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Purpose: Pharmacodynamic biomarkers of sirolimus were investigated using omics analysis of tear fluids from Japanese patients with
meibomian gland dysfunction (MGD).

Methods: In a Phase 2a trial, sirolimus or vehicle eyedrops were administered twice daily for 12 weeks. Tear samples from 29
patients (15 sirolimus, 14 vehicle) were collected pre- and post-treatment. LC-MS/MS-based proteomics and lipidomics were
performed. Within-group changes were analyzed, followed by differential expression and pathway analysis. Key candidates were
evaluated using estimation plots (Registration ID: UMIN000049186).

Results: Over 3000 proteins and 55 lipids were quantified. mTOR signaling components (ATP6V1D, RRAGC, DEPTOR) were
significantly modulated. ATP6V 1D showed a significant decrease in the sirolimus group (p = 0.0024), but not in the vehicle group (p =
0.528). Lipids 12-HETE and 13-HpODE significantly increased post-treatment in the sirolimus group.

Conclusion: Results suggested that sirolimus inhibited the mTOR pathway. ATP6V1D, 12-HETE, and 13-HpODE were suggested to
be pharmacodynamic biomarkers for sirolimus. These findings may facilitate pharmacodynamic monitoring of mTOR-targeted
therapies for ocular surface disorders.

Keywords: MGD, pharmacodynamic biomarker, tear fluid sample, mTOR inhibitor

Introduction
Meibomian gland dysfunction (MGD) is a condition marked by diffuse abnormalities in meibomian gland function and
chronic ocular discomfort. It is classified into low- and high-delivery types, with clinical features including symptoms,
eyelid margin irregularities, and meibum secretion issues.'” MGD is a major cause of evaporative dry eye, and most
patients with dry eye have underlying MGD.? Prevalence varies by region—32.9% in Japan,* 56.3% in Singapore,’ and
21.2% in the U.S.® — with differences in diagnostic criteria and environmental exposure likely contributing to the higher
apparent prevalence in Asia. Inflammation and environmental stressors like oxidative damage and apoptosis are known
contributors.”

Current treatments include eyelid hygiene, warm compresses, thermal pulsation, light therapies, probing, and
medications like doxycycline and azithromycin.” While effective, these methods face limitations such as poor adherence
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and high costs. Eye drops offer a more accessible alternative, but existing options like azithromycin may cause irritation
and antibiotic resistance concerns,® and no eye drops are yet approved specifically for MGD.”

Sirolimus, an mTOR inhibitor, was evaluated in a Phase 2a trial for MGD. Given the limitations of clinical endpoints
—such as symptom scores and tear breakup time (TBUT), which may not fully capture the efficacy of interventions in
MGD—, pharmacodynamic (PD) biomarkers are valuable for clarifying its biological effects. Sirolimus has broader
therapeutic potential, including cancer research, making PD marker development especially important.

Omics-based analyses enable system-level understanding of tear composition changes in response to treatment. Tear
fluid is a promising source for biomarker discovery due to its proximity to the disease site and ease of collection. It
contains 6-11 mg/mL of protein and over 2000 distinct proteins.” Besides, hundreds of lipids have also been recorded
across seven lipid classes.'® Proteomics has already advanced understanding of dry eye disease,'' and lipid biomarkers
have been studied in MGD.'?

This study aimed to identify PD markers for sirolimus by analyzing proteins and lipids from Phase 2a trial
participants.

Materials and Methods

Study Design

This exploratory study aimed to identify candidate PD markers using tear fluid samples from clinical trial participants
who provided informed consent. Study details and opt-out instructions were made available on the local website of
Santen Pharmaceutical Co., Ltd. (Osaka, Japan), ensuring easy patient access. The study complied with the Declaration
of Helsinki and was approved by the ethics committee of Santen Pharmaceutical Co., Ltd. (No. RINRI-2022-008). It was
registered with the University Hospital Medical Information Network Clinical Trials Registry (UMIN000049186).

Subjects
Tear fluid samples were obtained from patients in a randomized, multicenter, evaluator-masked, vehicle-controlled Phase
2a study in Japan. Detailed information was described separately in Supplementary Material 1. Patientswere randomly

assigned to receive sirolimus or vehicle eyedrops twice daily in both eyes, along with daily warm compresses, over a 12-
week period. Tear profiles from 29 subjects (15 sirolimus, 14 vehicle) were analyzed. This tear fluid study was
exploratory, and the number of samples was determined by the number of subjects enrolled in the Phase 2a study.

Tear Collection

Tear fluid samples derived from both eyes were collected twice—before treatment and 10 weeks after randomization—
using Schirmer’s test strips without local anesthesia. The strips were placed under the eyelid, the wetted length measured,
and then immediately frozen at —80 °C until analysis for this study. The storage duration before analysis was up to 1.5
years, and no freeze—thaw cycles occurred prior to measurement.

Extraction of Proteins and Lipids
Schirmer’s strips were longitudinally halved, with one half used for proteomics and the other for lipidomics analysis.

Sample Preparation for Proteomics

Strips were cut into small pieces and lysed in 100 pL buffer using a Thermomixer (1.5 h, 20 °C) and the samples were
centrifuged at 14,000 g. Protein concentration was measured using the Bio-Rad DC Protein assay. A total of 100 ug of
tear proteins were reduced, alkylated, digested with trypsin, and desalted using Thermo Easy Mini sample prep kits
(ThermoFisher Scientific, San Jose, CA). Peptides were quantified using a fluorometric peptide quantification kit
(ThermoFisher Scientific).

Sample Preparation for Lipidomics
Strips were extracted in 980 uL methanol containing 10 uL of 0.2 mg/mL. BHT (antioxidant) and 10 pL of internal
standard solution (composition in Supplementary Material 2). After overnight incubation at 4 °C, samples were

2 https: Clinical Ophthalmology 2026:20


https://www.dovepress.com/article/supplementary_file/514118/514118_MGD-2_Paper_Supplementary%20Material_REVISED_FINAL_Clean.docx
https://www.dovepress.com/article/supplementary_file/514118/514118_MGD-2_Paper_Supplementary%20Material_REVISED_FINAL_Clean.docx

Zhou et al

centrifuged (14,000 g, 10 min, 4 °C), and supernatants were dried and reconstituted in 80 puL of water:acetonitrile (6:4, v/
v) with 0.1% acetic acid. A triple quadrupole LC-MS/MS system (Agilent UHPLC 1290 linked to an Agilent 6495C
QQQ) was used for analysis, and the instrument was tuned prior to each batch analysis. Analytes were chromatogra-
phically separated on a Phenomenex Kinetex C8 column (2.1x150 mm, 2.6 um) with the following mobile phases: water
+ 0.1% formic acid (A) and acetonitrile + 0.1% formic acid (B) at 40°C. A pooled lipid extract served as a QC sample
and was injected every five study samples.

Quantitative Proteomics Analysis

Peptides were dried (SpeedVac), resuspended in 0.1% FA/2% ACN with iRT (1:10, Biognosys), and analyzed using an
EASY-nLC 1200 system coupled to an Orbitrap Exploris™ 480 Mass Spectrometer (ThermoFisher Scientific). LC
separation was performed using Acclaim PepMap 100 C18 (pre-column) and PepMap® RSLC C18 (analytical column)
with a 60-minute gradient of buffer A (0.1% FA) and buffer B (80% ACN in 0.1% FA). DIA-based proteomics used 19
windows of 45.7 Da with 3 Da overlap. AGC target was 1000%, and injection time was set to auto. Data were processed
using Spectronaut 15°s library-free directDIA workflow. Normalization was based on total protein concentration.

Quantitative Lipidomics Analysis
The LC-MS/MS analysis was conducted using an Agilent UHPLC 1290 Infinity II system coupled with an Agilent QqQ
6495C. Reverse-phase separation was performed on a Phenomenex Kinetex C8 column (2.1 x 150 mm, 2.6 pm) with
mobile phases A (water + 0.1% formic acid) and B (acetonitrile + 0.1% formic acid). The gradient program was
summarized in Supplementary Material 3. Column temperature was 40°C, flow rate 0.4 mL/min, and injection volume
20 pL.

Positive ionization was applied with spray and nozzle voltages of 3000 V and 1000 V, respectively. Drying and sheath

gas temperatures were 250°C, with flow rates of 14 L/min and 11 L/min. Nebulizer pressure was 35 psi. iFunnel RF
voltages were 150 V (high) and 60 V (low). Targeted analysis was performed in dynamic MRM positive ion mode.

MS data were analyzed using Agilent MassHunter (version B.10.00). Signal-to-noise ratios (S/N) were calculated
from raw peak areas in study samples and processed blanks. Lipids with S/N < 10, CV > 20% in QC samples, or poor
linearity (R? < 0.8) in dilution curves were excluded. Raw peak areas were normalized using internal standards, and
concentrations were adjusted based on the wet length of strips.

Statistical Analysis

The proteomic data analysis and data visualization were carried out using custom R (64-bit version 4.1.1). The DIA
intensities were median-normalized and log-transformed. Visualization included volcano plots, heatmaps, and OPLS-DA
to compare tear proteomic profiles before and after treatment in both sirolimus and vehicle groups. Gene ontology (GO)
and protein-protein interaction (PPI) network analysis were performed using Metascape.'> Estimation plots were
generated via https://www.estimationstats.com/#/. Similar approach was used for lipidomics data analysis.

Results
The demographics of the participant are shown in Table 1. A total of 116 tear fluid samples (Pre-treatment: 58 samples,
Post-treatment: 58 samples) derived from 29 subjects were included in this study.

Table | Patient Demographics

Vehicle Sirolimus P-value
Number 14 15 -
Female % 50 73 -
Portion 7/14 11/15 P=0.26
Age Mean + SD 54+ 11 55+ 12 P=0.82

Notes: Female proportion was compared using Fisher’s exact test; age was compared using Welch’s t-test.
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Proteomics

A total of 3305 unique tear proteins were identified (false discovery rate, FDR < 0.01) and quantified. Differential
expression profiles between vehicle and sirolimus groups were visualized using volcano plots, with fold change defined
as the post-/pre-treatment expression ratio. Proteins exhibiting fold changes >1.5 or <0.67 with p < 0.05 (paired #-test,
unadjusted) were considered significantly modulated, identifying 51 upregulated and 76 downregulated proteins
(Figure 1A). Unsupervised clustering of the top 25 differentially expressed proteins in the sirolimus group revealed
distinct post-treatment proteomic signatures (Figure 1B), further supported by an R2Y value of 0.966 from orthogonal
partial least squares discriminant analysis (OPLS-DA) (Figure 1C).

Gene Ontology enrichment analysis of 127 dysregulated proteins identified multiple significant biological processes
(Figure 2A). Given sirolimus’s role as an mTOR pathway inhibitor, the M121 “PID_MTOR 4PATHWAY” was focused on.
Protein-protein interaction (PPI) network analysis highlighted ATP6V1D, RRAGC, and DEPTOR as key nodes (Figure 2B and
C). Among these, ATP6V1D exhibited a statistically significant reduction in post-treatment samples from the sirolimus group
(mean difference: —1.04e+04, 95% CI: —1.55e+04 to —4.78e+03; p=0.0024, two-sided permutation #-test), whereas no significant
change was observed in the vehicle group (mean difference: 2.74¢+03, 95% CI: —6.8e+03 to 9.85¢+03; p = 0.528) (Figure 2D).

Lipidomics
A total of 55 unique lipids were quantified. Volcano plots visualized significant differential profiles between pre- and post-
treatment in vehicle and sirolimus groups. Using fold change >1.2 or <0.83 and p<0.05 (paired non-parametric ¢-test), two
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Figure | (A) Volcano plot shows the significantly dysregulated proteins in tears by comparing post-treatment to pre-treatment in sirolimus group. The cutoffs for significant
changes are FC of 1.5 and p-value < 0.05 (paired t-test, unadjusted); (B) Heatmap visualization of tear protein profiles of post-treatment vs pre-treatment in sirolimus group.
Top 25 significantly dysregulated tear proteins are shown based on paired t-test; (C) OPLS-DA score plot shows the separation of post-treatment and pre-treatment in
sirolimus group (R2X (cum) = 0.314, R2Y(cum) = 0.966). Permutation test shows the OPLS-DA model is valid (p-value < 0.01).
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Figure 2 (A) Enriched gene ontology (GO) analysis was performed based on 127 dysregulated tear proteins using GO terms, KEGG, and Reactome database. mTOR
signaling pathway (M121, PID_MTOR_4PATHWAY) was found to be one of the enriched pathways. PID refers to the Pathway Interaction Database, which provides curated
signaling pathways, and MI21 is the identifier for PID_MTOR_4PATHWAY in MSigDB; (B) Protein-protein interaction (PPI) network analysis also indicated that mTOR
signaling pathway (ATP6VID, RRAGC, and DEPTOR) is one of the three enriched modules; (C) PPl network shows mTORCI signaling pathway (ATP6VID, RRAGC, and
DEPTOR) using STRING; (D) Estimation plots of ATP6VID, RRAGC, and DEPTOR for post-treatment and pre-treatment in both sirolimus and vehicle groups. Two-sided

permutation paired t-test was used.
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lipids (13-HpODE, 12-HETE) were up-regulated and two (5-HEPE, 15-HEPE) down-regulated post-treatment (Figure 3A).
All statistical comparisons in the lipidomics analysis were performed using non-parametric tests. OPLS-DA score plot
(Figure 3B) showed less separation between pre- and post-treatment groups than in proteomics (Figure 1C). Two-sided
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Figure 3 (A) Volcano plot revealed two upregulated lipids (13-HpODE and [2-HETE) and two downregulated lipids (5-HEPE and |5-HEPE) in tears by comparing post-
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for post-treatment and pre-treatment in both sirolimus and vehicle groups. Two-sided permutation paired t-test was used.
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permutation paired t-tests confirmed 13-HpODE and 12-HETE were significantly elevated post-treatment in the sirolimus
group (p=0.0156, p=0.0006), but not in the vehicle group (p=0.8, p=0.336) (Figure 3C). 5-HEPE and 15-HEPE showed no
significant changes in either group (estimation plots not shown here).

Discussion

This study is among the first to apply integrated tear proteomics and lipidomics to assess the pharmacodynamic impact of
topical sirolimus in MGD. Proteomic analysis quantified over 3000 tear proteins, identifying three mTOR-related
proteins as sirolimus-responsive biomarkers. Among them, ATP6V1D was significantly reduced in the sirolimus group
versus vehicle. Lipidomic profiling revealed significant elevation of 12-HETE and 13-HpODE following sirolimus
treatment.

The ATP6V1 family is known to be involved in the regulation of intracellular pH, lipid metabolism, and inflammatory
signaling during tumor progression,'* and these processes are also related to the pathophysiology of MGD.** In
particular, ATP6V1C1 has been reported to promote breast cancer growth via mTORCI activation through increased
V-ATPase activity.'” In this study, the observed decrease in ATP6V1D expression following sirolimus administration
(Figure 2D) is considered to suggest inhibition of the mTOR pathway, and it is suggested that this may regulate proton
transport and restore lipid homeostasis and inflammatory balance in the meibomian gland, potentially contributing to
improved gland function and reduced inflammation in MGD.

12-HETE, a metabolite of 12-lipoxygenase (12-LOX), is involved in tumorigenesis and cancer proliferation.'®!” Tt
also inhibits apoptosis via ILK/NF-kB activation in ovarian cancer cells.'® Since activation of the NF-kB pathway is also
involved in antioxidant responses, it is suggested that sirolimus-mediated mTOR inhibition may influence local lipid
mediator dynamics and contribute to the suppression of inflammation and apoptosis in MGD. Conversely, 13-HpODE,
known to induce endothelial cell apoptosis,'® was significantly elevated in the sirolimus-treatment group (Figure 3C).
Although 13-HpODE, a linoleic acid—derived hydroperoxide, has been linked to apoptosis, this increase may not directly
indicate such an effect. Given that linoleic acid is elevated in meibomian gland secretions in MGD,?° and that mTOR
inhibition could plausibly alter lipid metabolism and promote 13-HpODE formation via the lipoxygenase pathway, the
observed increase likely reflects these combined influences rather than serving as a simple marker of apoptosis. Taken
together, the simultaneous elevation of both anti-apoptotic (12-HETE) and pro-apoptotic (13-HpODE) lipid mediators
may reflect a complex regulatory response to mTOR inhibition in the ocular surface, highlighting the need for further
investigation into their roles in MGD pathophysiology.

The current available treatment for MGD is warm compress or thermopulsation (LipiFlow). Ambaw et al reported
significant reductions in 18 tear lipids following treatment.?’ However, as warm compresses were used continuously in
both study arms, the specific contribution of eyelid warming could not be distinguished.

This study has two main limitations. First, the design: warm compress in both groups may confound the relationship
between PD marker changes and clinical findings such as gland plugging, and the small sample size limits statistical
power and generalizability. Second, analytical factors: inter-individual variability in tear fluid composition may affect
biomarker consistency and interpretation. Future studies should control treatment conditions and include larger cohorts to
improve robustness.

In conclusion, sirolimus treatment in MGD patients led to mTOR pathway inhibition, as shown by reduced ATP6V1D
expression. Lipidomics identified 12-HETE and 13-HpODE as pharmacodynamic markers, reflecting changes in apop-
tosis, lipid metabolism, and inflammation in MGD. Importantly, identifying tear-based PD markers provides a foundation
for objective assessment of mTOR-targeted therapy in ocular diseases.
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