a significant reduction in corneal lattice
contraction, as illustrated by significantly greater lattice

diameters in corneal fibroblasts seeded in free-floating
collagen  gels.  Significant  decreases  in  matrix
metalloproteinase-2  (MMP-2) and MMP-9  secretion,

alongside significantly reduced collagen I and fibronectin
protein synthesis, demonstrated in western blotting, were
also observed.

Moreover, PPARy downregulated the expression of TGF-p1-
induced connective tissue growth factor (CTGF), which is a
major autocrine growth factor enhancing TGF-B1’s pro-
fibrogenic role in myofibroblast differentiation [54]. This
highlights PPARY’s anti-fibrotic effect on corneal fibroblasts
by inhibiting crucial components in developing corneal
scarring. PPARy is involved in two distinct profibrotic
signaling pathways, specifically in the p38 MAPK and Smad
signalling pathways. Within the p38 MAPK signalling pathway,
PPARy ligands, including troglitazone, rosiglitazone, and 15d-
PGJ2, significantly reduced the levels of phosphorylated
p38 MAPK in a dose-dependent manner [55]. Addition of
PPARy ligands down-regulated [-catenin expression—a
component of p38 MAPK signalling by blocking the TGF-p1-
induced p38 MAPK phosphorylation. The involvement of p-
catenin acts as a downstream mediator of p38 MAPK signalling,
significantly enhancing a-SMA production in western blot
analysis [56].

PPARY’s anti-fibrotic action in the TGF-Bl-induced Smad
signalling has been demonstrated through the application of
lobeglitazone, a PPARy agonist, in a combination of type I
collagen and corneal fibroblast isolated from the human
stroma. Notably, western blot analysis of Smad2/3 and
P-Smad2, key proteins in the Smad signalling pathway,
indicated a significant inhibition in Smad signalling and
myofibroblast differentiation [57].

The application of PPARs for corneal
nerve regeneration

Degeneration of corneal nerves can occur in conditions such
as diabetic keratopathy, which is a common microvascular
complication of diabetes. This arises from the accumulation of
advanced glycation end products and the generation of reactive
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FIGURE 1
Representative corneal subbasal nerve images of healthy controls and type 2 diabetic patients before and after oral fenofibrate treatment.

Corneal subbasal nerve of healthy controls (A, B). Corneal subbasal nerve before (C, D) and after (E, F) oral fenofibrate treatment, demonstrating an
increase in nerve fiber density (9.25 + 4.24 vs. 18.99 + 8.49 n/mm?) and corneal nerve fiber width (0.0215 + 0.0002 vs. 0.0224 + 0.0005 ym?/mm?)

after treatment.
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Schematic diagram of the neuroprotective effects of PPARa agent, fenofibrate, in diabetic corneal neuropathy. ST6GAL1, Beta-galactoside
alpha-2,6-sialytransferase 1; TTC9, Tetratricopeptide repeat protein 9A; RAB5A, ras-related protein; SMAD1, Suppressor of mothers against

decapentaplegic homolog 1.

(ROS)
which
Schwann cells and neurons through increased oxidative stress
the [59]. As
hyperlipidemia is a known risk factor for diabetic neuropathy

[58],
reduces

oxygen species triggered by prolonged

hyperglycaemia, microvascular  supply to

and inflammation impacting capillaries
[8], PPARa has been explored for its potential therapeutic effects
in diabetic corneal neuropathy.

PPARa-knockout mice presented with significant decrease in
corneal nerve fiber density (CNFD), as well as significantly
decreased corneal sensitivity, compared to the wild-type mice
[60], suggesting PPAR«’s supportive role in maintaining corneal
nerve health. The protective role of PPARa agonist in diabetic
corneal neuropathy further revealed that fenofibrate had a
significantly positive effect in ameliorating corneal nerve

degeneration in diabetic rat models. A restoration of PPARa
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expression in corneal epithelium and significantly increased
CNFD were observed following with
containing 0.014% fenofibrate, a PPARa agonist, for 4 months
[60]. Our group further demonstrated that topical fenofibrate eye
drops enhanced the CNFD, corneal nerve fiber length, and ocular
the

treatment chow

surface integrity, as well as suppressed corneal

neuroinflammation, in diabetic keratopathy [61].

More recently, our group published a clinical trial in which
30 patients with type 2 DM were treated with oral fenofibrate for
1 month. On in vivo confocal microscopy evaluation, there was
significant stimulation of corneal nerve regeneration and a
reduction in nerve oedema after oral fenofibrate treatment, as
evidenced by significant improvement in CNFD and corneal
nerve fiber width, respectively (Figure 1). There was also a
in the corneal epithelial cell

significant improvement
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morphology in terms of cell circularity. More importantly,
fenofibrate significantly improved patients’ neuropathic ocular
surface status by increasing tear breakup time along with a
reduction of corneal and conjunctival punctate keratopathy.
Amelioration of ocular surface neuroinflammatory status was
also found, evidenced by a significant increase in tear substance P
level. On the quantitative proteomic analysis, fenofibrate
significantly upregulated and modulated the neurotrophin,
MAPK signaling pathways and linoleic acid (LA) metabolism,
which may account for the neurotrophic effects of fenofibrate
clinically [62; 63]. In addition, the expression of proteins involved
in the regulation of nervous system function such as beta-
(ST6GALL),
tetratricopeptide repeat protein 9A (TTC9), ras-related protein

galactoside  alpha-2,6-sialytransferase 1
(RAB5A) and suppressor of mothers against decapentaplegic
homolog 1 (SMAD1) were significantly increased post-treatment
[63]. On the pathway analysis, we identified the following
potential underlying therapeutic mechanisms in corneal nerve
regeneration: 1) Upregulation of neuronal pathways 2) lipid
modulation, 3) anti-inflammation and 4) anti-coagulation.
Fenofibrate of the
neurotrophin, MAPK signaling pathway and linoleic acid

demonstrated an  upregulation
metabolism which are crucial key players in neuroprotection.
Neurotrophins are a class of growth factors that regulate
neuronal development, survival, death and plasticity [6].
Within the cornea, neutrophins facilitates corneal nerve
branching, maintenance of corneal nerve density, and
promoting nerve regeneration [7]. Activation of MAPK has
been demonstrated to mediate neurite outgrowth-promoting
effects in vitro [64]. In addition, the metabolism of LA is
highly important given its role of gamma LA production, an
vital component of neuronal membrane phospholipid, as well as
playing a role to preserve nervous blood flow to coordinate nerve
regeneration [65]. Suppression of the ribosome family expression
by fenofibrate may also account for its neuroprotective effects
[63], particularly as axonal ribosomes are associated as a marker
for diseased axons in neurogenerative conditions (Figure 2) [66].

The therapeutic effect of fenofibrate in corneal regeneration
and peripheral nerve improvements may also be attributed to its
well-established
Fenofibrate’s antihyperlipidaemic effect is expressed through
the which

promotes the synthesis of high-density lipoprotein (HDL)

effect as an anti-hyperlipidaemic agent.

stimulation of lipoprotein lipase activation,
cholesterol and fatty acid oxidation pathway whilst conversely
facilitating a rapid degradation of low-density lipoprotein (LDL)
[67]. that
hypertriglyceridemia, hyperlipidemia and decreased HDLc

and  triglycerides  within tissues Given
serve as significant risk factors for diabetic peripheral
neuropathy, the lipid-modulating effects of fenofibrate may
partly account for its neuroprotective impact in both
peripheral neuropathy and corneal nerve regeneration. Other
studies have also postulated that the peripheral neuroprotective

role of PPARa agents is achieved through PPAR« activation in
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satellite glial cells of dorsal root ganglia to stimulate axon
regeneration and the activation of the PPAR-a-AMPK-PGC-
la pathway to ameliorate neuronal and endothelial damage
[68-70]. This is also reinforced in the Fenofibrate Intervention
and Event Lowering in Diabetes (FIELD) study which reported
that
complications such as diabetic neuropathy alongside a 37%

fenofibrate  significantly ~ reduced = microvascular
risk reduction of amputation in T2DM patients [71].

The anti-inflammatory effect of fenofibrate through the
suppression of NF-kB expression, as explored earlier, also plays a
neuroprotective role through the reduction of neuroinflammation
whilst

neurogenesis, neuritogenesis and axoneogenesis [40, 72-74].

promoting neurodevelopmental —processes such as
Fenofibrate has also been reported to play a role in anti-
coagulation by inhibiting complement and coagulation cascades
alongside platelet activation pathways [63]. We contend that this
results in knock-on effects on fenofibrate’s neuroprotective effects
given the significant association between low platelet time and
platelecrit levels with decreased nerve conduction function and
prevalence of neuropathy in T2DM patients [75].

PPARs on dry eye disease

Dry eye diseases have multifaceted origins and are characterised
by a loss of homeostasis of the tear film [76]. These conditions are
accompanied by ocular symptoms, including tear film instability,
hyperosmolarity, ocular surface inflammation and damage, and
neurosensory abnormalities [77, 78]. Dry eye conditions have
been associated with oxidative stress [79], and diabetes given that
the generation of oxidative stress is a core pathological mechanism of
diabetes [80]. The pathogenic processes associated with oxidative
stress encompass a disruption in the equilibrium between the
oxidative and antioxidant systems, culminating in hindered
neutralisation of oxygen free radicals [81]. The crucial role of
PPARy expression in the lacrimal and meibomian glands and
dry eye has been explored in mouse models [16]. Qualitative
PCR revealed that rats with dry eyes had significantly decreased
PPARYy expression compared to healthy rats [16]. PPARy agents
have been shown to directly influence the transcription of
antioxidants through the activation of PPAR response elements
located in their respective promoter regions, such as catalases,
superoxide dismutases 1 and 2 [82]. As such, they have been
employed in the inhibition of the occurrence of oxidative stress [83].

Rosiglitazone, a PPARY agonist, has been evaluated in the
context of diabetes-related and hyperlipidemia-related dry eye in
mouse models [82, 84]. Daily rosiglitazone administration
effectively reduced ROS accumulation in the lacrimal glands
of diabetes-related dry eye rat models in 4 weeks [82]. This effect
was observed through a significant decrease in ROS fluorescein
intensity in the rosiglitazone-treated group, distinguishing itself
from both the non-treatment and vehicle groups of diabetes-
related dry eye rat models [82].
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Further real-time RT-PCR analysis revealed significantly
increased mRNA expression levels of antioxidant enzymes
glutathione peroxidase 3 (GPx3) and heme oxygenase-1 (HO-
1) in the lacrimal gland of the rosiglitazone-treated group [82].
Tear production was also significantly increased following
rosiglitazone administration. Apart from its beneficial effects
in stimulating tear production in the lacrimal glands, it
alleviated ocular surface damage as evidenced by significant
improvements in corneal fluorescein staining score compared
to the non-treatment group [82]. Additionally, rosiglitazone led
to significantly decreased ROS levels within the cornea,
determined through comparisons of ROS fluorescein intensity
[82]. In a separate study, rosiglitazone effectively reduced pro-
inflammatory cytokines and inflammatory cell infiltration within
the meibomian glands of hyperlipidaemic rat models, yielding
favourable effects in alleviating meibomian gland dysfunction
and evaporative dry eye disease [84]. These findings highlight the
potential therapeutic role of PPARy in the management of dry
eye disease.

Fenofibrate, a PPARa agonist, has been reported to suppress
the formation of ocular surface squamous metaplasia, a
pathological process of dry eye disease. In a rat model study
where tear film instability was induced by topical benzalkonium
chloride (BAC), topical fenofibrate demonstrated a reduction in
abnormal corneal epidermal differentiation [85]. This reduction
was evidenced by decreased expression of K10 keratin, an
epidermal keratinocyte-specific intermediate filament, within
the corneal epithelium of the fenofibrate-treated group
through
markers

compared to the non-treatment/vehicle groups
[85].  Additionally,

evaluating tear film instability, including corneal fluorescein

immunostaining objective
sodium staining scoring was significantly improved in the
fenofibrate-treated [85]. As such, fenofibrate has displayed its
potential effectiveness in reducing the inflammatory response
and offering a treatment option for use as a preventive agent in
patients with high risks of dry eye [85].

PPARs on corneal neovascularisation

Corneal angiogenesis typically occurs in wound healing and
tissue repair. The pathogenesis of corneal neovascularisation
stems from an interplay of the disequilibrium between
proangiogenic and anti-angiogenic factors [86]. Keratocytes
be integral in
neovascularisation formation given their expression of
vascular endothelial growth factors (VEGFs) and MMP-13.
These factors are identified to degrade type 1 collagen in the

have been suggested to corneal

cornea, thereby creating an environment conducive to corneal
neovascularisation [87]. While the mainstay initial treatment for
neovascular ophthalmopathy involves suppressing endothelial
cell growth through anti-VEGF agents, it is accompanied by
limitations including suboptimal treatment response, short-effect
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duration, and side effects [88]. With established PPARa
expression in vascular endothelium and prior findings

indicating fenofibrate’s protective effects against retinal
vasculopathy by inhibiting vascular endothelium function,
combined with PPARY’s potent molecular inhibition of
angiogenesis [89, 90], assessing PPAR agents as a therapeutic
target holds promise for the management of corneal
neovascularisation.

The expression of PPARa has demonstrated a notably
inverse correlation with corneal neovascularisation formation
and upregulation of VEGFr3 and MMP13 in alkali-burned
and PPAR-knockout [91].
Additionally, in PPARa knockout mice, significantly higher
VEGFr3 and MMP13 levels were exhibited versus wild-type

mice following corneal alkali burns. Wild-type mice that were

corneas of wild-type mice

subjected to corneal alkali burn were divided into two groups and
administered with 200 uM topical fenofibrate or vehicle solution
daily for 5 days to investigate fenofibrate’s impact on corneal
neovascularisation. Corneal revascularisation was significantly
reduced in the fenofibrate-treated group upon clinical slit-lamp
examination compared to the vehicle group [91]. In another
study, fenofibrate effectively reduced the expression of VEGF
mRNA, as well as angiopoietin-1 (Ang-1) and Ang-2, which are
proangiogenic factors, in post-alkali burn corneas. These findings
suggest that PPARa may play an inhibitory role in the context of
neovascularisation [38].

Sarayba et al. investigated the influence of PPARy on corneal
neovascularisation formation in rats with three experimental
groups: implanted pellets containing both pioglitazone and
VEGF, pellets
Quantitative

containing VEGF alone, and controls.

based
photographs demonstrated a significant reduction in the mean

image analysis on digital ocular
density of corneal neovascularisation formation in the corneas of
the VEGF/PPARy group in comparison to the VEGF group at
day 7 after implantation, although there was no statistically
significant difference in the mean corneal neovascularisation
area between these two groups. This still illustrates, however,
the potential anti-angiogenic effect of PPARy agonist, in
mitigating corneal neovascularisation [92].

Figure 3 summarizes the potentials and mechanisms of the
3 PPAR isoforms (PPARa, PPARy, PPARS) in mitigating the
pathogenesis of various corneal diseases. Each of the 3 PPAR
classes exhibited therapeutic effects in promoting corneal wound
healing via distinct mechanisms: 1) PPARa enhanced the main
of

mitochondrial metabolism 2) PPARS augmented corneal

energy  source corneal epithelial cells, specifically
proliferative capacity, as illustrated by increased expression of
Ki67, a marker of cell proliferation. 3) PPARYy contributed to the
inhibition of MMP-2 and TGF-p, enzymes that impede corneal
wound healing. The anti-inflammatory capabilities of PPAR
agents have been evidenced by the modulation of key
inflammatory transcription factor, NF-kB via PPARa and

PPARS and the pro-inflammatory cytokine expression by
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PPARy. In the realm of anti-neovascularisation, the suppression
of pro-angiogenic factors like VEGFr3 and MMP13 by PPARa,
as well as VEGF by PPARy confers anti-angiogenic benefits in
managing corneal neovascularisation. The therapeutic effects of
PPAR agents in dry eye diseases has been delineated through two
main mechanisms: firstly, the anti-oxidative function of PPARy
in diminishing corneal ROS levels, thereby mitigating ocular
surface damage; and secondly, the role of PPARa in impeding
aberrant corneal epidermal differentiation and consequent
formation of ocular surface squamous metaplasia—a late
sequelae of dry eye disease. The corneal neurotrophic effects
of PPARa agent, fenofibrate, has also been highlighted through
the enhanced activation of neuronal pathways involving MAPK,
neurotrophin and LA metabolism. Additionally, fenofibrate’s
active role in anti-inflammation, anticoagulation, and lipid
modulation contributes to secondary neurotrophic -effects,
creating an optimal environment for corneal nerve regeneration.

Clinical safety of PPAR agents

At present, the research of PPAR agents on ocular diseases
remains limited, with most studies focusing on in-vitro and
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animal experiments, highlighting a paucity of data on the
safety of topical PPAR agents in corneal diseases, However,
the clinical application of systemic PPAR agents, notably the
PPARa agonists belonging to the fibrates class such as fenofibrate
and PPARYy agonists from the thiazolidinedione (TZD) class such
as rosiglitazone, are well-validated in the treatment of
dyslipidaemia and diabetes, respectively, with an established
safety profile [19, 20].

Systemic administration of the fibrate drug class such as
fenofibrate exhibits a relatively favourable side-effect profile, with
minor associated adverse side-effects spanning from
gastrointestinal discomfort, musculoskeletal symptoms, to
headaches [15]. Rare instances of rhabdomyolysis has also
been described in concurrent use of statin-fibrate therapy, and
highlights an increased risk in patients with hypothyroidism,
renal disease and diabetes mellitus [93]. Adverse effects of the
TZD class includes adverse cardiovascular effects, particularly
fluid retention, leading to congestive heart failure and peripheral
tissue oedema [94]. Whilst a potential association between TZD
use and the development of diabetic macular oedema in diabetic
patients has been postulated [95], this remains a topic of debate
with subsequent studies reporting no association between the

TZD use and diabetic macular oedema [96, 97]. Conversely, there
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is limited available data regarding the safety of PPARS agonists.
Of note, the early clinical trials involving the PPARS agonists,
GW501516, were halted due to concerns over accelerated
carcinogenicity observed in animal models [98].

Future directions

While the concept of utilising PPAR agents in corneal
diseases has gained momentum in recent years, additional
efforts are needed to further elucidate the role of the specific
PPAR isoforms. Firstly, there remains a need for a deeper
understanding of the specific PPAR isoforms involved in
specific corneal diseases. As illustrated in this review, different
isoforms play distinct roles and further delineation of their
functions within the cornea could open avenues for additional
therapeutic interventions. Understanding the crosstalk between
PPAR and other signalling pathways implicated in corneal
diseases could uncover synergistic or antagonistic effects,
providing a comprehensive picture of PPAR’s role in
maintaining corneal homeostasis.

Currently, the studies discussed in this article largely employ
the utilisation of animal models, showcasing great promise and
broadening our knowledge base on the underlying mechanisms
of PPAR agents in treating corneal diseases while serving as a
platform to test these novel PPAR therapeutic modalities. Further
directions on this aspect may include using in-vitro three-
dimensional human corneal models and human corneal cell
culture models, reducing reliance on animal models, and
offering the advantage of enhanced physiological resemblance
to in-vivo studies. Additionally, conducting clinical trials
assessing the efficacy and the long-term safety profile of
PPAR agonists in treating specific corneal diseases in a real-
world setting is imperative. Rigorous evaluation of the PPAR
agents in diverse patient populations will validate their
therapeutic potential and guide optimal dosing regimens.

Beyond the future endeavours aimed at establishing PPAR
agents’ efficacy in the landscape of corneal disease management,
there remains a considerable scope to develop novel drug
application techniques to bolster the efficacy of current PPAR
agents for improved clinical outcomes. The conventional delivery
method for the treatment of corneal diseases involves the
application of therapeutic agents via topical eye drops.
However, it presents with its own limitations, including rapid
precorneal drug loss and inability to sustain therapeutic drug
[99].  Through
nanomedicine which utilises the use of nano-particles as

concentrations over extended periods
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