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Purrosk. Corneal alkali burns are severe ocular injuries characterized by intense inflam-
mation, tissue damage, and vision impairment, with current treatments often insufficient
in restoring corneal function and clarity. This study aimed to evaluate the therapeutic
effects of recombinant thrombomodulin domain 1 (‘TMD1) in the treatment of corneal
alkali burns, focusing on its impact on inflammation, tissue repair, fibrosis, and neovas-
cularization.

MertHops. A murine model of corneal alkali burn was utilized to investigate the therapeu-
tic potential of rTMD1. The effects of rTMD1 on macrophage polarization, inflammatory
response, tissue repair, fibrosis, and neovascularization were assessed through histologi-
cal analysis, immunohistochemistry, and molecular studies targeting key signaling path-
ways such as ERK/HIF-1« and vascular endothelial growth factor (VEGF) expression.

Resurrs. Administration of rTMD1 significantly modulated macrophage polarization,
promoting a transition from the pro-inflammatory M1 phenotype to the reparative M2
phenotype via inhibition of the ERK/HIF-la pathway. This shift resulted in reduced
inflammation, enhanced tissue repair, and controlled fibrosis. Furthermore, rTMD1 inhib-
ited neovascularization by downregulating VEGF expression, aiding in the preservation
of corneal clarity.

Concrusions. rTMD1 demonstrates substantial therapeutic potential in treating corneal
alkali burns by reducing inflammation, promoting tissue repair, controlling fibrosis, and
inhibiting neovascularization. These findings support the further development of rTMD1
as a promising treatment for corneal burns and possibly other inflammatory ocular condi-
tions.

Keywords: anti-inflammatory, corneal alkali burn, corneal neovascularization,
macrophage polarization, recombinant thrombomodulin domain 1 (G‘TMD1)

hemical burns of the ocular surface are major

ophthalmic emergencies that require immediate treat-
ment. The incidence rate of ocular chemical burns ranges
from 11.5% to 22.1% of all ocular traumas, with most
accidents occurring in the workplace.! Alkali solutions,
commonly found in cleaning products, cause more injuries
than acid solutions due to their higher lipid solubility and
greater tissue penetration, resulting in more severe damage
to the cornea.>* Corneal neovascularization and fibrosis are
common outcomes of alkali burns, eventually leading to
opacity and visual impairment.!>> Additionally, persistent
loss of marginal corneal arcades and alterations in the limbal
microvasculature have been identified as critical prognos-
tic factors, with techniques such as fluorescein and indo-
cyanine green angiography providing objective assessments
over time.® Therefore, maintaining corneal transparency is
crucial for a favorable outcome.

Thrombomodulin (TM) is a transmembrane glycoprotein
originally identified in vascular endothelium.” It consists of
five domains: a highly charged N-terminal lectin-like domain
(D1), a domain with six epidermal growth factor-like struc-
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tures (D2), a serine- and threonine-rich domain (D3), a trans-
membrane domain (D4), and a cytoplasmic domain (D5)8°
Different domains of TM have distinct functions, and the
anti-angiogenic and anti-inflammatory effects of the recom-
binant lectin-like domain of TM have already been demon-
strated.!®-!!

Upon injury, macrophages infiltrate the cornea and play
a pivotal role in the ensuing inflammatory and healing
processes through their polarization into M1 and M2 pheno-
types.!? M1 macrophages, activated by pro-inflammatory
signals, produce high levels of cytokines and reactive species
that exacerbate inflammation and tissue damage, potentially
leading to further complications such as corneal neovascu-
larization.!® Conversely, M2 macrophages, induced by anti-
inflammatory cues, help resolve inflammation and promote
tissue repair by secreting anti-inflammatory cytokines
and growth factors.!* The balance between M1 and M2
macrophage activities is critical in determining the outcome
of corneal healing.!> Excessive M1 activity can lead to
chronic inflammation and scarring, whereas appropriate M2
activity aids in tissue regeneration and reduces fibrosis,
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ultimately preserving corneal transparency and function.'

Notably, thrombomodulin has been found to regulate M1/M2
switching.!”

Although the effects of recombinant thrombomodulin
domain 1 (‘TMD1) have been previously identified, its exact
role in corneal chemical burns has not been determined.
Therefore, in this study, we aimed to investigate whether
the anti-angiogenic and anti-inflammatory effects of rTMD1
can improve the damage caused by corneal alkali burns by
regulating macrophage polarization.

MATERIALS AND METHODS
Preparation of rTMD1

rTMD1 expression and purification in the Pichia
pastoris expression system were conducted as previously
described.'® Recombinant proteins were purified using
nickel-chelating Sepharose columns (Amersham Pharmacia
Biotech, Uppsala, Sweden) and examined by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Animals

Healthy female C57BL/6] mice, 6 to 8 weeks old, were
purchased from the National Cheng Kung University Labora-
tory Animal Center in Tainan, Taiwan. TM*¢?*¢P mice, lacking
the lectin-like domain of thrombomodulin, were provided
by Edward M. Conway, PhD.!® The right eye of each mouse
was used for the experiment, and the left eye remained
untreated. All experiments adhered to the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research
and were approved by the Institutional Animal Care and Use
Committee of National Cheng Kung University (approval no:

109345).

Experimental Corneal Alkali Burn Animal Model

Mice were anesthetized with an intraperitoneal injection of a
Zoletil and xylazine mixture (50 mg/kg Zoletil + 5.8 mg/kg
xylazine) at a dosage of 0.1 mL/20 g body weight, along
with a drop of 0.5% proparacaine hydrochloride (Alcaine eye
drops; Alcon, Fort Worth, TX, USA) for topical anesthesia. A
2-mm-diameter filter paper soaked with 2.5 pL of 1-M NaOH
was placed on the central cornea for 30 seconds. After the
filter paper was removed, the eye was thoroughly irrigated
with 20 mL of Hanks’ Balanced Salt Solution (HBSS). The
mice were divided into two groups: One group received a
temporal side subconjunctival injection of 20 pL phosphate-
buffered saline (PBS), and the other group received 20 pL of
rTMD1 (2 mg/mL) using a 27-gauge needle on day 1. Both
groups received topical treatments of 5 pL PBS or rTMD1 (2
mg/mL) on days 4, 7, and 10. Mice treated with PBS were
classified as the PBS group, and those treated with rTMD1
were classified as the rTMD1 group.

Evaluation of Corneal Epithelial Defect,
Neovascularization, and Opacity

Images of mouse corneas were captured using a slit-lamp
microscope (SL-D301; Topcon, Tokyo, Japan) immediately
after the alkali burn and on days 4, 7, 10, and 14. Corneal
epithelial defects were visualized using 0.5% fluorescein
staining under cobalt blue light. Corneal neovascularization
was assessed by measuring the centricity of vessels from
the limbus." As previously described,?® corneal opacity was
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TaBLe. Sequence of DNA Primers for Real-Time PCR
Gene Sequence of Primers (5'-3)
VEGF F: GGCTGCTGTAACGATGAAGC

R: TTAACTCAAGCTGCCTCGC
VEGFR1 F: GTGATCAGCTCCAGGTTTGACTT

R: AGGAGGATGAGGGTGTCTATAGGT
TGF-B1 F: TGATACGCCTGAGTGGCTGTCT

R: CACAAGAGCAGTGAGCGCTGAA
TNF-a F: CTGTAGCCCACGTCGTAGC

R: TTTGAGATCCATGCCGTTG
CD86 F: CCCCAGACCACATTCCTTGG

R: TGTTCACTCTCTTCCCTCTCCA
CD206 F: TACTGAACCCCCACAACTGC

R: ACCAGAGAGGAACCCATTCG
GAPDH F: AAGAGGGATGCTGCCCTTAC

R: CCATTTTGTCTACGGGACGA

graded on a numerical scale of 0 to 4: 0 for clear cornea, 1
for slight stromal opacity, 2 for moderate stromal opacity, 3
for severe corneal opacity with visible iris, and 4 for opaque
cornea with no visible iris. Images were quantified using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

Histology and Immunofluorescence Staining

The eye globes from the experimental mice were isolated
and fixed in 4% paraformaldehyde for 24 hours, embedded
in paraffin, and cut into 5-pm sections 14 days after the
alkali burn. Sections were then stained with hematoxylin
and eosin (H&E). For immunofluorescent staining, slides
were incubated with the primary antibodies or conjugated
antibodies overnight at 4°C. After rinsing with PBS with
Tween (PBST), they were flatmounted on cover slides with
an aqueous mounting medium (Thermo Fisher Scientific,
Waltham, MA, USA). After the washing and blocking, the flat-
mounted sections were incubated with the primary antibod-
ies overnight at 4°C. The secondary antibodies were added
for 1 hour at room temperature, and the nuclei were counter-
stained with 4’,6-diamidino-2-phenylindole (DAPI; Hoechst
33342; Molecular Probes, Eugene, OR, USA).

TUNEL Staining

TUNEL staining was performed following the manufac-
turer’s protocols (In Situ Cell Death Detection Kit; Roche,
Mannheim, Germany), and nuclei were stained with DAPI.
Images were captured using a confocal microscope (Olym-
pus IX71; Olympus, Tokyo, Japan).

Real-Time Polymerase Chain Reaction

The High Pure RNA Isolation Kit (Roche Diagnostics,
Mannheim, Germany) was used to isolate RNA from mouse
corneas 14 days after alkali burn. Quantitative real-time
polymerase chain reaction (qQRT-PCR) was performed on a
StepOne Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA) using the PowerUp SYBR Green Master Mix
(Thermo Fisher Scientific). Primers used in this study were
synthesized by Integrated DNA Technologies (Coralville, IA,
USA) and are listed in the Table. Transcript quantification
was performed in triplicate for each sample. Results were
normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and reported relative to the control group using
the AACT method.
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Human Monocytic Cell Line Cell Differentiation
and Maintenance

The THP-1 cell line was utilized to evaluate macrophage
polarization following TM application. THP-1 cells, sourced
from the Bioresource Collection and Research Center
(Taiwan) were cultured in RPMI 1640 medium (HiMedia,
Mumbai, India) supplemented with 10% fetal bovine serum
(FBS; HyClone, Logan, UT, USA) and Gibco 1% penicillin—
streptomycin (Thermo Fisher Scientific). M1 macrophages
were generated based on a previously described proto-
col with slight modifications.?! THP-1 cells were seeded
at a density of 1.5 x 10° cells/mL and treated with
RPMI 1640 medium containing 150-nM phorbol 12-myristate
13-acetate (PMA; Sigma-Aldrich, St. Louis, MO, USA) for
24 hours. This was followed by a 24-hour incubation in
PMA-free RPMI 1640 medium to achieve the MO stage.
Subsequently, the MO macrophages were polarized to the
M1 phenotype by incubating them in RPMI 1640 medium
with 20 ng/mL IFN-y (R&D Systems, Minneapolis, MN,
USA) and 100 ng/mL lipopolysaccharide (Sigma-Aldrich) for
1 day.

In Vitro Application of rTMD1 and Macrophage
Polarization

M1 macrophages were induced using an M1 induction
medium, with or without the addition of rTMD1 at concen-
trations of 10, 20, 40, and 300 nM. After 24 hours of rTMD1
treatment, RNA and protein were extracted from the cells to
assess the macrophage phenotype.

Western Blot Analysis

For the western blot analysis, 10 pg of total protein was sepa-
rated by 10% SDS-PAGE and transferred onto a polyvinyli-
dene difluoride membrane. The membranes were blocked
with 5% nonfat milk powder for 1 hour at room temper-
ature. Following blocking, the membranes were incubated
overnight at 4°C with specific antibodies against extracel-
lular signal-related kinase (ERK), phospho-ERK, hypoxia-
inducible factor-la (HIF-1a), and GAPDH. After incuba-
tion with peroxidase-conjugated secondary antibodies (EMD
Biosciences, San Diego, CA, USA) for 1 hour at room temper-
ature, protein bands were visualized using enhanced chemi-
luminescence reagent (Millipore, Bedford, MA, USA) and
captured with a Fujifilm LAS-3000 imager (Fujifilm Life
Science, Cambridge, MA, USA).

Statistical Analysis

Statistical analysis was performed using Prism 9.0 (Graph-
Pad, Boston, MA, USA). Data are expressed as mean =+
SD. Statistical significance between groups was assessed
using independent samples t-test and analysis of vari-
ance (ANOVA). P < 0.05 was considered statistically
significant.

RESULTS

rTMD1 Promotes Corneal Epithelial Wound
Healing

Corneal epithelial defects were visualized using fluorescein
stain under cobalt blue light, revealing recovery after alkali
burns in both groups. The wound closure rate at specific
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time points was calculated as 100% minus the percentage
of the denuded area relative to the initial chemical burn
area. In C57BL/GJ mice, rTMD1 promoted corneal epithelial
healing at all time points observed under slit-lamp examina-
tion (Fig. 1A), with a significantly improved wound closure
rate compared to the PBS group (Fig. 1B). To further assess
the role of TMD1 in corneal wound healing, TM*?/%P mice
were used. These mice showed delayed corneal epithe-
lial wound healing compared to C57BL/GJ mice (Fig. 10).
Additionally, rTMD1 significantly improved the wound heal-
ing rate at all time points compared to the PBS group
(Fig. 1D).

rTMD1 Ameliorates Alkali Burn-Induced Corneal
Neovascularization

The progression of corneal neovascularization (CNV) was
observed following corneal alkali burns. However, in
C57BL/6] mice, the number and tortuosity of vessels were
significantly reduced in the rTMD1 group compared to the
PBS group at all time points (Fig. 2A). CNV was evaluated by
measuring the centricity (length of the longest vessel from
the limbus), showing a significant decrease in vessel length
in the rTMD1-treated group (Fig. 2B). In TM %P mjce, CNV
was more severe than in C57BL/6J mice on day 14 in both
the untreated and PBS-treated groups (Fig. 2C). The centric-
ity of CNV was significantly decreased in the rTMD1-treated
group (Fig. 2D).

rTMD1 Exhibits Antifibrotic, Anti-Inflammation,
and Anti-Apoptosis Effects In Vivo

Corneal opacity was observed following alkali burns in
both C57BL/6J and TM*”*¢? mice. The corneal opacity
scores were significantly lower in the rTMD1-treated group
compared to the PBS group (Fig. 3A). H&E staining revealed
an aggregation of inflammatory cells, as well as thicken-
ing and fibrosis of the cornea post-alkali burn, with more
severe effects in TM*”*¢? mice. rTMD1 treatment improved
these inflammatory and fibrotic responses (Fig. 3B). Addi-
tionally, immunostaining for alpha-smooth muscle actin
(¢-SMA) indicated reduced fibrosis in the rTMD1 group
compared to the PBS group on day 14, whereas TM"/teD
mice exhibited higher a-SMA expression than C57BL/6]
mice (Fig. 3C). Immunostaining for NIMP-R4 demonstrated
a lower number of polymorphonuclear neutrophils in the
rTMD1 group compared to the PBS group on day 14, with
TME D mice showing higher NIMP-R4 expression than
C57BL/6J mice (Fig. 3D). Furthermore, TUNEL staining was
applied to assess the cell-protective effect of rTMD1 on
corneal alkali burns. An elevation in apoptotic cells was
observed following the alkali burn, but the number of apop-
totic cells significantly decreased in the rTMD1-treated group
(Fig. 3E).

rTMD1 Attenuated the Expression of VEGF,
VEGF-R1, TGF-$1, TNF-¢, and CD86 and Increased
CD206 Following Corneal Alkali Burn

In both C57BL/6J and TM**?*P mice, the qRT-PCR results
showed that the rTMD1-treated group exhibited suppression
of VEGF, VEGF-R1, TGF-1, and TNF-«, indicating the anti-
angiogenesis, antifibrosis, and anti-inflammatory effects of
rTMD1 (Figs. 4A-D). Additionally, there was a suppression of
CD86 and an elevation of CD206 levels, suggesting a poten-
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Ficure 1. rTMD1 promotes corneal wound healing in both alkali burn-induced C57BL/6J and TM2e?/2¢P mice. (A) Representative fluorescein-
stained photographs of corneas. (B) Wound closure percentages on days 4, 7, and 10 in C57BL/6] mice. (C) Representative fluorescein-stained

photographs of TmEeD/LeD

mice corneas. (D) Wound closure percentages on days 4, 7, and 10. The data are expressed as mean £ SD (n =

06). *P < 0.05, **P < 0.01, **P < 0.001, untreated versus PBS-treated versus rTMD1-treated.

tial association between rTMD1 and macrophage polariza-
tion (Figs. 4E, 4F).

rTMD1 Suppressed M1 Macrophage Polarization

To determine the effect of rTMD1 on macrophage polar-
ization, THP-1 cells were treated with LPS and IFN-y to
induce an M1 macrophage phenotype. Cells were harvested
24 hours after rTMD1 incubation. The qRT-PCR results
showed that rTMD1 administration led to a significant
decrease in the expression of CD86 (Fig. 5A) and a concomi-
tant increase in the expression of the M2 macrophage
marker CD206 (Fig. 5B). Additionally, rTMD1 reduced ERK
phosphorylation and HIF-1a expression in M1 macrophages,
which may facilitate M2 polarization (Figs. 5C-E). These
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results indicate that rTMD1 promotes M2 polarization within
an inflammatory microenvironment.

DIScUSSION

Corneal chemical burns are severe ocular injuries that
can lead to significant vision impairment or loss.> These
injuries trigger acute inflammation, cellular damage, and
tissue remodeling, often resulting in scarring and neovascu-
larization.?? Currently, corticosteroids are the primary treat-
ment for managing inflammation induced by alkali burns to
the cornea.”® These potent anti-inflammatory drugs help to
reduce the acute inflammatory response and prevent further
damage.?> However, their use comes with significant draw-
backs. Corticosteroids can delay the wound healing process,
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Ficure 2. rTMDI1 ameliorates CNV in C57BL/6J and TMED/LeD mice. (A, B) Representative CNV photographs of C57BL/6J mice corneas (A)
and centricity of CNV (B) on days 4, 7, and 14. (C, D) Representative CNV photographs (C) and centricity of CNV (D) in TM?ZeP mice
corneas on days 4, 7, and 14. The data are expressed as mean + SD (nz = 6). *P < 0.05, **P < 0.01, ***P < 0.001, untreated versus PBS-treated

versus rTMD1-treated.

increase intraocular pressure, and elevate the risk of devel-
oping secondary infections due to their immunosuppres-
sive effects.?> Additionally, prolonged use of corticosteroids
can lead to cataract formation and glaucoma, complicat-
ing long-term treatment strategies.”> Anti-VEGF agents are
another therapeutic approach, effectively inhibiting corneal
neovascularization.! By targeting the VEGF pathways, these
agents prevent the growth of new, abnormal blood vessels
that can impair vision.! Despite their effectiveness, anti-
VEGF therapies also have limitations. They can interfere
with normal wound healing and regeneration processes,
potentially leading to corneal thinning and other struc-
tural complications.!?4?> Given these challenges, there is an
urgent need for new therapeutic agents that can effectively
manage corneal inflammation and CNV without the adverse
effects associated with current treatments. Innovations in
drug development are focusing on agents that can modu-
late the inflammatory response more precisely and promote
tissue repair, such as therapies targeting specific molecular
pathways involved in inflammation and angiogenesis.

Our study demonstrates the therapeutic potential of
rTMD1 in promoting corneal epithelial recovery, reduc-
ing neovascularization and corneal opacity, and mitigat-
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ing inflammation and fibrosis following corneal alkali
burn. In both C57BL/6J and TM*?%P mice, rTMDI1 signif-
icantly enhanced corneal epithelial healing at all observed
time points, with notable improvements in wound closure
rates compared to the PBS-treated group. rTMD1 treat-
ment resulted in fewer and less tortuous blood vessels,
as well as reduced corneal opacity, indicating its anti-
angiogenic effects. Histological analysis has revealed that
rTMD1 decreased corneal thickening and swelling, reduced
polymorphonuclear neutrophil infiltration, and limited fibro-
sis, demonstrating its anti-inflammatory and antifibrotic
properties. Additionally, rTMD1 protected corneal cells from
apoptosis, as evidenced by fewer TUNEL-positive cells
in treated groups. Molecular analysis further supported
these findings, showing suppressed expression of VEGEF,
VEGF-R1, TGF-81, and TNF-a, which are key mediators
of angiogenesis, fibrosis, and inflammation. The modula-
tion of macrophage polarization was also indicated by
decreased CD86 and increased CD206 levels, suggest-
ing that rTMD1 promotes a shift from pro-inflammatory
M1 to reparative M2 macrophages. This shift is likely a
crucial mechanism underlying the observed therapeutic
effects.
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of C57BL/6J and TM!*?2¢P mice in PBS- and rTMD1-treated groups on day 14. (B) Representative H&E staining of C57BL/6J and TMm¢?/ZeD
mice on day 14 (magnification 400x, 50 pm). (C) a-SMA immunostaining of C57BL/6] and TM 22D mice in PBS- and rTMD1-treated groups
on day 14. (D) NIMP-R4 immunostaining of C57BL/6J and TM*”/2¢P mice on day 14. (E) Representative images of TUNEL assay in C57BL/6]
and TM*P2eD mijce in each group on day 14 (magnification 400x, 50 pm). The data are expressed as mean & SD (n = 8). **P < 0.01,

4P < (0.001, PBS-treated versus rTMD1-treated.

Previous studies have demonstrated that angiogenesis,
occurring under both physiological and pathological condi-
tions, is closely linked to inflammation.?® Inflammatory
processes often accompany angiogenic events, contribut-
ing to the complexity of tissue responses. Soluble throm-
bomodulin (sTM) levels have been identified as a reli-
able biomarker reflecting endothelial damage and inflam-
mation,!® and they have been correlated with the clin-
ical severity of various diseases, including cardiovascu-
lar disorders,”’?® sepsis,”® and diabetes.?® These levels
provide critical insights into the inflammatory status and
the extent of endothelial injury in these conditions. rTMD1
has shown promising therapeutic potential in modulat-
ing inflammation. Conway et al.'® first highlighted the
significance of the lectin-like domain of thrombomod-
ulin in inflammatory responses, noting that TM*”*¢? mice
exhibited exacerbated inflammatory reactions. Subsequent
research revealed that rTMD1 could sequester high mobil-
ity group box Bl (HMGBI1), a potent pro-inflammatory
molecule, thereby mitigating inflammatory damage.>' Addi-
tionally, rTMD1 was found to inhibit complement acti-
vation, further reducing inflammation.?> We have discov-
ered that inhibition of the HIF-la pathway by rTMD1
could effectively rescue pathological angiogenesis in the
retina.?®> This finding suggested a broader application for
rTMD1, particularly in conditions characterized by exces-
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sive angiogenesis and inflammation, such as corneal alkali
burn.

The initiation of CNV involves the release of pro-
angiogenic factors, particularly VEGF, which stimulate the
proliferation and migration of endothelial cells, leading
to the formation of new capillaries.* Macrophages, key
players in the immune response, significantly influence
CNV through their polarization into M1 and M2 pheno-
types.®>~3 M1 macrophages, activated by microbial prod-
ucts and pro-inflammatory cytokines, release high levels of
pro-inflammatory mediators and reactive oxygen species,
exacerbating tissue damage and promoting angiogene-
sis.?® On the other hand, M2 macrophages, stimulated by
anti-inflammatory signals, contribute to tissue repair and
remodeling by producing anti-inflammatory cytokines and
growth factors.!®> The dynamic balance between M1 and M2
macrophages is crucial; an imbalance can result in chronic
inflammation, persistent CNV, and impaired corneal heal-
ing.'>3%4 In our study, we observed significant changes in
the polarization state of THP-1 cells upon treatment with
rTMD1. Specifically, there was a marked decrease in the
expression of the M1 macrophage marker CD86, which
is commonly associated with pro-inflammatory responses.
Concurrently, we noted an increase in the expression of
the M2 macrophage marker CD206, indicative of an anti-
inflammatory and tissue-repairing phenotype. This shift
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from M1 to M2 macrophages suggests that rTMD1 plays a
pivotal role in modulating macrophage polarization, promot-
ing a more reparative and less inflammatory cellular environ-
ment.

The ERK/HIF-lo pathway can influence macrophage
polarization.! Hypoxia and HIF-la have been shown to
promote the M1 phenotype under certain conditions by
enhancing the inflammatory response.’! Conversely, the
stabilization of HIF-la can also contribute to M2 polar-
ization in other contexts, particularly where tissue repair
is required.”! Our previous research revealed that rTMD1
plays a crucial role in inhibiting the HIF-1a/VEGF path-
way, thereby mitigating pathological angiogenesis.> In
our current study, we further substantiated these find-
ings, demonstrating that rTMD1 consistently inhibits the
ERK/HIF-1a¢ pathway. This inhibition was evident in our
experimental results, where we observed a significant reduc-
tion in HIF-lo stabilization and its transcriptional activ-
ity upon rTMD1 treatment. The suppression of ERK phos-
phorylation, a critical upstream activator of HIF-1«, further
confirmed the efficacy of rTMD1 in modulating this signal-
ing cascade.

rTMD1 plays a crucial role in modulating macrophage
polarization, promoting the shift from a pro-inflammatory
M1 phenotype to a reparative M2 phenotype.!” This modula-
tion is particularly beneficial in the context of corneal chemi-
cal burns, where excessive inflammation and neovasculariza-
tion can lead to significant vision impairment. By enhancing
M2 macrophage activity, rTMD1 helps to reduce inflamma-
tion, promote tissue repair, and control fibrosis, ultimately
improving corneal healing and preserving vision. These
properties make rTMD1 a promising candidate for therapeu-
tic interventions in corneal injuries and other inflammatory
conditions.

This study has several limitations, including its reliance
on an animal model that may not fully reflect the complexity
of human corneal injury and healing processes. Although the
focus on macrophage polarization is important, this study
does not investigate the potential effects of rTMD1 on other
immune cells, such as neutrophils, or its influence on pro-
inflammatory cytokines, which are crucial for inflammation
and tissue repair after corneal chemical burns.?> Addition-
ally, rTMD1 may directly interact with tissue-resident cells,
such as corneal keratinocytes and keratocytes, potentially
enhancing epithelial and stromal regeneration. The precise
molecular mechanisms underlying the effects of rTMD1, as
well as its safety and efficacy in humans, remain to be
determined. Future research should examine these mech-
anisms, optimize dosing strategies, investigate combination
therapies, and evaluate long-term outcomes. Clinical trials
will be essential to establish the therapeutic potential of
rTMDL1. If successful, rTMD1 could improve the management
of corneal injuries and other inflammatory conditions by
promoting healing, minimizing complications, and comple-
menting existing treatments.

CONCLUSIONS

rTMD1 is a promising therapeutic agent for treating
corneal chemical burns. Its multifaceted actions, includ-
ing anti-inflammatory, cytoprotective, antifibrotic, and anti-
angiogenesis effects, address the key pathological processes
involved in corneal injury and healing. Our study, along with
other preclinical studies, has shown encouraging results,
paving the way for further research and potential clini-
cal applications. With continued investigation, rTMD1 has
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the potential to significantly improve outcomes for patients
suffering from corneal chemical burns, restoring vision and
enhancing quality of life.
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