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Tacrolimus modulates the PI3K
AKT mTOR pathway in retinal
epithelial cells under inflammatory
stress
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Martyna Machaj**, Zuzanna Lelek?>, Anita Lyssek Borori%3, Michael Janusz Koss®7:8,
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Human retinal pigment epithelial (H-RPE) cells contribute to the pathogenesis of proliferative
vitreoretinopathy (PVR) by undergoing inflammatory activation and fibrotic transformation. The
PI3K/AKT/mTOR signaling pathway plays a central role in this process, integrating extracellular cues
that promote survival, proliferation, and matrix remodeling. Tacrolimus, a calcineurin inhibitor with
emerging antifibrotic properties, may modulate these responses at both transcriptional and post-
transcriptional levels. H-RPE cells were treated with lipopolysaccharide (LPS), tacrolimus, or their
combination to simulate inflammatory and immunosuppressive conditions. Transcriptomic profiling
was performed using microarrays, followed by RT-qPCR and ELISA validation of selected targets. A
parallel analysis of microRNAs (miRNAs) was conducted to assess potential regulatory interactions.
Protein-protein interaction (PPI) networks were generated using the STRING database. Microarray
analysis identified 38 PI3BK/AKT/mTOR-associated mRNAs with significant differential expression (JFC|
> 4.0, p <0.05), including CDK2, PIK3CA, STAT3, MTOR, and COL1A1. LPS treatment led to strong
upregulation of inflammatory and fibrotic genes, while tacrolimus reversed or attenuated many of
these effects. miRNA profiling revealed inverse regulation of several transcripts by hsa-miR-27a-5p,
miR-29a-3p, and miR-1271-5p. Protein measurements confirmed these trends, and STRING analysis
highlighted a densely connected network with central nodes including JAK1, EGFR, and MTOR. This
study supports the therapeutic potential of tacrolimus in retinal fibrosis by demonstrating its ability
to modulate the PI3K/AKT/mTOR-miRNA axis in inflamed H-RPE cells, suppress key fibrotic and
proliferative genes, and restore regulatory microRNA expression, offering a promising strategy for
controlling H-RPE-driven remodeling PVR.

Keywords H-RPE cells, PI3K/AKT/mTOR pathway, Tacrolimus, Retinal fibrosis, PVR, Epithelial-
mesenchymal transition

Abbreviations

ACTB Actin beta

AKT Protein kinase B

ANOVA Analysis of variance

BDNF Brain-derived neurotrophic factor
COL1Al Collagen type I alpha 1 chain
COL1A2 Collagen type I alpha 2 chain
COL6A2/3 Collagen type VI alpha 2/3 chain
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CDK2/4 Cyclin-dependent kinase 2/4

EGFR Epidermal growth factor receptor

ELISA Enzyme-linked immunosorbent assay

EMT Epithelial-to-mesenchymal transition

FC Fold change

FBS Fetal bovine serum

FGF-B Fibroblast growth factor-basic

FZD5 Frizzled class receptor 5

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

H-RPE Human retinal pigment epithelial (cells)

IL2/IL-6 Interleukin 2/6

IL6R Interleukin 6 receptor

JAK1/3 Janus Kinase 1/3

KEGG Kyoto Encyclopedia of Genes and Genomes

LPS Lipopolysaccharide

MAP2K2 (MEK2)  Mitogen-activated protein kinase kinase 2

MAPK Mitogen-activated protein kinase

miRNA MicroRNA

MTOR Mechanistic target of rapamycin

NFAT Nuclear factor of activated T-cells

PI3K Phosphoinositide 3-kinase

PIK3CA/B/C/D/G  Catalytic subunits alpha/beta/delta/gamma of PI3K

PPI Protein-protein interaction

PRK Photorefractive keratectomy (contextual assumption; not explicitly used in this manu-
script)

PVR Proliferative vitreoretinopathy

qPCR (RT-qPCR) Quantitative real-time polymerase chain reaction

RHOA Ras Homolog Family Member A

RNA Ribonucleic acid

RtEBM™ Retinal pigment epithelial basal medium

SD Standard deviation

STAT3 Signal transducer and activator of transcription 3

STRING Search tool for the retrieval of interacting genes/proteins

TLR2/4 Toll-like receptor 2/4

TGEF-B Transforming growth factor beta

WNT1/4 Wnt Family Member 1/4

Human retinal pigment epithelial (H-RPE) cells form a polarized monolayer that is essential for retinal integrity
and visual function. In addition to their classical roles in nutrient transport, phagocytosis of photoreceptor
outer segments, and secretion of trophic factors, H-RPE cells function as immune-competent cells that respond
dynamically to oxidative, inflammatory, and mechanical stressors'=. Under pathological conditions, these
cells may undergo phenotypic transformation, contributing to the development of retinal fibrotic disorders.
One such disorder is proliferative vitreoretinopathy (PVR)—a serious complication of retinal detachment and
vitreoretinal surgery, characterized by the formation of fibrocellular membranes on both retinal surfaces. These
membranes, largely composed of transdifferentiated H-RPE cells, exert contractile forces that result in tractional
retinal detachment and treatment failure*’. The molecular mechanisms underlying PVR involve a combination
of epithelial-mesenchymal transition (EMT), inflammation, extracellular matrix remodeling, and uncontrolled
cellular proliferation—all processes driven by dysregulated intracellular signaling pathways®-®.

Among potential therapeutic agents, tacrolimus (FK506)—a macrolide immunosuppressant traditionally
used in transplant medicine—has gained attention for its pleiotropic effects on non-immune cells. By binding
to FKBP12 and inhibiting calcineurin, tacrolimus prevents NFAT dephosphorylation and T-cell activation®°.
Beyond immune modulation, tacrolimus also influences pathways implicated in fibrosis and cell survival,
including MAPK®!! and PI3K/AKT/mTOR'>!, suggesting potential for repurposing in ocular fibrosis. The
PI3K/AKT/mTOR signaling axis plays a central role in regulating cellular survival, proliferation, autophagy,
and metabolism!%. In H-RPE cells, activation of this pathway promotes migration, resistance to apoptosis, and
ECM production—features characteristic of cells undergoing fibrotic transformation in PVR! 13, Importantly,
PI3K/AKT/mTOR interacts with other signaling cascades, including MAPKs, to regulate inflammatory and
fibrotic responses. Therefore, modulation of this pathway could represent a key therapeutic strategy in halting or
reversing the cellular events that drive PVR progression'®.

In parallel, accumulating evidence highlights the role of microRNAs (miRNAs) as post-transcriptional
regulators of both PI3K/AKT/mTOR and MAPK signaling. These small non-coding RNAs fine-tune gene
expression by directing mRNAs toward degradation or translational repression'®. Dysregulation of miRNAs
has emerged as a key epigenetic mechanism influencing RPE cell behavior under pathological conditions'”. In
fibrotic retinal diseases such as PVR, altered miRNA expression has been linked to EMT, chronic inflammation,
extracellular matrix remodeling, and enhanced proliferation'®. By modulating the activity of key intracellular
signaling pathways—including PI3K/AKT/mTOR and MAPK—miRNAs serve as integrators of environmental
cues and intracellular responses, ultimately shaping disease progression'®. Furthermore, the miRNA landscape
is highly sensitive to pharmacological interventions, positioning miRNAs not only as potential biomarkers of
disease activity, but also as mediators and targets of drug action!”°.
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Therefore, the aim of this study was to comprehensively evaluate the effects of tacrolimus on the gene
expression profile and miRNAs-mediated regulation of the PI3K/AKT/mTOR signaling axis in H-RPE cells.

Methods

This section of the manuscript was developed based on our previously published researches!”:2.

Study design

This study investigated how tacrolimus modulates gene and microRNA expression related to the PI3K/AKT/
mTOR signaling pathway in H-RPE cells under inflammatory stress. To model inflammation, cells were
stimulated with lipopolysaccharide (LPS, 1 pg/mL). Four experimental groups were established: (i) untreated
control, (ii) LPS alone for 6 h, (iii) tacrolimus alone (10 ng/mL) for 6, 12, or 24 h, and (iv) sequential treatment
with LPS (1 pg/mL, 6 h) followed by tacrolimus (10 ng/mL) for 6, 12, or 24 h. Concentrations and incubation
times were chosen based on our previous viability studies'”?! and supporting literature??-2%,

Gene expression alterations under these conditions were evaluated using high-density oligonucleotide
microarrays (HG-U133_A2, Affymetrix, Santa Clara, CA, USA), while changes in microRNA profiles were
profiled using the GeneChip™ miRNA 2.0 array (Affymetrix, Santa Clara, CA, USA). A predictive mRNA-
miRNA interaction analysis was conducted to identify regulatory microRNAs potentially involved in modulating
the expression of differentially expressed transcripts within the PI3K/AKT/mTOR pathway. Subsequently,
for selected mRNAs that consistently distinguished the LPS-stimulated cultures from those treated with LPS
followed by tacrolimus—regardless of drug incubation time—protein concentration levels were quantified using
enzyme-linked immunosorbent assay (ELISA). Additionally, cytotoxicity assays were performed to confirm
that the applied concentrations and exposure times of LPS and tacrolimus were non-toxic and suitable for
downstream molecular analyses.

Cell culture and cytotoxicity assay

Primary H-RPE cells (catalog no. 194987; Clonetics, San Diego, CA, USA) were seeded at a density of 1 x
10* cells/cm” in 25 cm? Nunclon™-treated flasks (Nunc, Wiesbaden, Germany) and cultured in retinal pigment
epithelial basal medium (RtEBM™, Lonza, Basel, Switzerland) supplemented with basic fibroblast growth factor
(FGF-B) and 2% fetal bovine serum (FBS). Cells were maintained in a humidified incubator (37 °C, 5% CO,) and
passaged at 80-90% confluency to preserve monolayer integrity and epithelial characteristics. For experiments,
cells were grown to confluence to ensure a mature monolayer before treatment.

Cell viability following LPS and tacrolimus treatment was assessed using the MTT assay. H-RPE cells were
exposed to LPS (1-10 pug/mL) or tacrolimus (0.1-100 ng/mL) for 6-24 h. At the end of the treatment period
(not during), MTT reagent (0.5 mg/mL; Sigma-Aldrich, Poznan, Poland) was added and incubated for 4 h at 37
°C. The resulting formazan crystals were solubilized in DMSO, and absorbance was measured at 580 nm with
a reference wavelength of 720 nm. Cell viability was calculated relative to untreated controls (100%). Detailed
viability results were reported in our previous publications'”:!.

Extraction of the total ribonucleic acid (RNA)

Total RNA was extracted from cultured H-RPE cells using TRIzol reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA; Cat. No. 15596026), strictly following the manufacturer’s protocol. To improve RNA purity
and remove residual organic contaminants or salts, an additional purification step was performed using the
RNeasy Mini Kit (QIAGEN, Hilden, Germany; Cat. No. 74104). To prevent genomic DNA contamination,
all RNA samples underwent on-column DNase I digestion (Fermentas, Burlington, ON, Canada; Cat. No.
18047019).

The integrity of isolated RNA was evaluated by electrophoresis on a 1% agarose gel containing ethidium
bromide (0.5 mg/mL), allowing for the visualization of ribosomal RNA bands. RNA concentration and
purity were determined spectrophotometrically by measuring absorbance at 260 nm, ensuring suitability for
downstream applications.

Microarray analysis of mMRNA and MicroRNA expression

To assess how tacrolimus influences PI3K/AKT/mTOR-associated gene expression in inflammatory conditions,
a high-throughput transcriptome profiling was conducted using the Affymetrix HG-U133_A2 microarray
platform (Affymetrix, Santa Clara, CA, USA) and the GeneChip™ 3’ IVT PLUS Reagent Kit (Cat. No. 902416).
H-RPE cells were exposed to LPS, tacrolimus, or both, and compared with untreated controls. A curated list of
genes associated with the PI3K/AKT/mTOR signaling pathways was generated based on pathway annotations
retrieved from the Kyoto Encyclopedia of Genes and Genomes (KEGG) via the PathCards integrative database
(hsa04151 and hsa04150; accessed June 19, 2025) is reproduced with permission from Kanehisa Laboratories
(Ref: 25295)?>-27. Double-stranded cDNA was synthesized and amplified via in vitro transcription, followed by
RNA fragmentation and hybridization to the microarray chips. Signal detection was carried out using the Gene
Array Scanner 3000 7G and data were analyzed through the GeneChip” Command Console” Software. This
methodology enabled comprehensive characterization of the transcriptional landscape associated with PI3K/
AKT/mTOR signaling under experimental conditions.

To complement the mRNA analysis and explore potential post-transcriptional regulatory mechanisms,
miRNA profiling was performed using the GeneChip™ miRNA 2.0 Array (Affymetrix, Santa Clara, CA, USA).
The manufacturer’s protocol was followed rigorously to ensure reproducibility and data integrity. Bioinformatic
analysis of differentially expressed miRNAs was carried out using the TargetScan®® and miRanda prediction
tools?, identifying putative mRNA targets involved in PI3K/AKT/mTOR signaling. Interaction scores above 90
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were considered robust indicators of functional miRNA-mRNA relationships, while those below 60 were noted
as low-confidence candidates pending further validation®*.

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) validation

Relative expression levels were calculated using the 2724t method. Two housekeeping genes, B-actin (ACTB)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), were used as internal controls for normalization.
Primer sequences for all analyzed genes are listed in Table 1. RT-qPCR was performed with the following thermal
cycling conditions: reverse transcription at 45 °C for 10 min, initial denaturation at 95 °C for 2 min, followed by
40 amplification cycles of denaturation at 95 °C for 5 s, annealing at 60 °C for 10 s, and extension at 72 °C for 5 s.

ELISA assay

The subsequent phase of molecular analysis focused on assessing protein-level changes corresponding to the
genes identified during transcriptomic profiling. Protein concentrations were measured using enzyme-linked
immunosorbent assay (ELISA), following the specific protocols provided by the manufacturer for each kit.
The following ELISA Kkits, all obtained from MyBioSource (San Diego, CA, USA), were employed in the study:
Human MAP2K2 ELISA Kit (catalog no MBS0331134); Human COL1A1 ELISA Kit (catalog no. MBS703198);
Human COL1A2 ELISA Kit (catalog no. MBS036858); Human mTOR ELISA Kit (catalog no. MBS2505637);
and Human Interleukin-2 (IL2) ELISA Kit (catalog no. MBS2020180).

Statistical analysis

All statistical analyses were conducted using the Transcriptome Analysis Console (TAC; Thermo Fisher
Scientific, USA) and StatPlus software, applied uniformly across microarray, RT-qPCR, and ELISA datasets.
Each experimental condition included three independent biological replicates (n = 3). Prior to performing
comparative analyses, data distribution was assessed using the Shapiro-Wilk test to evaluate normality; datasets
with p-values > 0.05 were analyzed using parametric statistical methods. One-way analysis of variance (ANOVA)
was employed to assess overall differences among treatment groups. When significant effects were identified (p
< 0.05), Scheftés post hoc test was applied to determine specific group differences, offering stringent control of
Type I error. Additionally, key pairwise comparisons (e.g., LPS vs. control, tacrolimus vs. control) were evaluated
using independent-samples Student’s t-tests.

For microarray data, differential gene expression was analyzed in TAC using an ANOVA-based model with
a significance threshold of |fold change| > 4.0 and a Benjamini-Hochberg-adjusted p-value < 0.05 to correct for
multiple testing. Venn diagrams were used to visualize overlapping and condition-specific expression changes
across different exposure durations (6, 12, and 24 h). For RT-qPCR data, relative expression was calculated
using the 2722 method, with ACTB and GAPDH as internal reference genes. To account for variability, results
were expressed as mean RQ values accompanied by RQmin and RQmax intervals derived from ACt variance.
Statistical significance was determined using one-way ANOVA with Scheffé’s post hoc test.

For ELISA-based protein quantification, concentrations were calculated from standard curves and
presented as mean * SD. Intergroup differences across treatments and time points were assessed using two-way
ANOVA (treatment x time interaction), with Bonferroni correction applied for multiple comparisons where
appropriate. To explore functional gene interactions, protein-protein interaction (PPI) enrichment analysis
was conducted using the STRING database (v11.0). Interaction significance was assessed by comparing the
observed PPI network to a randomly generated network of equal size. The enrichment strength was expressed
as Logio(observed/expected), and false discovery rate (FDR)-adjusted p-values were calculated to account for
multiple comparisons®'.

mRNA | Starter | Sequence
Lo Forward | 5-TCCTCAACTCCTGCCACAATG-3’
Reverse | 5-TGTGAGCATCCTGGTGAGTT-3’
MTOR Forward | 5-CCTGCCTTTGTCATGCCTTT-3’
Reverse | 5-CTGGGTTTGGATCAGGGTCT-3’
Forward | 5-GGGACGTTCATCACCAACAC-3’
MAP2K2
Reverse | 5-CTTCAGGTAGTACAGCGCCT-3
Forward | 5°- GCTACTACCGGGCTGATGAT-3’
COL1A1
Reverse | 5- ACCAGTCTCCATGTTGCAGA-3’
Forward | 5- GAGAGAGCGGTAACAAGGGT-3’
COL1A2
Reverse | 5- GAAGACCACGAGAACCAGGA-3
ACTB Forward | 5-TCACCCACACTGTGCCCATCTACGA-3
Reverse | 5-CAGCGGAACCGCTCATTGCCAATGG-3
GAPDH Forward | 5- GGTGAAGGTCGGAGTCAACGGA-3’
Reverse | 5- GAGGGATCTCGCTCCTGGAAGA-3

Table 1. Primers sequences used to RT-qPCR. IL2, interleukin 2; MTOR, Mechanistic Target of Rapamycin;
MAP2K2, Mitogen-Activated Protein Kinase Kinase 2; COL1A1, Collagen Type I Alpha 1 Chain; COL1A2,
Collagen Type I Alpha 2 Chain; ACTB, Actin Beta; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase
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Results

Impact of inflammatory and immunosuppressive stimuli on H-RPE viability assessed by MTT
assay

As previously detailed in our earlier descriptions!’, the MTT assay results demonstrated that exposure of H-RPE
cells to 1 ug/mL of LPS did not produce a statistically significant impact on cell viability (p = 0.784). However,
higher concentrations of LPS (2 and 10 ug/mL) led to a significant reduction in viability over time, particularly
when comparing the 6-hour mark with later time points (p = 0.023 and p = 0.022, respectively). These findings
point to a dose- and time-dependent cytotoxic effect at elevated LPS levels.

In contrast, tacrolimus at the lowest tested concentration (0.1 ng/mL) induced statistically significant viability
changes between 6 and 12 h and between 12 and 24 h (p = 0.0027), indicating a time-sensitive cellular response.
Interestingly, higher doses of tacrolimus (1 to 100 ng/mL) did not yield statistically significant fluctuations in
viability, suggesting that cytotoxic effects may not escalate linearly with dose in this range. When LPS (1 pg/mL)
and tacrolimus (10 ng/mL) were combined, the reduction in viability approached significance (p = 0.0786) but
remained borderline.

Taking these findings into account, together with our previously published MTT viability data!” and
prior studies!®?232-35, concentrations of 1 pg/mL LPS and 10 ng/mL tacrolimus were chosen for downstream
experiments, as they allowed for biological activity without compromising cell viability.

Microarray analysis identified 38 differentially expressed PI3K/AKT/mTOR-related mRNAs
From the 469 PI3K/AKT/mTOR-associated mRNAs curated from KEGG, ANOVA initially identified 43
transcripts with significant differential expression (|[FC| > 4.0, p < 0.05). A post hoc test refined this set to 38
robustly differentially expressed genes (DEGs) across treatment conditions. Specifically, in H-RPE cells exposed
to tacrolimus for 6 h (H, vs. C), 18 DEGs were identified, of which 8 were unique to this time point. At 12 h
(H,, vs. C), 9 DEGs were observed, including 3 that were time-point-specific. At 24 h (H,, vs. C), 12 DEGs were
found, with 3 unique to this interval. In addition, 5 mRNAs were consistently regulated across all time points.
Thus, the final count of 38 DEGs represents the overlap and refined output of the ANOVA and post hoc analyses
(Fig. 1).

In turn, Table 2 shows the changes in the expression pattern of the selected 38 mRNAs p < 0.05). Microarray
analysis revealed that exposure of H-RPE cells to LPS (H6) led to a robust upregulation of multiple genes
associated with the PI3K/AKT/mTOR pathway, including CDK2, CDK4, PIK3CA-D, JAK1, JAK3, STAT3, EGFR,
MAP2K2, and collagen genes (COL6A2, COL6A3, COL1AI, COL1A2), indicating enhanced cell proliferation,
matrix remodeling, and inflammatory signaling. Tacrolimus alone induced a suppressive effect on many of these
targets, notably downregulating CDK2, CDK4, PIK3CB-D, STAT3, and TLRs, while paradoxically increasing
IL-6 and IL-2 expression. Combined treatment (LPS + tacrolimus) produced a biphasic response, with initial
downregulation of key PI3K/AKT/mTOR components at H6 (including PIK3CA, STAT3, EGFR, and MTOR),
followed by partial reactivation at H12-H24, particularly among JAKI, JAK3, IL-2, and BDNF, suggesting a
compensatory pro-inflammatory shift. Notably, matrix-related genes and WNT pathway members remained
suppressed under combination treatment at later time points, indicating sustained inhibition of fibrotic signaling
(Table 2; p < 0.05).

RT-qPCR validated differential expression of selected mRNAs

RT-qPCR confirmed the microarray data. IL-2 expression was significantly increased following tacrolimus
treatment (RQ = 4.6, RQmin-RQmax = 3.9-5.4) and in LPS + Tacrolimus groups at 6 h (RQ = 3.5, 2.8-4.3),
12 h (RQ = 5.9, 5.1-6.7), and 24 h (RQ = 4.2, 3.5-5.0). By contrast, MTOR expression was suppressed, with
values ranging from RQ = 0.19 (0.15-0.23) at 6 h to RQ = 0.23 (0.18-0.29) at 24 h. MAP2K2 was downregulated
across all time points (e.g., 6 h: RQ = 0.12, 0.09-0.16; 24 h: RQ = 0.07, 0.05-0.09). Similarly, COLIAI (RQ =
0.09-0.21) and COL1A2 (RQ = 0.11-0.33) exhibited marked reductions under LPS + Tacrolimus conditions.
The distribution of replicate values for each condition is shown in Fig. 2, while the corresponding quantitative
summary (RQ with RQmin-RQmax) is provided in Table S1 (Supplementary Material) (Fig. 2).

Distinct MicroRNA signatures regulate IL-2, MTOR, and COL1A1 in LPS- and tacrolimus-
treated H-RPE cells

The integrated mRNA-miRNA expression analysis revealed distinct regulatory interactions between selected
transcripts and their targeting microRNAs in H-RPE cells (Table 3; p < 0.05). IL-2 mRNA expression increased
significantly under LPS stimulation (log,FC up to + 3.89 + 0.43), coinciding with a marked downregulation of
its predicted regulatory miRNAs: hsa-miR-462 (-2.19 + 0.51), miR-27a-5p (-3.29 + 0.42), and miR-3163 (-2.34
+ 0.43), indicating inverse regulation. Similarly, MTOR was strongly induced under LPS + tacrolimus treatment
(log,FC up to + 3.76 + 0.91), while miR-3182 and miR-1271-5p were initially suppressed under LPS (log,FC up
from-2.87 to — 3.09) and subsequently upregulated by tacrolimus. COL1A1 expression was elevated following
co-treatment, accompanied by a prior decrease and later recovery of miR-29a-3p, a known anti-fibrotic miRNA
(LPS: — 3.98 + 0.87; LPS + tacrolimus H24: +2.91 + 0.34).

ELISA quantification of PI3K/AKT/mTOR-related proteins in H-RPE cells

The analysis of protein concentrations in H-RPE cell cultures revealed distinct, treatment- and time-dependent
changes across all examined targets (Table 4; p < 0.05). LPS stimulation significantly increased the levels of
MAP2K2, COL1A1, COL1A2, and MTOR, with peak concentrations observed at 6-12 h post-treatment. In
contrast, tacrolimus alone moderately reduced MAP2K2, COL1A1, COL1A2, and MTOR levels relative to LPS
but remained higher than control in most cases. Combined treatment with LPS and tacrolimus resulted in a
marked and progressive reduction of these protein levels over time, falling below both LPS and control levels
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Fig. 1. Venn diagram illustrating the overlap and time-specific distribution of differentially expressed mRNAs
(|FC| > 4.0, p < 0.05) associated with the PI3K/AKT/mTOR signaling pathway in LPS-treated H-RPE cells
following tacrolimus exposure. H_6, H_12, and H_24 indicate cells harvested after 6, 12, and 24 h of tacrolimus
treatment, respectively; C represents untreated control cells. Genes abbreviation: CDK2, Cyclin-Dependent
Kinase 2; CDK4, Cyclin-Dependent Kinase 4; COL6A2, Collagen Type VI Alpha 2 Chain; COL6A3, Collagen
Type VI Alpha 3 Chain; WNT1, Wnt Family Member 1; WNT4, Wnt Family Member 4; JAK1, Janus Kinase 1;
JAK3, Janus Kinase 3; STAT3, Signal Transducer and Activator of Transcription 3; EGFR, Epidermal Growth
Factor Receptor; PIK3CA, Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha; PIK3CB,
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Beta; PIK3CD, Phosphatidylinositol-4,5-
Bisphosphate 3-Kinase Catalytic Subunit Delta; PIK3CG, Phosphatidylinositol-4,5-Bisphosphate 3-Kinase
Catalytic Subunit Gamma; IL-6, Interleukin 6; IL6R, Interleukin 6 Receptor; RHOA, Ras Homolog Family
Member A; TLR2, Toll-Like Receptor 2; TLR4, Toll-Like Receptor 4; FZD5, Frizzled Class Receptor 5; IL-2,
Interleukin 2; MTOR, Mechanistic Target of Rapamycin Kinase; MAP2K2, Mitogen-Activated Protein Kinase
Kinase 2; COL1A1, Collagen Type I Alpha 1 Chain; COL1A2, Collagen Type I Alpha 2 Chain; BDNF, Brain-
Derived Neurotrophic Factor.

by 24 h. IL-2 showed a distinct pattern, with its concentration progressively increasing under all treatment
conditions, most notably after combined exposure, reaching the highest value at 12 h (34.98 + 3.43 pg/mL).

Network analysis identifies interconnected PI3K/AKT/mTOR signaling modules

The STRING network analysis of the 26 PI3K/AKT/mTOR pathway-associated genes reveals a highly
interconnected protein-protein interaction (PPI) network with 139 observed edges, significantly exceeding the
expected number of 51 interactions for a random network of this size. The average node degree of 10.7 and
a high local clustering coefficient of 0.767 indicate a densely clustered and functionally cohesive interaction
landscape. The PPI enrichment p-value of < 1.0e-16 confirms that the proteins are significantly more connected
than expected by chance, suggesting strong biological interrelationships. Central hubs include JAK1, STAT3,
IL6, EGFR, MTOR, and PIK3CA, which bridge inflammatory, proliferative, and survival signaling. Peripheral
clusters represent collagens (COL1A1/2, COL6A2/3) and WNT components (WNT1, WNT4, FZD5), linked to
extracellular matrix remodeling and epithelial-mesenchymal transition (Fig. 3).
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LPS Tacrolimus | LPS + tacrolimus
log, fold change
Probeset ID | mRNA H_ 6vs.C |H 6vs.C |H_6vs.C | H_12vs.C | H_24vs.C
204252 _at +4.34 -2.75 +4.13 +2.81 +2.99
211803_at CDK2 +4.32 -2.87 +4.32 +291 +3.12
211804_s_at +4.16 -3.10 +4.18 +2.77 +2.76
202246_s_at | CDK4 +3.47 -3.45 +4.98 +4.12 +3.11
209156_s_at +4.56 +2.11 +2.87 -3.34 -4.48
COL6A2
213290_at +4.61 +2.81 +2.98 -3.31 -4.77
201438_at COL6A3 | +4.16 +2.98 -3.24 -4.01 -4.12
208570_at WNTI1 +2.98 +1.98 -5.43 -2.34 -2.37
208606_s_at +3.12 +2.34 -4.32 -2.34 -2.34
230751 _at WNT4 +3.45 +2.81 -4.56 -2.65 -2.87
1556689_a_at +2.91 +2.09 -4.91 -2.98 -2.17
201648_at +3.45 +3.21 +3.44 -2.99 + 545
239695_at +3.21 +3.32 +3.42 -3.21 +4.98
240613_at JAK1 +3.61 +3.09 +3.56 -3.12 +5.61
1552610_a_at +3.71 +3.81 +4.01 -2.76 +5.43
1552611_a_at +3.63 + 315 +3.87 -2.81 +5.87
207187_at +2.54 +3.18 +3.98 +4.85 +5.63
211108_s_at +2.61 +2.99 +4.14 +5.12 +5.76
JAK3
211109_at +2.83 +3.65 +4.16 +4.91 +6.01
227677_at +2.81 +3.61 +3.99 +4.98 +5.43
208991 _at +3.41 +2.12 -3.45 -4.11 -4.09
208992_s_at +3.71 +2.87 -3.71 -4.32 -4.32
STAT3
225289 _at +3.18 +2.51 -3.56 -4.87 -4.51
+3.65 +2.71 -3.81 -4.23 -4.74
201983_s_at +4.17 +1.19 -2.34 -4.56 -4.32
201984_s_at +4.51 +1.87 -2.65 -4.32 -4.76
210984_x_at +4.32 +1.34 -2.43 -4.61 -4.89
211550_at +4.55 +1.44 -2.71 -5.12 -4.71
211551 _at EGFR +4.16 +1.11 -2.45 -4.78 -4.88
211607_x_at +4.71 +1.16 -2.55 -4.34 -4.91
224999 _at +4.61 +1.21 -2.87 -4.54 -4.76
1565483 _at +4.74 +1.19 -2.19 -4.43 -4.53
1565484 _x_at +4.18 +1.16 -2.97 -4.67 -4.71
204369_at +5.67 +2.65 -5.60 -5.87 -5.12
231854 _at PIK3CA | +5.93 +2.51 -5.17 -5.43 -5.43
235980_at +5.44 +2.76 -5.87 -5.67 -5.61
212688_at PIK3CE +5.42 -3.45 -4.13 -4.35 -4.78
217620_s_at +5.76 -3.16 -4.61 -4.86 -4.56
203879_at +4.17 -3.18 -5.67 -4.12 -4.91
PIK3CD
211230_s_at +4.51 -3.71 -6.19 -4.25 -5.02
206369_s_at +4.98 -2.11 -3.87 -4.51 -4.65
PIK3CG
206370_at +5.17 -2.23 -4.15 -4.16 -4.77
205207_at IL-6 -3.12 +5.13 +5.23 +4.62 -3.17
205945_at +3.71 -2.25 -4.87 -4.12 -3.31
217489_s_at | IL6R +3.17 -2.17 -5.41 -4.41 -3.45
226333_at +4.01 -2.65 -4.81 -4.22 -3.41
200059_s_at +2.13 -1.56 -4.12 -3.54 -3.12
240337_at RHOA +2.35 -1.61 -4.65 -3.67 -2.76
1555814_a_at +2.81 -1.74 -4.87 -3.61 -3.45
204924 _at TLR2 +6.17 -2.34 -4.56 -5.43 -5.21
221060_s_at +5.45 -2.13 -5.43 -5.66 -4.87
224341 _x_at +5.17 -2.17 -5.43 -5.62 -4.56
TLR4
232068_s_at +5.74 -2.32 -4.98 -5.44 -4.99
1552798_a_at +5.26 -2.01 -5.23 -5.87 -4.72

Continued
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LPS Tacrolimus | LPS + tacrolimus
log, fold change

Probeset ID | mRNA H 6vs.C |H 6vs.C |H_6vs.C |H_12vs.C | H 24vs.C
206136_at +3.42 +1.98 -4.01 -3.45 -2.12

FZD5
221245_s_at +3.16 +2.01 -3.46 -4.01 -2.13
207849 _at IL-2 + 1.11 +4.17 +3.69 +5.41 +4.12
202288 _at +2.11 +2.01 -4.17 -2.21 -1.87

MTOR
215381 _at +2.76 +2.13 -4.32 -2.34 -2.01
202424 _at +4.98 +2.18 -3.49 -4.99 -4.32
213487_at MAP2K2 | +4.61 +2.13 -3.76 -4.12 -4.56
213490_s_at +5.18 +2.34 -3.81 -5.16 -4.61
202310_s_at +4.71 +2.18 -4.32 -4.19 -3.41
202311_s_at +4.51 +2.16 -4.56 -4.52 -3.54
202312_s_at COLIAI | +4.99 +2.56 -4.23 -4.87 -3.66
217430_x_at +4.16 +2.61 -4.71 -4.68 -3.18
1556499_s_at +4.64 +247 -4.41 -4.17 -3.81
202403_s_at +5.67 +1.98 -4.11 -3.87 -2.18
202404 _s_at COLIA2 | +5.81 +2.17 -4.32 -3.91 -2.12
229218 _at +5.17 +2.03 -4.87 -4.01 -2.81
206382_s_at +2.34 +2.89 +4.51 +4.09 +2.12

BDNF
239367_at +2.12 +2.99 +4.44 +4.13 +2.34

Table 2. Microarray profile of PI3K/AKT/mTOR signaling pathway-dependent genes in H-RPE cultures
exposed to LPS, tacrolimus, or their combination (|[FC| > 4.00 in any comparison; all listed mRNAs are
statistically significant, p < 0.05). Data are presented as mean + SD; (+), overexpression compared to the
control; (—), downregulated compared to the control; C, control culture; H_6, H_12, H_24 refer to cultures
exposed to LPS, tacrolimus, or their combination for 6, 12, and 24 h, respectively; LPS, lipopolysaccharide.
CDK2, Cyclin-Dependent Kinase 2; CDK4, Cyclin-Dependent Kinase 4; COL6A2, Collagen Type VI

Alpha 2 Chain; COL6A3, Collagen Type VI Alpha 3 Chain; WNT1, Wnt Family Member 1; WNT4, Wnt
Family Member 4; JAKI, Janus Kinase 1; JAK3, Janus Kinase 3; STAT3, Signal Transducer and Activator of
Transcription 3; EGFR, Epidermal Growth Factor Receptor; PIK3CA, Phosphatidylinositol-4,5-Bisphosphate
3-Kinase Catalytic Subunit Alpha; PIK3CB, Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic
Subunit Beta; PIK3CD, Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Delta; PIK3CG,
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Gamma; IL-6, Interleukin 6; IL6R,
Interleukin 6 Receptor; RHOA, Ras Homolog Family Member A; TLR2, Toll-Like Receptor 2; TLR4, Toll-Like
Receptor 4; FZD5, Frizzled Class Receptor 5; IL-2, Interleukin 2; MTOR, Mechanistic Target of Rapamycin
Kinase; MAP2K2, Mitogen-Activated Protein Kinase Kinase 2; COLIA1, Collagen Type I Alpha 1 Chain;
COLI1A2, Collagen Type I Alpha 2 Chain; BDNF, Brain-Derived Neurotrophic Facto
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Fig. 2. RT-qPCR validation of PI3K/AKT/mTOR-related mRNAs. Dot plots show relative expression (RQ =
278ACt of [1-2, MTOR, MAP2K2, COL1A1, and COL1A2 in H-RPE cells treated with LPS, tacrolimus, or their
combination for 6 h, 12 h, and 24 h compared with control (C). Each dot represents one biological replicate

(n = 3). Asterisks denote significant differences compared to control (p < 0.05). Genes abbreviation: IL-2,
Interleukin 2; MTOR, Mechanistic Target of Rapamycin Kinase; MAP2K2, Mitogen-Activated Protein Kinase
Kinase 2; COL1A1I, Collagen Type I Alpha 1 Chain; COL1A2, Collagen Type I Alpha 2 Chain.
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LPS Tacrolimus | LPS + tacrolimus
log, fold change
mRNA | miRNA Target score | H_ 6vs.C |H_ 6vs.C |H_ 6vs.C |H_12vs.C | H 24vs.C
hsa-miR-462 98 -2.19+051 | 2.65+£0.34 | 3.17+0.54 | 3.76 £0.22 | 3.89+£0.43
IL-2 hsa-miR-27a-5p | 94 -3.29+042 | 3.14+0.31 |2.78+£0.76 | 3.54+0.34 | 4.01 £0.45
hsa-miR-3163 90 -2.34+043 | 2.87+0.19 |298+0.71 | 2.89+0.42 |3.01 £0.16
hsa-miR-3182 92 -2.87+0.18 | 1.54+0.81 |3.45+04 |3.76+091 |3.18+0.76
MTOR hsa-miR-1271-5p | 97 -3.09+0.33 | 2.01 £0.23 |4.56+£0.65 |3.76 £0.17 | 3.11 £0.12
COLIA1 98
COLIAZ hsa-miR-29a-3p " -3.98+0.87 | -1.01 £0.19 | 2.34+£0.81 | 2.76 £0.43 | 291 £0.34

Table 3. Differential expression of selected mRNAs and their regulatory MicroRNAs in H-RPE cells treated
with LPS or LPS with tacrolimus compared to Control. Data are presented as mean * SD. IL-2, Interleukin
2; MTOR, Mechanistic Target of Rapamycin Kinase; MAP2K2, Mitogen-Activated Protein Kinase Kinase 2;
COL1A1, Collagen Type I Alpha 1 Chain; COL1A2, Collagen Type I Alpha 2 Chain; LPS, ipopolysaccharide;
C, control cell culture; FC, fold change; C: control culture; H_6, H_8, and H_24, time of exposure to the
medicine. All listed changes are statistically significant compared to control (C) (p < 0.05).

LPS + tacrolimus
Protein C LPS Tacrolimus | H_6 H_12 H_24

MAP2K2 [ng/mL] | 1.55+0.11 | 2.87+0.12 | 1.99+0.17 | 0.96+0.08 | 0.76+0.22 | 0.72+0.12

COLI1AI [ng/mL] |10.98 +£0.32 | 12.45+0.23 | 7.87+0.54 | 4.12+043 | 2.84+043 | 1.77+0.18
COL1A2 [ng/mL] |21.53+0.98 | 28.98 +1.23 | 20.11 £0.91 | 6.87 £0.66 | 6.55+0.32 | 4.65+0.43
MTOR [ng/mL] 260£0.12 | 576+0.17 | 3.11+£0.32 | 1.76£0.77 | 1.11+0.71 | 1.09+0.23
IL-2 [pg/mL] 14.87 £1.32 | 23.87 +1.34 | 24.89 £2.34 | 2890 £2.31 | 34.98 + 3.43 | 32.82 £ 2.09

Table 4. Time-Dependent changes in the concentration of selected proteins in H-RPE cell cultures treated
with LPS, Tacrolimus, or their combination compared to Control. Data are presented as mean + SD IL-

2, Interleukin 2; MTOR, Mechanistic Target of Rapamycin Kinase; MAP2K2, Mitogen-Activated Protein
Kinase Kinase 2; COL1A1, Collagen Type I Alpha 1 Chain; COL1A2, Collagen Type I Alpha 2 Chain; LPS,
lipopolisaccharide A; C, control cell culture; FC, fold change; C: control culture; H_6, H_8, and H_24, time of
exposure to the medicine All listed changes are statistically significant compared to control (C) (p < 0.05).

Discussion

Retinal detachment compromises the structural integrity of the posterior segment, enabling RPE cells to migrate
into the vitreous cavity. In this pro-inflammatory microenvironment—rich in cytokines and growth factors—
RPE cells encounter mitogenic and immunoregulatory cues that drive sustained activation and promote
proliferative vitreoretinopathy (PVR)>3. Several cell types, particularly RPE-derived myofibroblasts, fibroblasts,
macrophages, and astrocytes, contribute to pathological remodeling by enhancing proliferation, migration, and
extracellular matrix (ECM) deposition, ultimately leading to recurrent detachment and vision loss*”*%. The high
concentrations of cytokines and growth factors detected in vitreous samples from PVR patients support the
“growth factor and cytokine hypothesis,” implicating dysregulated signaling in chronic retinal fibrosis®*°.

In this study, tacrolimus exerted a time-dependent effect on gene expression in inflamed human RPE cells
(H-RPE). The number of differentially expressed genes decreased over time, likely reflecting reduced intracellular
drug activity through CYP3A4/3A5 metabolism or subcellular sequestration!*2.

These pharmacokinetic dynamics highlight the importance of optimized delivery strategies—such as
sustained-release formulations—to maintain therapeutic concentrations in chronic fibrotic conditions. The
10 ng/mL tacrolimus dose used was confirmed as non-toxic, ensuring that observed transcriptional changes
reflected pharmacological activity rather than cytotoxicity. Transcriptomic profiling confirmed that LPS induces
a pro-fibrotic and pro-inflammatory shift in PI3K/AKT/mTOR-associated genes. Among 469 curated pathway
members, 38 were differentially expressed, with five genes—IL-2, MTOR, MAP2K2, COL1A1, and COLIA2—
showing consistent regulation under tacrolimus treatment. These were selected for in-depth validation.

Tacrolimus suppressed LPS-induced upregulation of COLIAI and COLIA2, encoding type I collagen
chains, the main structural components of fibrotic epiretinal membranes in PVR. Suppression was observed at
both mRNA and protein levels and accompanied by re-expression of miR-29a-3p, a known inhibitor of ECM
genes®>*1. miR-29 family downregulation is a hallmark of fibrosis across multiple organs*>~*’, and its restoration
can reduce collagen deposition and myofibroblast transdifferentiation®®->1,

In ocular tissues, miR-29a-3p protects against excessive ECM accumulation®*#*. This suggests that tacrolimus
may help restore antifibrotic homeostasis through two complementary mechanisms: by directly repressing
profibrotic transcriptional programs and by promoting miRNA-mediated silencing pathways.
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Fig. 3. Protein interaction network for PI3K/AKT/MTOR signaling pathway differentiation-related genes
generated using the STRING database.

MTOR, a master regulator of growth, metabolism, and survival, was also suppressed at transcript and protein
levels. This effect coincided with upregulation of miR-1271-5p and miR-3182, both predicted MTOR regulators.
Hyperactivation of MTOR promotes EMT and ECM accumulation in H-RPE®2->4, while inhibition reduces
fibroproliferation®-%°. Therefore, tacrolimus suppression of MTOR, partly through miRNA regulation, may
underlie its antifibrotic potential.

MAP2K2 (MEK2) was downregulated at transcript and protein levels. Although no miRNA regulators were
confirmed, suppression of MEK2 suggests indirect targeting of MAPK signaling, potentially contributing to
reduced proliferation under inflammatory stress®>!.

In contrast, IL-2 was consistently upregulated by tacrolimus. While tacrolimus normally inhibits IL-2 in T
cells via calcineurin®®S!,

Previous studies in immortalized ARPE-19 cells demonstrated that IL-2 can stimulate extracellular matrix
synthesis and promote TGF-B2 expression, thereby contributing to pro-fibrotic phenotypes®2. However, ARPE-
19 cells are known to differ substantially from native human RPE, both morphologically and at the molecular
level. For instance, comparative analyses have shown that ARPE-19 exhibit altered senescence, stress responses,
and gene expression profiles relative to primary or iPSC-derived H-RPE, suggesting they represent an immature
phenotype®. In contrast, the present study was conducted in primary H-RPE cells, which more closely
recapitulate in vivo physiology. Thus, while IL-2 upregulation observed here may signal a potential fibrotic risk,
translation of ARPE-19 findings to H-RPE should be made with care, and additional in vivo investigations will
be required to clarify whether tacrolimus-induced IL-2 expression results in functional fibrotic changes in the
retinal microenvironment.

Low-level IL-2 signaling has also been reported to stabilize T regulatory (Treg) cells, promoting immune
resolution®®>. The incomplete restoration of IL-2-targeting miRNAs (miR-27a-5p, miR-462, miR-3163) in
our model may explain its sustained upregulation. Clinically, modest IL-2 induction could enhance immune
quiescence, debris clearance, or remodeling®®*”.

However, given that IL-2 can independently promote fibrosis®, its upregulation remains a potential liability
and warrants in vivo validation before therapeutic translation.

Our STRING network analysis of 26 differentially expressed PI3K/AKT/mTOR-related genes revealed a
densely interconnected system with 139 observed edges, far exceeding the 51 expected for a random network
of similar size (p < 1.0e — 16). This connectivity underscores the central role of PI3K/AKT/mTOR signaling
in coordinating proliferation, metabolism, survival, and immune responses, all of which are dysregulated in
PVR. Central hubs included JAKI1, STAT3, IL6, EGFR, MTOR, and PIK3CA, which integrate inflammatory,
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fibrotic, and survival cues. The JAK1-STAT3-IL6 axis is a well-established driver of cytokine-mediated H-RPE
activation and epithelial-mesenchymal transition (EMT)%7°, while EGFR and PIK3CA function upstream of
AKT/mTOR to promote proliferation and metabolic reprogramming’!’2 Peripheral modules enriched for
collagen genes (COL1A1, COL1A2, COL6A2, COL6A3) and WNT signaling components (WNT1, WNT4,
FZD5) reflect downstream shifts toward ECM deposition and EMT, consistent with collagen-rich membranes
and RPE transdifferentiation in PVR7>74, The co-occurrence of WNT1, WNT4, and FZD5 with collagen genes
highlights a mechanotransduction link, as WNT signaling is tightly associated with ECM stiffness, turnover,
and scarring, processes that amplify RPE plasticity and contractile remodeling”>7¢. Inclusion of TLR2 and TLR4
further emphasizes the anchoring role of innate immune activation in initiating this cascade’”>”®.

Importantly, tacrolimus did not act as a passive inhibitor of this network but dynamically reshaped it by
downregulating profibrotic and proliferative signals (MTOR, MAP2K2, COL1A1/2) while selectively preserving
or enhancing immune-related functions (IL-2, JAK/STAT). This context-specific modulation suggests a dual
role: suppressing fibrosis while maintaining reparative or immunoregulatory responses’’. Clinically, such
network-level effects may enable therapeutic strategies that limit fibrotic progression in PVR without inducing
global immunosuppression, thereby reducing risks such as opportunistic infection or impaired regeneration'’.
The identified molecular nodes and sub-networks also provide a roadmap for combinatory approaches, such
as pairing tacrolimus with antifibrotic miRNA mimics (e.g., miR-29a-3p) or sustained-release intraocular
formulations”7°.

This study has limitations. The use of immortalized HRPE-19 cells in vitro cannot fully recapitulate the in
vivo retinal environment with its complex cell-matrix and immune interactions. Validation was limited to a
subset of proteins, and additional assays (e.g., Western blotting, immunocytochemistry, phosphoproteomics)
would strengthen mechanistic conclusions. Predicted miRNA-mRNA interactions were not directly confirmed
with reporter assays. Finally, the analysis focused on early transcriptional and post-transcriptional responses
(6-24 h), whereas long-term pharmacodynamics and in vivo effects remain to be clarified.

Future work should include in vivo PVR models to validate identified targets, investigate tacrolimus
pharmacokinetics and retention in ocular tissues, and explore combined therapies with miRNA mimics or
antifibrotic small molecules. The observed differential regulation of IL-2 and collagen suggests selective immune
modulation, with potential implications not only for PVR but also for other fibrotic ocular diseases such as
AMD-associated subretinal fibrosis or fibrotic uveitis. Advanced methods such as phosphoproteomics or single-
cell transcriptomics could further dissect tacrolimus-induced signaling rewiring under inflammatory stress.

Conclusion

In conclusion, our findings demonstrate that tacrolimus modulates key components of the PI3K/AKT/mTOR
signaling pathway in inflamed RPE cells, exerting selective antifibrotic and immunomodulatory effects relevant
to the pathogenesis of proliferative vitreoretinopathy. The consistent downregulation of fibrotic effectors such
as COL1Al, COL1A2, MTOR, and MAP2K2, alongside the paradoxical upregulation of IL-2, highlights
tacrolimus’s capacity to reshape cellular behavior in a context-dependent manner. Notably, the associated
regulation of microRNAs—including miR-29a-3p, miR-1271-5p, miR-3182, and miR-27a-5p—suggests that
miRNA-mediated post-transcriptional control plays a central role in mediating these effects. These findings not
only reinforce the therapeutic promise of tacrolimus in retinal fibrosis but also point to miRNAs as potential co-
targets or biomarkers in future precision treatment strategies for PVR and related retinal disorders.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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