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Purpose: Inflammatory processes in the aged retina may be exacerbated by systemic infection with viruses and bac-
teria, potentially aggravating age-related macular degeneration (AMD). Toll-like receptors (TLR) are key mediators
in detecting pathogen-associated molecular patterns (PAMPs) and host-derived damage-associated molecular patterns
(DAMPs). This study aimed to investigate TLR gene expression in cultured retinal pigment epithelial (RPE) cells,
focusing particularly on TLRO.

Methods: TLR gene expression was assessed using semiquantitative qPCR, while protein expression was evaluated
through western blotting, immunocytochemistry, and ELISA. Hypoxic conditions were simulated using CoCl, or by in-
cubation in a 0.1% O, atmosphere. RPE cell proliferation and viability were examined using bromodeoxyuridine (BrdU)
and MTT assays. Cell necrosis and apoptosis were analyzed with a cellular DNA fragmentation ELISA.

Results: Among the TLRs analyzed, TLR9 showed the most pronounced upregulation under hypoxic conditions. TLR9
protein expression was similarly induced by CoCl, as well as in a 0.1% O, atmosphere. Hypoxia increased the protein
levels of YH2A.X, a marker for DNA damage and cellular senescence. The TLR9 agonist ODN 1826 induced the gene
expression of downstream signaling molecules (MYDS88, IRF7, RELA), inflammatory factors (/FFNA, COX2), and MMP9
as well as the secretion of TGF-B1. These effects were reversed by TLR9 inhibitors (ODN 2088 and ODN INH-18). Trans-
forming growth factor (TGF)-f1 significantly suppressed the TLR9 expression at both the mRNA and protein levels. This
suppressive effect was reversed at the RNA level by inhibiting components of the TGF-f1 signaling pathway, including
activin receptor-like kinase (ALK), Smad3, p38 mitogen-activated protein kinase (p38 MAPK), c-Jun N-terminal kinase
(JNK), and phosphatidylinositol 3-kinase (PI3K) under hypoxic conditions.

Conclusions: TLR9 activation under hypoxic conditions initiates pro-inflammatory pathways in RPE cells. In the aging
retina, viral and bacterial infections and/or DAMPs may further amplify these responses, worsening retinal degeneration.

TGF-B1 may exert protective, anti-inflammatory effects by downregulating TLR9 expression.

Age-related macular degeneration (AMD) is associ-
ated with chronic inflammation [1-3] and immunological
abnormalities like local activation of the alternative comple-
ment cascade [4,5]. Drusen contain various components of
complement and other proteins involved in immune-mediated
inflammatory processes [6,7]. Retinal inflammation is associ-
ated with systemic inflammation and macrophage activation
and may be triggered by multiple factors, including genetic
and systemic health factors [§]. Inflammatory processes
in the aged retina are likely to be exacerbated by chronic
systemic infections with viruses and bacteria [9-12]. Injec-
tion of viral double-stranded RNA (dsRNA), a component of
drusen [13], into the subretinal space of mice was shown to
induce necrosis of the retinal pigment epithelium (RPE) and
macrophage infiltration into the outer retina [14].
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The RPE plays a crucial role as a first-line defense in the
retina by protecting against invading pathogens like viruses
and bacteria, and initiating innate immune responses. Key
mediators in microbial recognition are Toll-like receptors
(TLRs) [15]. To date, ten functional TLRs were identified in
humans. These receptors are located at the cell surface (TLRs
1, 2, 4, 5, 6) or within intracellular membranous organelles
like endosomes, lysosomes, and endoplasmic reticulum
(TLRs 3, 7, 8, 9) [16]. TLRs recognize conserved pathogen-
associated molecular patterns (PAMPs) produced by viral,
bacterial, and fungal pathogens [17]. Upon ligand binding,
TLR signaling induces inflammatory responses by promoting
the production of cytokines, chemokines, and adhesion
molecules. Cell surface TLRs primarily recognize microbial
membrane components such as lipids or lipoproteins, while
intracellular TLRs detect viral or bacterial nucleic acids.

In addition to PAMPs, TLRs also recognize endogenous
molecules known as damage-associated molecular patterns
(DAMPs), host-derived signals released during cellular
stress or damage, which contribute to sterile inflammation.
For example, TLRY, located in the endoplasmic reticulum
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of various immune cells, detects DNA fragments with
unmethylated CpG-DNA motifs. These can originate from
proliferating or dying microbes and mitochondria of damaged
host cells [18-20]. Downstream TLR signaling requires the
recruitment of adaptor molecules and leads to activation of
nuclear factor (NF)-kB and interferon (IFN) regulatory factor
(IRF) pathways. Specifically, TLR9 activation induces type
I interferon via the myeloid differentiation primary response
88 (MYDB8S)-IRF7 pathway and inflammatory cytokines via
the MYD88-NF-kB pathway [16,21-23].

It has been shown that RPE cells express several TLR
subtypes, including TLRs 2, 3, and 9 [24-28]. Activation of
TLRs stimulates the production of inflammatory cytokines
and angiogenic factors such as interleukins (IL)-1f, IL-6,
tumor necrosis factor a (TNFa), monocyte chemoattrac-
tant protein 1 (MCP-1), vascular endothelial growth factor
(VEGF), and basic fibroblast growth factor (bFGF) in RPE
cells [25-27].

Transforming growth factor-beta (TGF-B1, TGF-B2 and
TGF-B3) are multifunctional cytokines of the TGF-p family,
and all have been identified in the human eye [29,30]. They
are secreted in a latent inactive form and can be converted
into their biologically active form by the activity of matrix
metalloproteinase (MMP) [31]. TGF-f signals through
a transmembrane receptor complex composed of TGF-f§
receptor type I (ALKS) and type II receptors, activating
either canonical (SMAD-dependent) or non-canonical (e.g.,
mitogen-activated protein kinase MAPK; c-Jun-N-terminal
kinase JNK; phosphatidylinositol 3-kinase PI3K) pathways
[32]. The role of TGF-B in neovascular AMD (nAMD)
is controversial [33]. On one hand, TGF-f acts as a pro-
angiogenic factor by increasing the expression of VEGF-A
in RPE cells [34] or through VEGF-A-independent signaling
[35]. On the other hand, it protects retinal vessels [36]. TGF-3
is also known to be a negative regulator of TLR signaling
by suppression of adaptor protein MyD88, which could be a
reason for its anti-inflammatory effect [37].

Although viral and/or bacterial infections are considered
risk factors for AMD [9-11], there is limited knowledge about
the regulation of TLR expression and especially TLR9 func-
tion under pathological conditions in RPE cells. The focus
was on TLRY, a sensor for unmethylated CpG DNA, which
can originate by damaged host cells, among other sources.
Another reason is its role in the development of lifestyle-
related diseases [38]. To investigate this, the primary aim
of the present study was to compare 7LR gene expressions
in acutely isolated versus cultured human RPE cells and to
evaluate changes under pathological conditions. Specifically,
we investigated the effects of hypoxia and extracellular
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hyperosmolarity. Retinal hypoxia is a major pathogenic
feature in AMD [39]. Since hypertension is a risk factor of
AMD and diabetic retinopathy [40,41], and because high
extracellular NaCl directly affect RPE cells by stimulating
inflammatory and angiogenic responses [42,43] we also tested
high NaCl-induced hyperosmolarity. The second objective
was to determine whether activation and blockade of TLR9
alters the expression of inflammatory and angiogenic genes
in cultured RPE cells under these conditions. Finally, we
analyzed the role of TGF-PI in regulating TLR9 expression.

METHODS

Ethics statement: The study followed the tenets of the Decla-
ration of Helsinki for the use of human subjects. The use of
human material was approved by the Ethics Committee of the
University of Leipzig (#745, 07/25/2011). Post-mortem eyes
from human cornea donors without reported eye disease were
obtained within 48 h after death with the written informed
consent from the relatives to the use of retinal tissue in basic
science.

Materials: Cell culture components and solutions were
purchased from Gibco BRL (Paisley, UK), and fetal bovine
serum was from Invitrogen (Paisley, UK). Human recombi-
nant proteins such as transforming growth factor-p1 (TGF-
Bl), and VEGF-A . were from R&D Systems (Abingdon,
UK). The inhibitory oligodeoxynucleotide (iODN) iODN
2088, iODN INH-18, the control ODN co-ODN 2088, and
the TLRY agonist ODN 1826 were purchased from InvivoGen
(San Diego, CA). The following selective pharmacological
inhibitors were obtained from Tocris (Ellisville, MO): 66615,
LY294002, PD98059, SB203580, SP600125. SB431542, and
SIS3 were purchased from Sigma (Deisenhofen, Germany).
Anti TGF-fB Pan Specific neutralizing antibody was from
R&D Systems (Abingdon, UK). All other antibodies used for
western blotting or immunocytochemical staining. Actino-
mycin D, and human recombinant a-thrombin, and all other
used agents were sourced from Sigma-Aldrich (Taufkirchen,
Germany), unless specified otherwise.

Cell culture: RPE cells were prepared and cultured as
described previously [43]. Cultured cells of passages 3 - 5
were used. Cells which achieved a confluence of approxi-
mately 90% were cultured for 16 h in serum-free medium.
During this period, 100% confluence was achieved. There-
after, test substances were given to the serum-free medium.
Hyperosmotic media was made by adding NaCl (+100 mM)
or sucrose (+200 mM). Extracellular hypoosmolarity (60%
osmolarity) was established by adding distilled water.
Hypoxia and chemical hypoxia were established by cell
culture in a 0.1% O,-atmosphere or by addition of 150 pM
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of the hypoxia mimetic CoCl,, respectively. CoCl, mimics
hypoxic conditions by stabilization of hypoxia-inducible
transcription factor (HIF)-1o and HIF-2a under normoxic
conditions [44]. Inhibitory agents were added 30 min before
the start of the tests.

RNA extraction and cDNA synthesis: Total RNA was
extracted using the InviTrap Spin Universal RNA Mini Kit
(Stratec Molecular, Berlin, Germany). The A, /A, ratio
of the optical density of RNA samples was measured using
NanoDropl000 (peQLab, Erlangen, Germany) and was
between 1.95 and 2.05 which indicates adequate RNA quality.
After the use of DNase I (Roche, Mannheim, Germany),
cDNA was synthesized from 0.25 ng RNA using a reverse
transcription kit (ThermoFisher Scientific, Waltham, MA).

Quantitative real-time-PCR analysis (qPCR): QPCR was
performed using the CFX Connect Real-Time PCR System
(BioRad, Munich, Germany) with primer pairs described in
(Appendix 1). The amplification mixture (10 pul) contained
5 ul of 2x SsoAdvanced™ Universal SYBR Green Supermix
(BioRad), specific primer set (0.2 uM each), 1 ul (25 ng) of
cDNA. The amplification conditions were: enzyme activation
and cDNA denaturation at 95 °C for 30 s (one cycle), 45 cycles
denaturation (95 °C, 155), annealing and extension (60 °C;
455s), and melting curve (the temperature was increased from
65 °C to 95 °C in 0.5 °C steps). The correct length of PCR
products was verified using agarose gel electrophoresis and
checked by the specific melting temperature. The level of
ACTB and B2M mRNA were used to normalize mRNA
expression in cells cultured under hypoxic conditions (CoCl,,
0.1% O,). The stability of these housekeeping genes and their
use for normalizing the results were checked according to
Pfaffl et al. [45]. A calculated standard deviation (SD) <I
indicates sufficient stability of the housekeeping gene. All
other mRNA levels were normalized to the level of ACTB
mRNA. Relative mRNA expression levels were calculated
according to the 2-44°T method [46].

Immunocytochemistry: RPE cell cultures were fixed with
4% paraformaldehyde for 15 min on ice and washed with
prechilled phosphate-buffered saline (PBS; pH 7.4; Invit-
rogen). PBS plus 0.3% Triton X-100 was added for 15 min
at room temperature (RT). Blocking of nonspecific antibody
binding was performed using PBS containing 10% normal
goat serum and 0.3% Triton X-100 for 2 h at RT. Subse-
quently the cells were incubated with primary antibodies
diluted in blocking solution at 4 °C overnight. After washing
with PBS plus 0.3% Triton X-100, cells were incubated
with the secondary antibodies for 1 h at RT. After further
washing steps, cell nuclei were stained with 4’,6-diamidin-
2-phenylindol (DAPI; 1:10.000; Invitrogen) for 15 min at RT.
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The coverslips were mounted using Fluorescence Mounting
Medium (DakoCytomation, Glostrup, Denmark). Images
were taken using the fluorescence microscope Olympus
BX40 (Olympus, Essex, UK) with a CCD camera (Olympus
XM10) and the cellSens software (Olympus). The used anti-
bodies are listed in Appendix 2.

Western blot analysis: Protein extracts from acutely isolated
neuroretinas of two individual donors were prepared using
the Mammalian Cell lysis kit (MCL-1; Sigma-Aldrich)
according to the manufacturer’s instructions. For preparing
cytosolic (soluble proteins) and membrane protein extracts
RPE cells were cultured in 75-cm? culture flasks in F-10
medium containing 10% FBS until confluence was reached.
Then the medium was removed, the cells were washed with
prechilled PBS and detached from the culture flasks using
a cell scraper. After centrifugation, the cells were lysed in
0.5 ml buffer A (50 mM Tris-HCI (pH 7.4), 150 mM NacCl,
1 mM EDTA, 1% protease inhibitor cocktail, and 1% phos-
phatase inhibitor cocktail (both from Sigma-Aldrich), and
0.5% PMSF (phenylmethylsulfonyl fluoride). The lysates
were centrifuged at 20,817 xg for 15 min at 4 °C and the
supernatants (soluble cytosolic proteins) were removed. The
remaining pellets were solubilized in 400 pl of buffer B that
(50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 0.1% SDS, 1% protease inhibitor cocktail, and
1% phosphatase inhibitor cocktail).

For preparing whole cell protein extracts the following
lysis buffer (180 pl; 50 mM Tris-HCI (pH 8.0), 5 mM EDTA,
150 mM NacCl, 0.5% phenylmethylsulfonyl fluoride, 0.5%
NP-40 detergent solution (Thermo Fisher Scientific), 1%
protease inhibitor cocktail, and 1% phosphatase inhibitor
cocktail (Sigma-Aldrich)) was used. Equal amounts of protein
(30 ng and 35 pg, respectively) were separated by 12.5% or
10% SDS—PAGE. The protein amounts and the quality of
the protein transfer to the PVDF membranes were routinely
checked using Ponceau S staining. Primary and secondary
antibodies (Appendix 2) were applied. For visualization of
the immunoreactive bands 5-bromo-4-chloro-3-indolyl phos-
phate/nitro blue tetrazolium were used. The ChemiDoc™
Imaging System (BioRad) was used for taking images and
preparing densitometric evalution.

ELISA, DNA fragmentation, cell proliferation and viability
assays: RPE cells were cultured and stimulated in 12-well
plates. Thereafter, cell culture supernatants were collected
and the amount of secreted VEGF-A (DVEO00; R&D Systems)
and TGF-f1 (DB100C; R&D Systems) were determined by
ELISA using 200 pl and 100 pul supernatant, respectively.

To analyze cell necrosis or apoptosis the Cellular DNA
Fragmentation ELISA (Roche) was used. 5x10° cells were
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seeded per well in 96-well plates and cultured until approxi-
mately 90% confluence was reached. Afterwards the cells
were pre-labeled with bromodeoxyuridine (BrdU) for 16 h
and then the cells were cultured in presence or absence of
CoCl,, NaCl or in a 0.1% O, atmosphere for further 24 h.
Detected BrdU-labeled DNA fragments in cell free superna-
tants indicate necrosis and in cell lysates indicate apoptosis.

To determine cell viability and proliferation rate,
cells were cultured for 24 h in the presence of high NaCl
(+100 mM), CoCl, (150 uM) or in a 0.1% O, atmosphere,
respectively, and in the absence or presence of iIODN INH-18
(2.5 uM), iODN 2088 (1 uM). Incorporation of BrdU was
measured using the Cell Proliferation ELISA BrdU Kit
(Roche). BrdU (10 uM) was applied 5 h before fixation of
the cultures. The absorbance was determined at 450 nm
using Spectra Max 50 (Molecular Devices, Sunnyvale, CA).
Cell viability was evaluated using a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Serva,
Heidelberg, Germany). MTT solution (10 pl; 5 mg/ml) was
given to each well 4 h before cessation of the cell culture.
Culture supernatants were removed and DMSO (100 pl) was
added. The absorbance was measured at 570 nm.

Quantification of cell-free DNA: The amount of cell-free
DNA in culture supernatants was determined using the
NanoDropl000 (peQLab). Therefore, 1 pl of cell culture
supernatant (untreated control, NaCl, CoCl,, 0.1% O,) was
used for the measurement. Each measurement was performed
in triplicate. F-10 medium without FBS, which was used for
the cell culture experiments, served as a blank.

Statistical analysis: At least three independent experiments
with cells of different donors were performed for each test.
Data are presented as means + SEM. Statistical analysis was
performed with Graphpad Prism Version 6.07 (Graphpad
Software, San Diego, CA). Cell viability, cytokine and cell
free DNA content of the supernatants, DNA fragmentation,
and western blot signals are expressed as percent of untreated
control (100%). PCR results are shown as x-fold change to
untreated control (1).

The nonparametric Mann—Whitney U test for single
comparisons two groups without normal distribution of data
was used to analyze the qPCR, cell viability and DNA frag-
mentation results. The one-sample ¢ test was used to compare
the qPCR results from the experiments with pharmacological
inhibitors. This test takes into account the variability of the
values obtained from the signals of the control cells, even
though these occur without standard deviations (SD=0).
One-way ANOVA (ANOVA) followed by Bonferroni’s
multiple comparison test was used to compare western blot

© 2026 Molecular Vision

and ELISA results of multiple groups from differently treated
cells. Differences with p<0.05 were considered as significant.

RESULTS

TLR gene expression in human RPE cells: QPCR analysis
was performed to examine the expression of 7LR genes in
RPE cells. The analysis was done with cells which were
acutely isolated from eyes of post-mortem human donors
(differentiated cells) and with cultured cells (dedifferentiated
cells). Transcripts of all 10 human 7LR genes were detected
in the total RNA extracted from acutely isolated RPE cells
(Figure 1A). Cultured RPE cells also expressed multiple 7LR
genes; the levels of TLR7, TLRS, and TLR10 gene transcripts
were below the detection threshold (Figure 1B). The levels
of TLRI, TLR2, TLR5, and TLR9 transcripts were smaller in
cultured than in acutely isolated cells, as indicated by the
significantly (p<0.05) higher number of cycles required
to detect the transcripts in cultured cells (Figure 1B). The
cycle numbers necessary to detect 7LR3, TLR4 and TLR6
transcripts were not significantly (p>0.05) different between
acutely isolated and cultured cells (Figure 1B).

Regulation of TLR gene expression: We tested different
agents to screen which pathogenic conditions alter the
expression levels of TLR genes in cultured RPE cells. The
hypoxia mimetic CoCl, [44] induced a significant (p<0.05)
increase of the cellular level of TLR4 and TLR9 transcripts
after 24 h of stimulation and slightly reduced mRNA levels
of TLR3 (Figure 2A). The stimulatory effect of CoCl,-induced
hypoxia on the TLR9 gene expression as well as the reduction
of TLR3 mRNA amount were confirmed in cells cultured
in a 0.1% O,-atmosphere. Compared to CoCl,, the extent of
TLR9 induction was lower and a slight significant increase
was already observed after 2 h of stimulation. In contrast to
the CoCl, results an induction of TLR2 mRNA was found
under these conditions and the increase of TLR4 expres-
sion was no longer detectable (Figure 2B). Oxidative stress
induced by addition of H,0O, (20 uM) to the culture medium
did not alter the expression of the TLR genes investigated (not
shown). Extracellular hyperosmolarity produced by addition
of 100 mM NaCl to the culture medium induced increases of
the TLRs 1, 4, 6, and 9 gene expression and did not alter the
expression of 7LRs 2, 3, and 5 genes (Figure 2C). Addition
of 200 mM sucrose, which caused an increase in osmolarity
equal to 100 mM NaCl, induced a similar elevation of the
TLRY9 mRNA level as addition of NaCl (Figure 2D). This
suggests that high NaCl induces TLR9 gene expression
by elevation of the extracellular osmolarity and not by the
change of the NaCl gradient across the plasma membrane.
The CoCl,- and high NaCl-induced 7LR9 gene expression
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Figure 1. Expression of Toll-like receptor (TLR) genes in human RPE cells. A: Agarose gel electrophoresis images of gene transcripts which
was performed with PCR products of acutely isolated cells from two different post-mortem donors (al, a2). 0, negative control done by
adding double-distilled water instead of cDNA as a template. f-actin (ACTB) mRNA was used to normalize 7LR mRNA levels in gPCR
analysis. B: Comparison of 7LR gene expression levels in acutely isolated and cultured RPE cells. The data were determined by qPCR. The
bars show the mean of cycle numbers at the threshold of transcript detection + SD. Cells derived from 5 (acutely isolated) and 9 (cultured)
donors, respectively, were used. The statistical analysis was performed using non-parametric Mann—W hitney-U-Test. Significant difference

between acutely isolated and cultured cells: *p<0.05.

was fully prevented by actinomycin D (5§ ng/ml; Appendix
3) which blocks RNA polymerase II, suggesting that the
expression was mediated by induction of gene transcrip-
tion; the TLR9 mRNA stability was not different to cells
cultured under control conditions (Appendix 3). VEGF, a
growth factor associated with pathological angiogenesis was
without effect whereas the multifunctional TGF-1 reduced
the 7TLR9 mRNA in a time dependent manner (Figure 2G).
We also found that FBS (10%, serum) and thrombin caused
downregulation of the 7LR9 gene expression (Figure 2F).
Triamcinolone acetonide, an anti-inflammatory corticoste-
roid clinically used together with anti-VEGF drugs to achieve
a greater effect than monotherapy in different retinopathies
[47] increased TLR9 mRNA in RPE cells after 24 h of stimu-
lation (Figure 2H).

TLR9 protein in cultured RPE cells: Cultured RPE cells
showed a strong intracellular and a weak TLR9 immunore-
activity in cell membranes (Figure 3A). Western blot analysis
of cytosolic (soluble proteins) and membrane protein extracts
of cultured RPE cells displayed a TLR9-immunoreactive
band around 113 kDa (Figure 3B). Blots of membrane protein
extracts showed a more intensely stained immunoreactive
band compared to blots of cytosolic proteins (Figure 3B). As
a positive control, the presence of immunoreactive TLR9 in
lysates of acutely isolated neuroretinas from two donors was
verified (Figure 3B). The data indicate that TLRY protein is
predominantly localized to RPE cell membranes. High extra-
cellular osmolarity (NaCl), hypoxia induced by CoCl, or by
cultivation of RPE cells in a 0.1% O, atmosphere, and triam-
cinolone strongly induced (Figure 2A-C,H) whereas TGF-f1
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Figure 2. Regulation of TLR gene expression in cultured human RPE cells. Relative mRNA levels were evaluated by qPCR and are shown
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hypoxia induced by CoCl, (150 uM, n=3-5). B: Effect of cell culture in a 0.1% O, atmosphere on the TLR gene expression (n=4). C: Effect of
extracellular hyperosmolarity induced by addition of 100 mM NaCl to the culture medium (n=3-5). D: Effect of addition of 200 mM sucrose
(n=3-4) and (E) extracellular hypoosmolarity (60% osmolarity, n=5) on the TLR9 gene expression. F: Effects of fetal bovine serum (10%,
n=3—4) and thrombin (10 U/ml, n=4-5) on the TLR9 gene expression (G). Influence of growths factors such as VEGF (n=5) or TGF-p1 (n=3;
each 10 ng/ml) on TLRY gene expression. H: Effect of Triamcinolone acetonide (50 uM) on 7LR9 mRNA (n=4-5). ACTB and B2M were
used to normalize the results for CoCl, as well as 0.1% O,. ACTB was used to normalize the results of NaCl, sucrose, hypoosmolarity, serum,
thrombin, VEGF, TGF-B1, and Triamcinolone. Each bar represents data from independent experiments using cells from different donors.
The statistical analysis was performed using the non-parametric Mann—Whitney-U-Test. Results are shown as mean + SEM. Significant
difference versus unstimulated control: *p<0.05.
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Figure 3. TLRO protein in cultured human RPE cells. A: Immunolabeling of cultured RPE cells with an anti-TLR9 antibody (green) and an
antibody against the tight junction protein zonula occludens-1 (ZO-1; red). Cell nuclei are labeled with DAPI (blue). Bars, 20 pm. B: western
blots of TLRY protein performed with lysates of acutely isolated neuroretinas and cytosolic and membrane protein extracts of cultured
RPE cells derived from two donors (1, 2). C: Representative western blots of TLR9 protein with lysates of RPE cells incubated in presence
of NaCl (+100 mM), hypoxia mimetic CoCl, (150 uM), TGF-B1 (10 ng/ml), in a 0.1% O, atmosphere or Triamcinolone acetonide (Triam;
50 uM) for 24 h. B-actin served as loading control. D: Densitometric evaluation of the western blot results. f-actin was used to normalize
the results. The data were obtained from 3 (TGF-B1) and 4 (NaCl, CoCl,, 0.1% O,, Triam) independent experiments using RPE cells from
different donors. Significant difference versus unstimulated control: *p<0.05. The statistical analysis was performed using the One-way

ANOVA followed by Bonferroni’s multiple comparison test.

significantly reduced the 7LR9 mRNA amount (Figure 2G).
Except NaCl, these results were confirmed at the protein level
(Figure 3C,D).

yH2A.X as sign for DNA damage and cellular senescence:
TLRY is known as a sensor for endogenous DNA frag-
ments [20,23]. Because TLR9 mRNA was induced by
hypoxia and high extracellular osmolarity we wanted to
know if these conditions alter the expression of phospho-
Histone H2A.X (yH2A.X), a biomarker for DNA damage,
cellular senescence, aging, and apoptosis [48]. Western blots
performed with 30 ug of whole RPE cell extracts showed
one YH2A . X-immunoreactive band around 15 kDa (Figure
4A). Blots of CoCl, stimulated or in an 0.1% O, atmosphere
cultured cells produced a stronger immunoreactive signal,
than those cultured in presence of high NaCl (Figure 4A,B).
Furthermore, the amount of cell-free DNA was increased in
RPE cells cultured in the presence of CoCl, or in a 0.1% O,
atmosphere. The release of cell-free DNA was not altered
by NaCl (Figure 4C). The results demonstrate that cellular
stress caused by hypoxia may facilitate the release and accu-
mulation of endogenous DNA fragments. High extracellular
osmolarity only has a small non-significant effect on yYH2A.X
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expression and no effect on the release of cell free DNA in
cultured RPE cells.

Effects of TLR9 agonist on gene- and protein expression: To
analyze the effects of viral/bacterial DNA, RPE cells were
cultured in presence of a synthetic analog of viral/bacte-
rial DNA (ODN 1826, 1 uM). The mRNA levels of TLR9
downstream signaling proteins such as the adaptor protein
MYDS8, and transcription factors like interferon regulatory
factor (IRF)-7, and RELA (p65 subunit of NF-xB) were
significantly induced by ODN 1826 (Figure 5B-D). Gene
expression of proteins associated with inflammation or AMD
like IFN-A (IFNA), cyclooxygenase-2 (COX2) were upregu-
lated (Figure 5E,F) as well as matrix metalloproteinase 9
(MMPY; Figure 5J). TGF-BI1 protein secretion (Figure 5K)
was significantly increased after 24 h of stimulation, while
TGFBI gene expression remained unchanged (Figure SH).
ODN 1826 had a slight effect on VEGFA after 6 h stimula-
tion (Figure 5G), and no effect on MMP2 mRNA (Figure 5I).
Under the used conditions ODN 1826 had no significant effect
on TLRY gene expression (Figure SA). But we could show that
the stimulation of cultured RPE cells with ODN 1826 induced
the gene expression of different TLR9 downstream signaling
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Figure 4. Expression of phosphorylated histone H2A.X (yH2A.X) protein in cultured human RPE cells. Cells were cultured in presence
of CoCl, (150 uM), NaCl (+100 mM) or in a 0.1% O, atmosphere for 24 h. A: Representative western blots of YH2A.X protein using 30 ug
whole cell protein extract. f-actin was used as loading control. The image shows two examples of 4 experiments. B. Signals quantified by
densitometry and normalized with B-actin are shown in relation to the untreated control (100). C: The amount of cell-free DNA released from
RPE cells that were cultured under hyperosmotic (+100 mM NaCl) as well as hypoxic conditions (CoCl, 0.1% O, atmosphere) for 24 h. The
results are shown as a percentage of the untreated control group. (100). Each bar represents data from 4 (western blot) and 5 (cell-free DNA)
independent experiments with cells from different donors. The statistical analysis was performed using the One-way ANOVA followed by
Bonferroni’s multiple comparison test. Significant difference versus. unstimulated control: *p<0.05. .

proteins and AMD associated proteins as well as the secretion
of TGF-B1. This is an indication of the activating properties
of ODN 1826 on TLRY in RPE cells.

Effects of TLRY blockade on gene expression: To investigate
whether TLRO activity influences the expression of different
genes in RPE cells, we used two different inhibitory oligonu-
cleotides specific to TLR9, iODN 2088 and iODN INH-18, in
cells cultured under control, hyperosmotic, CoCl,-simulated
hypoxic conditions, and in a 0.1% O, atmosphere. As shown
in Figure 6A, blockade of TLR9 activity had no effects on
the TLRY gene expression under control conditions nor under
simulated hypoxia. TLR9 blockade caused a downregulation
under hypoxic condition in respect to various other genes:
MYDSS (Figure 6B), IRF7 (Figure 6C), RELA (Figure 6D),
IFNA (Figure 6E), COX2 (Figure 6F), and MMP9 (Figure 6G).
The data suggest that activation of TLR9 contributes to the
hypoxic gene expression of inflammatory factors in cultured
RPE cells. Inhibition of TLR9 activity additionally reduced
(p<0.05) the gene expression of MYDSS8 (Figure 6B), IRF7
(Figure 6C), and COX2 (Figure 6G) under control conditions.
TLR9Y also seems to influence inflammatory processes under
normoxia. No upregulation of MYD88 was observed in RPE
cells cultured for 24 h in a 0.1% O, atmosphere. This could be
caused by the long duration of the stimulation. Under these
conditions, MYD88 mRNA expression was significantly
increased at an early stage (2 h) and returned to control levels
after 6 h (Appendix 4). The results of TLR9 activation with

ODN 1826 supports the assumption that the regulation of
MYDSS is an early event (Figure 5B).

The TLRY blockade did not change the expression
of VEGFA (Appendix 5), and TGFBI (data not shown).
VEGEF-A protein secretion also remained unaffected (data
not shown). But TGF-B1 protein secretion was significantly
reduced by both TLRY inhibitory oligonucleotides in RPE
cells under control conditions, CoCl,-simulated hypoxia,
and 0.1% O,. CoCl -induced hypoxia reduced the amount
of secreted TGF-B1 under the used conditions. In contrast,
TGF-B1 secretion was increased in RPE cells cultured under
a 0.1% O, atmosphere. Both TLR9 inhibitory oligonucleotides
significantly reduced TGF-B1 secretion under both hypoxia-
simulated conditions (Figure 6H). These results indicate a
role of active TLR9 in TGF-B1 protein secretion. This effect
is confirmed by the results of the TLR9 agonist ODN 1826
(Figure 5K).

High extracellular osmolarity did not alter TLR9- and
YH2A.X protein expression (Figure 3C, D; Figure 4A,B).
Therefore, we used these conditions to examine only selected
genes such as of TLRY, RELA, TGFBI, and VEGF. The TLR9
inhibition did not influence the expression of these genes
under hyperosmotic conditions (Appendix 5) indicating that
TLR9Y activity may have no influence on the here analyzed
genes under extracellular hyperosmolarity in RPE cells.

Different studies have shown that besides other signaling
pathways, NF-«B is involved in the TLR9 response [49,50].
Studies on RELA mRNA expression suggest that TLR9 plays
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Figure 5. Effects of TLR9 agonist ODN 1826 on gene expression of TLR9 downstream signaling components and AMD associated proteins
in RPE cells. RPE cells were cultured in presence of ODN 1826 (1 uM) for 2, 6 and 24 h. The mRNA amounts were examined with qPCR.
Results are shown as fold changes to unstimulated controls. QPCR negative controls were performed with double-distilled water instead of
c¢DNA. ACTB was used to normalize the results. Secreted TGF-f1 protein was analyzed in cell culture supernatants (24 h) using ELISA. The
results are shown as percentage of the untreated control. The gene expression of the following factors was investigated: A: 7LR9 (n=4-5),
B: TLRY adaptor protein MYD88 (n=4-5), C: transcription factor /RF7 (n=4-6), D: transcription factor RELA (the gene of p65 subunit of
transcription factor NF-xB, n=5), E: IFFNA (n=5-6), F: COX2 (n=6), G: VEGFA (n=5-6), H: TGFBI (n=6), I: MMP2 (n=4), and J: MMP9
(n=4). K: The protein secretion of TGF-B1 (n=3) is presented. Each bar (mean £ SEM) shows results from independent experiments using
RPE cells from different human eye donors. Mann—Whitney-U-Test was used for statistical analysis of the gPCR results. One-way ANOVA
followed by Bonferroni’s multiple comparison test was used to analyze the ELISA-results. Significant difference versus. unstimulated
controls: *p<0.05.
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Figure 6. Effects of inhibitory oligonucleotides for TLR9 on the hypoxic gene and protein expression in cultured human RPE cells. The cells
were stimulated for 24 h with CoCl, (150 uM) or in 0.1% O, atmosphere as indicated by the panels of the bars. TLR9 was blocked by iODN
2088 (1 uM) or iODN INH-18 (2.5 uM). As negative control, control co-ODN 2088 (co-ODN; 1 and 2.5 uM) was used. Results are shown
as fold change to unstimulated controls (1). TGF-B1 protein secretion was analyzed in cell culture supernatants using ELISA. Results are
shown as per cent to CoCl, or to 0.1% O, controls (100). The gene expression of A: TLR9 B: TLRY adaptor protein MYD88. C: Transcription
factor /RF7. D: Transcription factor RELA (the gene of p65 subunit of transcription factor NF-xB). E: IFNA, F: COX2, G: MMP9. The data
are shown as fold change of unstimulated control (1). ACTB and B2M were used to normalize the results. H: Shows total TGF-B1 protein
amounts secreted by RPE cells cultured in presence of CoCl, or a 0.1% O, atmosphere. Each bar represents data (mean + SEM) obtained in
4-7 (iIODN 2088) or 3—4 (iIODN INH-18) independent experiments using cells from different donors. Mann—Whitney-U-Test was used for
statistical analysis. Significant difference versus unstimulated control: *p<0.05, **p<0.01. Significant differences versus CoCl, or O.1% O,
controls: ep<0.05. .
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Figure 7. Effects of the TLRY inhibiting oligonucleotide iODN INH-18 on the activation of NF-kB under chemical hypoxia (150 uM CoCl,)
or 0.1% O, atmosphere in human RPE cells TLR9 was blocked with iODN INH-18 (2.5 uM). The cells were cultured for 24 h in normoxic or
hypoxic conditions (CoCl,, 0.1% O, atmosphere) as indicated by the panels of the bars. The level of total proteins and phosphorylated proteins
were determined with western blotting. As negative control co-ODN 2088 (co-ODN; 2.5 uM) was used. A, B: Representative western blots
of different total and phosphorylated signaling proteins using 25 pg whole cell protein extract for total protein and 35 pg for phosphorylated
proteins. B-actin was used as loading control. The image shows one example of 3 experiments. C. Graphical illustration of western blotting
results of phospho-NF-kB p65 (pNF-kB p65) are presented. Signals quantified by densitometry and normalized with -actin are shown in
relation to the untreated control (100). Each bar represents data from 3 independent experiments with cells from different donors. One-way
ANOVA followed by Bonferroni’s multiple comparison test was used to analyze the results Significant difference versus. unstimulated
control: *p<0.05. Significant differences versus CoCl, or 0.1% O, controls: p<0.05. .

arole in this process. Therefore, the effects of blocking TLR9
with iODN INH-18 on the activation of NF-kB was included
in the investigations. Activation of the signal protein was
determined by western blotting. Hypoxia (CoCl,, 0.1% O,)
had no effect on NF-kB baseline activation (Figure 7) after 24
h stimulation. Under these conditions TLR9 antagonist iODN
INH-18 significantly reduced the amount of pNF-«kB in RPE
cells below the baseline level.

RPE cell viability: To analyze whether TLR9 activity
influences cellular properties we tested both inhibitory
oligonucleotides specific to TLR9, iODN 2088 and iODN
INH-18, in cells cultured under control, high extracellular
osmolarity (+100 mM NaCl), CoCl -simulated hypoxic condi-
tions, and in an 0.1% O, atmosphere. We found that adding
of 100 mM NaCl to the culture medium did not alter the
RPE cell viability whereas addition of 150 uM CoCl, or a
reduced oxygen content significantly decreased (p<0.05) the
viability (Figure 8A,B). This reduced cell viability may be
caused by an increased necrosis and apoptosis of the cells
(Figure 8C) under both hypoxic conditions. Coaddition of
the inhibitory oligonucleotides (iODN) specific to TLR9Y,
iODN 2088 (Figure 8A) or iODN INH-18 (Figure 8B), had no
effect on the viability under control, hyperosmotic conditions,
and in CoCl, induced hypoxia. Coaddition of the inhibitory

oligonucleotides significantly reduced the viability of cells
cultured in an 0.1% O, atmosphere. This could indicate a
protective effect by TLR9 under these conditions. Adminis-
tration of iODNs had no effects on the proliferation rate of the
cells under the three conditions tested either (data not shown).

Role of TGF-f1: 1t is known that hypoxic conditions alter
the gene expression of different cytokines including 7GFBI
[43,51]. An increase of TGF-B1 in patients with nAMD has
been described [35]. Besides the canonical TGF-f signaling
via Smad proteins there is a non-canonical TGF- signaling
which includes signaling proteins like ERK1/2, p38 MAPK,
PI3K or JNK [32]. We found, that TGF-f1 significantly
reduced the TLRY9 mRNA and protein expression in RPE cells
under normoxic conditions (Figure 2G; Figure 3C,D, Figure
9A,D), same as under CoCl_-induced chemical hypoxia and
in a 0.1% O, atmosphere (Figure 9B,C). Therefore, potential
pathways involved in the autocrin/paracrin TGF-1 signaling
were investigated. Pharmacological inhibitors were used
to block the activation of signaling proteins and thus iden-
tify mediating signal pathways. Under control conditions
the TLR9 mRNA amount was increased significantly by
blocking the activation of p38 MAPK, (SB2035580), and JNK
(SP600125; Figure 9A). The TLR9 mRNA reducing effect
of TGF-B1 was reversed with an anti TGF-3 pan specific
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neutralizing antibody (aTGF-f ab). This may indicate a func-
tion of these signaling proteins in inhibiting the 7LR9 gene
expression under normoxia. Blocking TGF-f1-signaling with
SB431542 or SIS3 increased the CoCl -induced 7TLR9 mRNA
amount significantly compared to the CoCl, control, whereas
the increase induced by the anti-TGF-f pan-specific neutral-
izing antibody was not significant under these conditions.
Inhibition of p38 MAPK or JNK significantly increased the
CoCl,-induced TLRY gene expression compared to the CoCl,
control while inhibition of ERK1/2 (PD98059) and PI3-kinase
(LY294002) had no effect. With a few exceptions, these
results were confirmed with RPE cells cultivated in a 0.1% O,
atmosphere. Here, the increase in TLR9 gene expression due
to the effect of the neutralizing TGF-B1 antibody was signifi-
cant. In contrast to the CoCl, results, blocking PI3-kinase
increased the TLR9 mRNA and the CREB inhibitor had no
effect here. Thus, our results may indicate a contribution
of TGF-P signaling to decrease the TLR9 expression under
normoxia and chemical hypoxia as well as in a reduced O,
environment in cultured RPE cells.

To confirm these results and to specify the role of
TGF-B1 signaling, RPE cells were additionally co-incubated
in the presence of TGF-B1 (10 ng/ml) and the pharmacological

© 2026 Molecular Vision

inhibitors for 24 h (Figure 9D). Under these conditions the
inhibitory effect of TGF-B1 on the TLRY gene expression was
reversed by an anti TGF-3 pan specific neutralizing antibody,
by blocking of TGF-B1 superfamily activin receptor-like
kinase receptors, transcription factors Smad3, as well as by
p38 MAPK, JNK, and PI3K. Inhibition of ERK1/2 or CREB
had no effect. These results may support the function of
TGF-B1 in reducing TLRY expression.

DISCUSSION

Selected TLRs in the retina play key roles in the development
of retinal ischemic diseases including ischemia-reperfusion
injury, glaucoma, AMD, and diabetic retinopathy [52-54].
TLRs can be expressed by multiple retinal cell types such
as glial, RPE, and photoreceptor cells [54]. In the present
study, we investigated the expression of 7LR genes in acutely
isolated and cultured human RPE cells. We found that acutely
isolated RPE cells express the mRNA of all 10 TLRs, whereas
cultured RPE cells lacked detectable transcripts of 7LR7, §
and /0. Kumar et al. [24] identified all TLRs except TLRS. The
discrepancy with our findings may result from differences in
culture conditions. TLRI, 2, 5, and 9 mRNA amounts were
significantly higher in acute RPE cells compared to cultured
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Figure 8. Effects of TLRY inhibiting oligonucleotides on the viability of cultured human RPE cells under hyperosmotic conditions and
hypoxic conditions (CoCl,, 0.1% O,). The cells were cultured 24 h in absence and presence of high NaCl (+100 mM), CoCl, (150 uM), as
well as 0.1% O, with and without inhibitory oligonucleotides specific to TLR9. A: Effect of the inhibitory oligonucleotide iODN 2088 (1 uM)
on the viability of cultured RPE cells. n=7 (NaCl), n=6 (CoCl,), and n=4 (0.1% O,). B: Effect of the TLR9 inhibitory oligonucleotide iODN
INH-18 (2.5 uM) on the viability of cultured RPE cells (n=6 for NaCl and CoCl,), and n=4 (0.1% O,). C: Influence of chemical hypoxia
induced by CoCl, of'a 0.1% O, atmosphere or of high extracellular osmolarity on necrosis and apoptosis in cultured RPE cells (n=4). The
data are shown as percent of unstimulated control (100%). Each bar represents data obtained in independent experiments using cells from
different donors. Mann—Whitney-U-Test was used for statistical analysis. Significant difference versus unstimulated control: *p<0.05.

Significant differences versus 0.1% O, controls: ep<0.05. .
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cells, as indicated by lower PCR cycle numbers (Figure 1B). The reason for these differences is not clear, but may be due
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Figure 9. Cellular signaling mediating the reducing effect of TGF-B1 on the TLR9 expression in cultured RPE cells. The 7LR9 gene expres-
sion was determined with qPCR in RPE cells cultured in absence or presence of hypoxia mimetic CoCl, (150 uM), respectively (A, B),
in a 0.1% O, atmosphere (C) or in presence of TGF-B1 (10 ng/ml; D) for 24 h. The RPE cells were pre-incubated with the inhibitors for 30
min. The following inhibitors were used: the inhibitor of TGF-B1 superfamily activin receptor-like kinase receptors, SB431542 (10 uM),
an anti TGF-B pan specific neutralizing antibody (10 pg/ml), the Smad3 inhibitor, SIS3 (10 pM), the CREB inhibitor 666—15 (250 nM), the
ERK1/2 inhibitor, PD98059 (20 pM), the p38 MAPK inhibitor, SB203580 (10 uM), the JNK inhibitor SP600125 (10 pM), the inhibitor of
PI3K-kinases, LY294002 (5 uM). DMSO (1:1000) served as solvent for the inhibitors. The data are displayed as fold change of unstimulated
control (1). ACTB and B2M were used to normalize the results. Each bar shows data obtained from 3 to 6 independent experiments with
cells from different donors. One sample # test was used for statistical analysis. Significant difference versus unstimulated control: *p<0.05;
*#p<0.01. Significant differences versus CoCl, control (B), versus 0.1% O, (C) or versus TGF-B1 control (D): ep<0.05. .
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to activation of RPE cells during the isolation procedure from
the donor eyes.

The regulation of 7LR gene expression was analyzed
in human RPE cells cultured under simulated pathological
conditions including hypoxia (CoCl,, 0.1% O,), high extracel-
lular osmolarity (+100 mM NaCl, +200 mM sucrose), retinal
disorders-associated growth factors (VEGF, TGF-f1), or
blood-derived components (serum, thrombin). Both simulated
types of hypoxia significantly increased T7LR9 expression
whereas TLR3 mRNA was downregulated. TLR2 was upreg-
ulated only in RPE cells cultured in a 0.1% O, atmosphere
and TLR4 was upregulated only by CoCl,. The reason for this
discrepancy is unclear, but could be related to the potentially
stronger stress effect of CoCl,, which does not fully mimic
hypoxic conditions.

Extracellular hyperosmolarity enhanced the mRNA
amount of TLR1, 4, 6, and 9 with the strongest effect on TLRY.
These results show that 7LR9 mRNA was most strongly
regulated (Figure 2) and may confirm a function against
invading viruses and bacteria as well as DAMPs. Triam-
cinolone acetonide significantly increased the 7LR9 gene
expression, while serum, thrombin, and TGF-$1 suppressed
it. VEGF-A had no significant effect. VEGF-A is associated
with compromise of the blood-retina-barrier in nAMD and
diabetic retinopathy, allowing infiltration of blood-derived
components [55]. Thus, VEGF-A might indirectly influence
TLR9 expression by modulating barrier permeability. The
elevated 7LR9 mRNA level under hyperosmotic conditions
(Figure 2C,D) suggests a role for TLR9 in sensing osmotic
stress in RPE cells.

The effects of CoCl,, 0.1% O,, TGF-BI or triamcinolone
acetonide on 7LRY9 mRNA were validated at the protein level;
however, NaCl did not alter protein levels (Figure 3C,D). The
corticosteroid triamcinolone acetonide is clinically employed
to treat macular edema in various retinopathies [56]. Although
triamcinolone acetonide has been increasingly replaced by
anti-VEGF drugs, combination therapy with triamcinolone
may provide enhanced efficacy [47]. However, in our in vitro
study, triamcinolone induced TLR9 expression. Rare ocular
side effects of intravitreal triamcinolone, including sterile
endophthalmitis, have been reported [57], typically attrib-
uted to preservatives and usually resolve within one to two
weeks [58]. But our in vitro finding is not sufficient to make
a recommendation for clinical practice because upregulation
of a single pro-inflammatory receptor is not equal to the net
pro-inflammatory effect of the drug.

In addition to TLR3, 7, and 8, TLR9 is mainly located
within intracellular membranes, including endosomes, lyso-
somes, and endoplasmic reticulum [16]. This was confirmed
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for TLRY in our study on cultured RPE cells. Immunocy-
tochemical staining demonstrated strong intracellular TLR9
immunoreactivity with weak membrane localization (Figure
3A). Using immunoblot analyses, TLR9 protein was detected
in membrane-enriched protein fractions consistent with local-
ization to intracellular organelles (Figure 3B). These results
are confirmed by flow cytometric analysis of Ebihara et al.
[25].

TLRY recognizes DNA fragments containing unmethyl-
ated CpG-DNA released by proliferating and dying microbes,
and by mitochondria derived from degraded cells [18-20,23].
Mitochondrial or nuclear damage under conditions of cellular
stress is associated with the release of genetic material into
the cytosol [20,59]. Mitochondrial DNA (mtDNA), which
predominantly contains CpG-motifs, activates TLR9 in
macrophages and contributes to inflammatory responses.
MtDNA acts as a key DAMP and triggers various inflamma-
tory and degenerative diseases [20]. In hepatocytes, acceler-
ated non-apoptotic cell death has been observed following
activation of TLR9/IFN-f signaling by mtDNA [23]. RPE
cells are also exposed to blood-borne DAMPs. It was shown
that systemic exposure to the TLR9 ligand CpG-ODN causes
widespread ocular inflammation, including increased macro-
phage accumulation of macrophages in the subretinal space
[60].

In the aged retina systemic infection can aggravate
AMD, which is associated with a chronic inflammation,
an important factor of necrosis, and is accompanied by the
release of DAMPs [14]. The formation of YH2A . X is a fast
reaction to cellular DNA damage and serves as a marker
for cellular senescence and apoptosis [48]. YH2A.X protein
levels were elevated in cultured RPE cells under CoCl.-
induced hypoxia as well as under a 0.1% O, atmosphere
(Figure 4A,B). Thus, hypoxia induced both apoptosis and
necrosis in RPE cells (Figure 8C) [61], which may contribute
to the release of DNA fragments (Figure 4C). An increased
release of DNA fragments by RPE cells due to hypoxia was
detected with CoCl,-induced hypoxia having a stronger effect
(Figure 4C). Hyperosmotic conditions did not alter yH2A.X
protein expression (Figure 4A,B), cell viability, apoptosis and
necrosis (Figure 8), or DNA release (Figure 4C). The results
demonstrate that cellular stress caused by hypoxia may facili-
tate the release and accumulation of endogenous DNA frag-
ments. Thus, self-derived DNA may serve as an endogenous
ligand for activation of intracellular located TLRs, potentially
promoting cellular failure.

Among the intracellularly localized TLRs, TLR7 and
TLRS mRNA were not detectable in this study, and T7LR3
expression was reduced by hypoxia. Only TLR9 mRNA was
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significantly upregulated under hypoxia (CoCl,, 0.1% O,),
which was confirmed at the protein level. This may high-
light the importance of TLR9 as a unique sensor for DNA
fragments with unmethylated CpG-DNA motifs in cultured
human RPE cells mainly under hypoxic conditions, and was
the reason for investigating the function of TLRO.

The TLR9 agonist ODN 1826 has been shown to strongly
promote pro-inflammatory activation of macrophages [62].
Activation of TLRs, e.g., TLRY, enhances bacterial phago-
cytotic capacity in RPE cells via p38 MAPK-dependent
gene expression changes [49]. ODN 1826 only had an early
modest effect on TLR9 gene expression in cultured RPE cells
(Figure 5A). Accordingly, activation of TLR9 has no regula-
tory effect on its own mRNA expression. Similar results were
reported using ODN 2006, another class B CpG-ODN TLR9
ligand [27]. The authors ruled out insufficient CpG-ODN
concentration as a cause by demonstrating its effects on the
expression of various downstream genes. We found that culti-
vation of human RPE cells cultured in the presence of ODN
1826 showed a significant increase in the gene expression
of TLRY signaling-associated proteins, including adaptor
MYDS&S, transcription factors IRF7, RELA, inflammatory
factors, IFNA, COX2, matrix metalloproteinase MMP9, and
the angiogenic growth factor VEGFA (Figure 5) confirming
the findings of Brosig et al. [27], and demonstrating the acti-
vation of TLR9 by ODN 1826.

In addition, TLRY activity was blocked using two distinct
inhibitory oligonucleotides, to examine its role in regulating
the expression of inflammatory and pro-angiogenic genes.
TLRO blockade had no effect on TLR9 mRNA levels under
hypoxic conditions (Figure 6A) conforming the ODN 1826
results. Blocking of TLR9 decreased the gene expression
of adaptor protein MYDSS, transcription factor /RF7, and
inflammatory mediator COX2 under both control and hypoxic
conditions (Figure 6B,C,F), whereas RELA (encoding NF-xB
p65), IFNA and MMP9 mRNA levels were reduced exclu-
sively under hypoxia (Figure 6D,E,G). The inhibitory effect
under normoxic conditions may indicate basic activation of
TLROY, possibly due to the release of DNA from cells damaged
by the cell culture method used.

No MYD88 mRNA induction was detected after 24 h at
0.1% O,. This may be caused by the long duration of stimula-
tion. MYD88 mRNA expression was significantly increased
at an early stage (2 h) and returned to control levels after
6 h (Appendix 4). This finding is supported by the results
obtained with ODN 1826 (Figure 5B).

In autoimmune diseases such as systemic lupus erythe-
matosus and rheumatoid arthritis, TLR9 activates IRFs and/
or NF-«kB, resulting in enhanced production of interferons
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and cytokines, thereby amplifying inflammatory responses
[16,21,22]. TLRY induces p38 MAPK phosphorylation
followed by NF-kB activation, thus promoting inflammation
[62,63]. Hypoxic conditions did not alter the baseline level of
phosphorylated NF-kB after 24 h. Inhibition of TLR9 lowered
phosphorylation of NF-kB below this baseline level. Thus,
TLRY appears to be involved in maintaining a basal activa-
tion of NF-kB under normoxia and under hypoxic conditions.

Kawai and Akira [64] highlight the regulatory roles of
IRF7, AP-1, and NF-kB in controlling the expression of type
I interferons and other pro-inflammatory cytokines. Blocking
TLRO activity in cultured RPE cells attenuated the expression
of inflammatory genes (IFFNA, COX2) under both hypoxic
conditions (Figure 6E,F). TLRO activation may therefore
promote inflammatory responses during retinal hypoxia. The
angiogenic factor VEGFA mRNA (Appendix 5) and VEGF-A
protein secretion (data not shown) remained unchanged.
Similar results regarding to the VEGF mRNA were reported
by Brosig et al. [27] using ODN 2006 another TLR9 agonist.
The lack of influence of TLR9 on VEGF expression in RPE
cells suggests that TLR9 does not directly promote VEGF-
induced pathological angiogenesis. An indirect effect due to
the TLR9-increased secretion of TGF-fB1 and the subsequent
induction of VEGF-A [34] would be entirely possible.

The underlying cause of the selective inhibitory effects
of TLR9-blocking oligonucleotides under hypoxic conditions
remains unclear. We observed that high NaCl did not affect
the viability of cultured RPE cells, whereas CoCl,-induced
hypoxia or a 0.1% O, atmosphere significantly reduced cell
viability, with a stronger effect of CoCl, and triggered both
apoptosis and necrosis (Figure 8) [61]. Since loss of cell
viability is accompanied by cellular breakdown, it is plausible
that fragments of mitochondrial DNA and nuclear proteins
are released and act as DAMPs. This was demonstrated by
increased levels of cell-free DNA only in hypoxia (Figure
4C). These DAMPs may activate TLR9 in surviving cells,
thereby intensifying sterile inflammation. In retinal diseases
characterized by tissue destruction, elevated local and/or
systemic DAMP levels can trigger or sustain both local and
systemic inflammation.

TLRO stimulation by DAMPs, upregulates inflam-
matory genes such as /FNA, and COX2, partly via NF-kB,
may contribute to hypoxia-induced retinal tissue degenera-
tion. However, since TLR9-inhibitory oligonucleotides only
partially suppressed the hypoxia-induced expression of
inflammatory genes (Figure 6E,F) it is likely that additional
signaling pathways - beyond those examined - are involved.
Such pathways may include TLR7, which detects single-
stranded RNA, TLRS, which recognizes viral single-stranded
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RNA, or TLR3 which detects double-stranded RNA. Activa-
tion of TLR2, 3, and 4 reduces RPE function and mediates
RPE cell degeneration, which may contribute to development
or aggravation of AMD and may involve in the immune
response within the retina [24,28]. Viral activation of TLR2
in RPE cells has been shown to promote choroidal neovas-
cularization in experimental models [26]. The present find-
ings suggest that, alongside other TLR subtypes, TLR9 in
RPE cells may facilitate retinal inflammation under necrotic
conditions, such as in geographic atrophy, typical for dry
AMD. Since our investigations are mainly limited to the gene
expression of TLRs under various conditions, further studies
on TLR protein expression are necessary to better understand
their specific functions. Conversely, since IFN-f suppresses
the expression of inflammatory chemokines and adhesion
molecules in the retina, TLR signaling in RPE cells may
also serve an immuno-suppressive function, helping to limit
excessive inflammation [65]. However, beside pro-inflam-
matory effect we observed no influence on CoCl,-reduced
viability but an additional decrease in viability due to the
inhibitory oligonucleotides in RPE cells cultured in a 0.1%
O, atmosphere (Figure 8A,B), suggesting a protective effect
of TLR9 under hypoxic conditions. The downstream effects
of TLRO signaling in RPE cells require further examination
in animal models.

TGF-B1 significantly downregulated TLR9 expres-
sion (Figure 2G, Figure 3C,D). TGF-B1, a member of the
multifunctional transforming growth factor superfamily,
exhibits context-dependent and sometimes contradictory
roles in neovascular AMD. It has been associated with
angiogenesis via VEGFA-induction [34] and with anti-
inflammatory activity [37]. In animal models, TGF-p1
function appears to vary depending on the stage of nAMD,
showing pro-angiogenic effects in acute or late stages and
anti-angiogenic effects during early disease [33]. Carmeliet
[66] describes a dose-dependent function of TGF-B1, with
low concentrations promoting angiogenic factor expression
and high concentrations inhibiting endothelial cell growth.
Blockade of TGF-B1 signaling in TGF-B1 null mice resulted
in early mortality due to multifocal inflammation [67]. Here
we demonstrated that extracellular TGF-B1 suppressed 7LRY
mRNA expression under normoxia (Figure 2G) and reduced
the TLRO protein synthesis (Figure 3C,D) in cultured human
RPE cells. This downregulation of 7LR9 mRNA was also
observed under CoCl,-induced hypoxic conditions as well
as in a 0.1% O, atmosphere (Figure 9B,C). Blocking TGF-f
superfamily activin receptor-like kinase signaling increased
TLR9 mRNA levels under both hypoxic conditions (Figure
9B,C), supporting the suppressive role of active TGF-f1.
This effect was confirmed using a neutralizing pan-specific
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TGF-f antibody. We demonstrated that both, canonical (Smad
3-mediated) and non-canonical signaling pathways involving
p38 MAPK, JNK, and PI3K contribute to 7LR9 mRNA
downregulation (Figure 10). It should be noted that in CoCl, -
induced hypoxia, no significant effect of the neutralizing
pan-specific TGF-f antibody and LY294002 was observed
compared to 0.1% O,. This could be due to possible stronger
“pseudo-hypoxic” effects of CoCl,.

The TLRY agonist ODN 1826 increased TGF-f1 secre-
tion from cultured RPE cells (Figure 5K). Blocking TLR9
activation by iODNSs significantly reduced TGF-p1 secre-
tion compared to the unstimulated control or both hypoxia
controls (Figure 6H), indicating that active TLR9 promotes
TGF-PB1 release. However, TGFBI mRNA expression
remained unchanged after treatment with ODN 1826 (Figure
5H) or iODNs (data not shown). One possible explanation
is a compensatory downregulation of TGFBI transcription
in response to elevated protein levels. Furthermore, TLR9
is involved in the activation of matrix metalloproteinases
(MMPs) [68], which may subsequently activate latent TGF-p1
[30]. We found that activation of TLR9 with ODN 1826
significantly induced the MMP9 gene expression (Figure 5J)
whereas MMP2 mRNA (Figure 51) remains unaltered. Naik
et al. [69] confirm these results with studies on ARPE-19
cells infected with multidrug-resistant (MDR-PA) clinical
isolates of Pseudomonas aeruginosa. Blocking TLR9 activa-
tion reduced the hypoxia induced MMP9 expression (Figure
6G) and may confirm the role of TLR9 in MMP9 expression.
Thus, active TLRY likely contributes to both the secretion
and activation of TGF-f1 via induction of MMP9 expression
in cultured RPE cells. This suggests a negative feedback
loop whereby TLR9 activity suppresses its own expression
through TGF-B1 induction. Besides TGF-B1 secreted by
RPE cells, increased TGF-B1 levels have been reported in
the vitreous, aqueous humor, and RPE/choroid interface of
patients with nAMD, which may also modulate TLR9 expres-
sion in RPE cells [35,70]. According to our findings, autocrine
and paracrine TGF-B1 may help limit retinal inflammation
by downregulating TLR9 expression. This anti-inflammatory
effect may result not only from direct transcriptional suppres-
sion of TLR9, as shown here, but also from inhibition of TLR9
signaling pathways. Naiki and colleagues [37] reported that
TGF-B1 stimulates ubiquitination of the TLR adaptor protein
MYD8S8, leading to its degradation and reduced intracellular
levels, thereby dampening inflammation. They also observed
that TGF-B1 attenuates the TLR9-mediated immune response
by reducing CpG-DNA-induced type I interferon production
via TRAFG6 ubiquitination and inhibition of IRF7 phosphory-
lation [71].
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TGF-B blockade has been proposed as a therapeutic
strategy for nAMD due to its VEGF-inducing effect [33].
However, our findings call this approach into question, given
the dual and context-dependent effects of TGF-p.

Our investigation has certain limitations. We employed
cultured human RPE cells in vitro, which may not completely
replicate in vivo physiology. Further research, including
animal models, is needed to clarify the functional roles of
TLR9 and TGF-f signaling in RPE dysfunction and AMD
pathogenesis. The exclusive TLR9 focus is justified but
perhaps overstated given TLR2 upregulation under true
hypoxia.

The study focuses primarily on changes in mRNA
expression of various genes following activation (ODN 1826)
or inhibition (ODN 2088, ODN INH-18) of TLR9. To eluci-
date the functional significance of TLRY, further investiga-
tions, e.g., with regard to cytokine production, are necessary
to confirm the mRNA results and demonstrate the role of
TLR9 in immunological processes in RPE cells. The feedback
loop remains mechanistically incomplete without MMP-9
inhibitor experiments or active TGF-1 measurements. The
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loading controls for original western blots (CoCl, stimulation)
remain unverifiable.

Here, the effects of CoCl,-induced hypoxia and reduced
O, content were directly compared. The results obtained
with CoCl, should be interpreted with caution because
CoCl, chemically stabilize HIF-la by competing with Fe**
ions which activate HIF-prolyl hydroxylases (PHD) but does
not affect pericellular oxygen level, and may cause stress and
cytotoxic effects [72]. Nevertheless, our results show that the
use of CoCl, as a hypoxia mimetic in RPE cells is entirely
possible but careful control and cautious interpretation of the
data are required.

In summary, our data suggest that TLR9 stimulation
may drive local inflammation in damaged retinal tissue,
such as that induced by hypoxia. Such stimuli may include
mitochondrial DNA fragments released during RPE cell
death via necrosis or apoptosis. Damage to RPE cells and
photoreceptors characterizes advanced dry AMD, notably
in geographic atrophy [39] and may lead to the release of
cellular debris containing endogenous TLR ligands. TGF-B1
may confer anti-inflammatory effects by suppressing TLR9
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Figure 10. Schematic summary of TLR9 function and TGF-f1 mediated TLR9 expression in cultured human RPE cells A: TLR9 effects on
gene expression under hypoxia. PAMPs or DAMPs activated TLR9 induces gene expression and activation of MYDSS8, IRF7, and NF-kB,
leading to upregulation of the gene expression of inflammatory (COX2, IFNA) and matrix metalloproteinase MMP9. TLRY seems to play a
role in inflammatory processes. Additionally, TLR9 increases the TGF-f1 secretion in cultured RPE cells and thereby TLR9 could inhibit its
own gene expression via negative feedback mechanism. B: Inhibition of TLR9 by TGF-B1 is mediated by activation via MMP9, binding to
the specific receptor and activation of canonical signaling via Smad3 and non-canonical signaling via p38 MAPK, JNK, and PI3K pathways.
TGF-B1 seems to mediate an anti-inflammatory effect by inhibiting TLRO. .
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expression at both gene and protein levels under normoxic
and hypoxic conditions.

APPENDIX 1. SUPPLEMENTAL TABLE 1.

To access the data, click or select the words “Appendix 1.”
Primer pairs used in qPCR experiments. s, sense. as, anti-
sense. Threshold Cycle (Ct) data are given as mean + standard
deviation (SD) of 7 (TLR1-6) and of 12 (all other genes)
independent experiments with RPE cells of different donors
cultured under control condition. not detectable - n.d.

APPENDIX 2. SUPPLEMENTAL TABLE 2.

To access the data, click or select the words “Appendix 2.”
Antibodies used in immunocytochemistry (ICC) and western
blot (WB) analysis.

APPENDIX 3. SUPPLEMENTAL FIGURE 1.

To access the data, click or select the words “Appendix 3.”
TLR9 gene transcription and mRNA stability. Hyperosmotic
and CoCl,-induced expression of the TLR9 gene is mediated
by stimulation of gene transcription in cultured RPE cells.
The relative mRNA levels were determined by qPCR and are
indicated as fold of control (A, C) and as percent of the 0 h
control (B, D), respectively. (A) Chemical hypoxia (150 pM
CoCl,, n=4) as well as (C) high extracellular osmolarity
(+100 mM NaCl, n=4-5) induced TLR9 gene expression was
inhibited by actinomycin D (ActD; 5 pg/ml) that blocks RNA
polymerase I1. RPE cells were pre-incubated with ActD for
30 min and then for further 6 h with and without NaCl or 24
h with and without CoCl, respectively. (B) TLRY stability
was not changed under CoCl -induced hypoxia or (D) high
extracellular osmolarity compared to untreated controls in
cultured RPE cells. The cells were pre-stimulated for 24 h
with CoCl, (n=4), and for 12 h with NaCl (n=3-5) respec-
tively. Then, ActD was added, and RNA was isolated at
different time points. (B Inset) Ethanol as vehicle of ActD
solution had no effect on TLR9Y gene expression (n=4-5).
Each bar shows data obtained in independent experiments
with cells from different donors. ACTB and B2M were used
to normalize the results obtained with CoCl, and ACTB was
used to normalize the NaCl results. Mann—Whitney-U-Test
was used for statistical analysis. Significant difference versus
unstimulated control: *p<0.05 and to NaCl or CoCl,-control,
respectively ® p<0.05 (A, C). Significant difference versus 0
h control: o p<0.05 (B, D).

© 2026 Molecular Vision

APPENDIX 4. SUPPLEMENTAL FIGURE 2.

To access the data, click or select the words “Appendix 4.”
Regulation of MYD&88 gene expression in human RPE cells
cultured in a 0.1% O, atmosphere. Relative mRNA levels were
evaluated by qPCR and are shown as folds of unstimulated
control. The cells were stimulated for 2, 6, and 24 h, as indi-
cated by the color of the bars. ACTB and B2M were used to
normalize the results. Each bar shows data obtained from 3 to
4 independent experiments with cells from different donors.
Statistical analysis was performed using Mann—Whitney-
U-Test. Significant difference versus unstimulated control:
*p<0.05

APPENDIX 5. SUPPLEMENTAL FIGURE 3.

To access the data, click or select the words “Appendix 5.”
Effects of inhibitory oligonucleotides for TLR9 on the hyper-
osmotic gene expression in cultured human RPE cells. The
cells were stimulated for 6 h with NaCl (+100 mM), and for
24 h with CoCl, (150 uM) or in a 0.1% O, atmosphere as
indicated by the panels of the bars. TLR9 was blocked by
iODN 2088 (1 uM) or iODN INH-18 (2.5 uM). As negative
control, co-ODN 2088 (co-ODN; 1 and 2.5 uM) was used.
The gene expression of A. TLRY B. transcription factor RELA
(the gene of p65 subunit of transcription factor NF-xB) C.
VEGFA, and D. TGFBI are presented. The data are shown
as fold change of unstimulated control (1). ACTB was used
to normalize the NaCl results and ACTB and B2M were used
to normalize the PCR results obtained with CoCl, as well
as 0.1% O,. Mann—Whitney-U-Test was used for statistical
analysis. Each bar represents data obtained in 3—6 (iIODN
2088) or 3—4 (1I0DN INH-18) independent experiments using
cells from different donors. Significant difference versus
unstimulated control: *p<0.05
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