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PURPOSE. To investigate the anti-inflammatory and wound-healing effects of an M2a
macrophage-dominant microenvironment on human corneal endothelial cells (HCECs)
in vitro.

METHODS. Two in vitro corneal endothelial inflammation models were developed: a
lipopolysaccharide (LPS)-induced inflammation-only model and a dual inflammation-
and-wound model. HCECs were co-cultured with M2a macrophages or treated with M1
macrophage-derived exosomes (M1-exo), M2a macrophage-derived exosomes (M2a-exo),
or epidermal growth factor (EGF)-preconditioned M2a-derived exosomes (EGF-M2a-exo).
Gene and protein expression of inflammatory markers was assessed, and HCEC prolifer-
ation was evaluated using cell growth curves.

RESULTS. Scratch wounding alone did not induce significant inflammation in HCECs,
whereas LPS stimulation combined with scratch wounding markedly increased inflam-
matory responses. In the inflammation-only model, co-culture with M2a macrophages
or M2a-exo treatment significantly suppressed LPS-induced upregulation of IL6, IL1B,
and ICAM1 at the mRNA level in HCECs and reduced IL-6 protein secretion. In the
dual inflammation-and-wound model, M2a-exo showed limited efficacy, but EGF-M2a-
exo significantly reduced inflammatory marker expression. Cell growth analysis revealed
that M2a-exo treatment promoted faster HCEC proliferation compared to M1-exo treat-
ment under non-inflammatory conditions, despite no significant differences in cell cycle-
related genes. In LPS-stimulated HCECs, EGF-M2a-exo treatment restored proliferation to
levels comparable with non-inflammatory controls by day 5.

CONCLUSIONS. An M2a macrophage-dominant microenvironment demonstrates anti-
inflammatory and regenerative effects on inflamed HCECs. EGF preconditioning
enhances these properties, suggesting a potential therapeutic approach for managing
corneal endothelial inflammation and injury.
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The corneal endothelium plays a critical role in maintain-
ing corneal transparency and visual acuity by regulating

corneal hydration through its barrier and pump functions.1

Unlike many other cell types, human corneal endothelial
cells (HCECs) have limited proliferative capacity in vivo.2

Consequently, when the corneal endothelium is damaged by
injury or disease, the healing process relies primarily on cell
enlargement and migration rather than proliferation.3 Exces-
sive inflammation during corneal endothelial wound healing
can lead to further cell loss, compromised barrier function,
and corneal edema.4,5 If left uncontrolled, this can result
in bullous keratopathy and vision loss and may necessitate

corneal transplantation.6 Therefore, modulating inflamma-
tion to support regenerative healing of the corneal endothe-
lium holds significant clinical value.

Macrophages play critical roles in corneal homeosta-
sis, inflammation, and wound healing.7 Recent studies have
shown that macrophages populate the corneal stroma,
including regions near the corneal endothelium.8,9 These
corneal macrophages express typical markers such as F4/80,
CD11b, and CD68, constituting approximately 50% of all
immune cells in the cornea.10 Macrophages can be broadly
classified into distinct functional subtypes, with M1 and
M2 macrophages being the most well-characterized. M1
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macrophages are generally considered pro-inflammatory
and are involved in host defense against pathogens, whereas
M2 macrophages are associated with tissue repair, wound
healing, and resolution of inflammation.11,12 The balance
between these subtypes is critical for maintaining corneal
homeostasis and orchestrating appropriate responses to
injury or infection.13

M2 macrophages can be further subdivided into M2a,
M2b, and M2c subtypes based on their activating stimuli
and functional characteristics.14 M2a macrophages, induced
by interleukin (IL)-4 or IL-13, are associated with wound
healing and tissue repair functions.15 They also secrete
anti-inflammatory mediators, such as IL-10 and transform-
ing growth factor beta (TGF-β), along with growth factors
that promote angiogenesis and extracellular matrix remod-
eling.16 Interactions between macrophages and corneal
endothelial cells have been observed in various contexts.
For example, macrophages have been implicated in mediat-
ing corneal endothelial rejection following transplantation.17

Additionally, macrophages can accumulate on the corneal
endothelium in response to inflammatory stimuli, forming
multinucleated giant cells.18,19 However, the specific effects
of M2a macrophages on corneal endothelial wound healing
and inflammation remain poorly understood.

Exosomes are small extracellular vesicles (30–150 nm)
that play important roles in intercellular communication
by transferring proteins, lipids, and nucleic acids.20 In our
previous study, M1 macrophage-derived exosomes (M1-
exo) were shown to induce inflammatory and vasculogenic
signals in HCECs.21 Recent studies have demonstrated that
macrophage-derived exosomes can modulate inflammation
and tissue repair in various disease models.22,23 However,
the potential therapeutic effects of M2a macrophage-derived
exosomes on corneal endothelial wound healing have not
been investigated.

This study examined the anti-inflammatory and wound
healing effects of M2a macrophage-derived exosomes on
inflamed corneal endothelial cells in vitro. We hypothesized
that these exosomes could attenuate inflammatory responses
and promote regenerative healing in a model of corneal
endothelial inflammation and injury. Additionally, we inves-
tigated whether the anti-inflammatory properties of epider-
mal growth factor (EGF) could further enhance the thera-
peutic potential of M2a-derived exosomes, as suggested by
previous findings on the modulatory effects of EGF on M1
macrophage-derived exosomes.21

METHODS

Study Approval

Study approval was obtained from the Institutional Review
Boards at Chung-Ang University Hospital (IRB Approval
No. 2106-006-465) for the usage of cadaveric eye tissues in
corneal endothelial cell culture, following the tenets of the
Declaration of Helsinki.

Isolation and Culture of HCECs

The HCECs used in this study were isolated from the periph-
eral rims of donor corneas following penetrating kerato-
plasty procedures. All donors were Asian and included four
individuals (56-year-old male, 63-year-old male, 57-year-old
female, and 61-year-old female), each with an endothelial
cell density exceeding 2400 cells/mm2.

The comprehensive protocol was developed based on
our previously established methodology.21,24 Human corneal
tissues, free from prior eye diseases, were obtained for the
purpose of corneal transplantation and stored at 4°C in stor-
age medium (Optisol-GS; Bausch & Lomb, Bridgewater, NJ,
USA). After excising the central 8-mm round section of the
cornea for transplantation, the corneal tissues at the periph-
ery were used for the culture of HCECs. Corneal tissue
was washed six times with phosphate-buffered saline (PBS;
Welgene Biotech, Gyeongsan-si, Korea) containing an antibi-
otic solution of penicillin and streptomycin. For the isolation
of HCECs, Descemet’s membrane–corneal endothelia were
carefully stripped off and digested with 1-mg/mL collage-
nase A (#07434; STEMCELL Technologies, Vancouver, BC,
Canada) at 37°C for 2 hours. The HCECs were detached
from Descemet’s membrane and placed in medium (Gibco
Opti-MEM-I, #31985070; Thermo Fisher Scientific, Waltham,
MA, USA) for corneal endothelial cell growth, supplemented
with 8% fetal bovine serum (FBS), 0.08% chondroitin sulfate,
20 μg/mL of ascorbic acid, 200 μg/mL of CaCl2, 10 μL/mL
of multivitamin solution, 100 μg/mL of pituitary extract, 5
ng/mL of EGF, 20 ng/mL of nerve growth factor, 50 ng/mL
of gentamicin, and 100 units/mL penicillin/ streptomycin.
HCECs were washed and collected after centrifugation at
1200 rpm for 5 minutes. They were then plated onto tissue
culture dishes coated with a mixture of bovine serum albu-
min (BSA), collagen type IV, and fibronectin, to facilitate
attachment. The cells were incubated at 37°C in a humid-
ified incubator with 5% CO2. When the cells reached 80%
to ∼90% confluency, they were subcultured using Gibco
TrypLE Express Enzyme (#12604; Thermo Fisher Scien-
tific). Experiments were performed using cells at the third
passage.

In Vitro Corneal Endothelial Inflammation-Only
Modeling and Dual Inflammation-and-Wound
Modeling Using HCECs

HCECs were seeded in six-well plates at a density of 1.5
× 105 cells per well and were cultured for 48 hours to
achieve a confluent monolayer (>90% confluency). To create
the in vitro corneal endothelial inflammation-only model,
LPS (1 μg/mL) was applied to HCECs for 24 hours to
induce inflammation. For the in vitro corneal endothelial
dual inflammation-and-wound model, HCECs were cultured
for 48 hours and a straight wound was created in the
monolayer by scraping with a 200-μL pipette tip (yellow
tip), as previously described.24 LPS (1 μg/mL) was then
applied to HCECs for 24 hours following the scratch proce-
dure. The concentration of 1 μg/mL LPS was selected based
on preliminary dose–response experiments (0.1, 0.5, and 1
μg/mL), which showed a significant induction of IL-6 and
IL-1B expression at this concentration (see Supplementary
Fig. S1).

M1 and M2a Macrophage Polarization

We induced M1 or M2a macrophages from the THP-
1 cell line (TIB-202; American Type Culture Collec-
tion, Manassas, VA, USA) following well pre-established
protocols.21,25–27 THP-1 cells were cultured in the RPMI
1640 medium (Welgene Biotech, Gyeongsan-si, Korea)
with the appropriate supplements. After the cells were
seeded in six-well plates, they were differentiated into
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M0 macrophages using 50-nM phorbol 12-myristate 13-
acetate (PMA, #P8139; Sigma-Aldrich, St. Louis, MO, USA)
for 24 hours. Lipopolysaccharide (LPS, O111:B4, #L2630, 100
ng/mL; Sigma-Aldrich) and recombinant human interferon-
gamma (IFN-γ , #570216, 20 ng/mL; BioLegend, San Diego,
CA, USA) were treated for 24 hours for M1 macrophage
polarization. Recombinant human IL-4 (#574004, 20 ng/mL;
BioLegend) and recombinant human IL-13 (#571104, 20
ng/mL; BioLegend) were treated for 24 hours for M2a
macrophage polarization.

Co-Culture of M2a Macrophages and HCECs

HCECs were seeded in six-well plates at a density of 1.5
× 105 cells/well and cultured for 48 hours. Following the
induction of inflammation and scratching in HCECs to
prepare for the two types of in vitro corneal endothelial
inflammation models, the inflammatory HCECs were co-
cultured with M2a macrophages for 48 hours. Co-cultures
were performed using a Transwell insert with a pore size of
0.4 μm (SPL Life Sciences, Pocheon-si, South Korea), which
were placed into the six-well plates. M2a macrophages were
resuspended in RPMI 1640 medium at a density of 1 × 105

cells per insert. The co-cultures of M2a macrophages and
HCECs were incubated undisturbed at 37°C in a humidi-
fied 5% CO2 incubator for 48 hours. RNA was subsequently
extracted from HCECs (in the six-well plates) for further
analysis.

Extraction of Exosomes From Macrophages

M1 and M2a macrophages were incubated in media contain-
ing exosome-depleted FBS (#EXO-FBS-250A-1; System
Biosciences, Palo Alto, CA, USA). M2a macrophages were
treated with recombinant human EGF (#E9644, 10 ng/mL;
Sigma-Aldrich) for 24 hours for EGF preconditioning. The
supernatant was collected for exosome isolation. ExoQuick-
TC (#EXOTC50A-1; System Biosciences) was used to precip-
itate exosomes from the culture medium of M1 or M2a
macrophages. Briefly, the medium was centrifuged at 2500
rpm for 10 minutes to remove cells and debris. The super-
natant was collected and filtered using a 0.22-μm pore
filter (#SLGVR33RS; Merck Millipore, Rahway, NJ, USA).
The medium was then mixed with ExoQuick-TC and incu-
bated overnight at 4°C. Finally, exosomes were centrifuged
at 13,000 rpm for 1 hour at 4°C, and the pellets were
resuspended in PBS and stored at −80°C. The protein
content of the exosomes was measured using a Pierce BCA
Protein Assay Kit (#23227; Thermo Fisher Scientific). The
size distribution and concentration of purified exosomes
were analyzed using nanoparticle tracking analysis with the
Malvern NanoSight NS300 (Malvern Panalytical, Malvern,
Worcestershire, UK) and the NanoSight NTA 3.4 Analytical,
as described in our previous study.21

Exosome Staining and Tracking

The labeling of exosomes with dye was performed as previ-
ously established.21,25 For exosome labeling, we used the
PKH26 Red Fluorescent Cell Linker Dye (#PKH26GL; Sigma-
Aldrich) in accordance with the manufacturer’s instructions.
Exosomes were stained by mixing 1 μL of PKH26 dye
with 200 μL of Diluent C from the kit and incubating
the solution at room temperature for 5 minutes. To stop
the labeling process, an equal volume of 10% BSA was

added, followed by repurification of the exosomes using
a method of total exosome isolation reagent precipitation.
The culture medium of HCECs was replaced with a medium
containing PKH26-labeled exosomes derived from M1 or
M2a macrophages. The cells were incubated with exosomes
for 24 hours and then fixed with 4% paraformaldehyde after
being washed with Gibco Dulbecco’s Phosphate-Buffered
Saline (DPBS; Thermo Fisher Scientific). Cells were mounted
using VECTASHIELD Antifade Mounting Medium with DAPI
(#H-1200-10; Vector Laboratories, Newark, CA, USA) and
were analyzed using an inverted fluorescence microscope
(DMi8; Leica, Wetzlar, Germany).

Exosome Treatment

For exosome treatment, M1 macrophage-, M2a macrophage-,
or EGF-preconditioned M2a macrophage-derived exosomes
(10 μg/mL) were applied to HCECs with LPS simultaneously
for 24 hours to create the in vitro inflammation-only model
and the dual inflammation-and-wound model. Cell culture
plates were maintained at 37°C in a humidified 5% CO2 incu-
bator. The concentration of 10 μg/mL was selected based
on a preliminary dose–response experiment (5, 10, and 20
μg/mL) (see Supplementary Fig. S2), which demonstrated
that this dose exerts significant anti-inflammatory effects on
IL6, IL1B, and ICAM1 expression in HCECs.

Cell Growth Assay

HCECs were seeded into 96-well plates at a density of 1 ×
104 cells/well for 24 hours. HCECs were treated with LPS and
M1 macrophage-, M2a macrophage-, or EGF-preconditioned
M2a macrophage-derived exosomes (10 μg/mL). Cell prolif-
eration was measured after 0, 1, 2, 3, 4, and 5days of
culture. Then, 10 μL of Cell Counting Kit-8 (CCK-8) reagent
(#ALX-850-039-KI01; Enzo Life Sciences, Farmingdale, NY,
USA) was added into each well, and the culture plates
were incubated in 5% CO2 at 37°C for 2 hours. Subse-
quently, 100 μL of each culture solution was transferred
to a separate 96-well plate, and the optical density (OD)
at 450 nm was measured using a SpectraMax i3x Multi-
Mode Microplate Reader (Molecular Devices, San Jose, CA,
USA). The OD values obtained from the experiment were
plotted against the calibration curve to quantify the cell
count.

Purification of Total RNA and Real-Time
Quantitative Reverse Transcription Polymerase
Chain Reaction

Total RNA was extracted from the cells using NucleoZOL
(#740404.200; Macherey-Nagel, Düren, Germany) following
the manufacturer’s protocol. Single-stranded complemen-
tary DNA (cDNA) was synthesized from the total RNA (1
μg) using the RevertAid First Strange cDNA Synthesis Kit
(#K1622; Thermo Fisher Scientific). Real-time quantitative
reverse transcription polymerase chain reaction (qRT-PCR)
was performed using a QuantStudio 3 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). Relative gene
expression levels were calculated using the 2–��Ct method,
with normalization to the reference gene 18S ribosomal
RNA. Sequences of PCR primers are shown in the Table.
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TABLE. Sequences of PCR Primers

Gene Primer Sequence Product Size (bp) Accession No.

IL1B Sense CCACAGACCTTCCAGGAGAATG 131 NM_000576.3
Antisense GTGCAGTTCAGTGATCGTACAGG

IL6 Sense AATAACCACCCCTGACCCAAC 168 NM_000600.4
Antisense AATCTGAGGTGCCCATGCTAC

MRC1 Sense CATCAGGGTGCAAGGAAGGT 202 NM_002438.4
Antisense GTCCAGGCACTGAAAGTGGA

TJP1 Sense GAACGAGGCATCATCCCTAA 218 NM_001330239.1
Antisense CCAGCTTCTCGAAGAACCAC

ICAM1 Sense AGGATGGCACTTTCCCACTG 131 NM_000201.3
Antisense GGAGAGCACATTCACGGTCA

PTEN Sense TCCCAGACATGACAGCCATC 189 NM_000314.6
Antisense GCTTTGAATCCAAAAACCTTACTAC

CDC25A Sense ACCTCAGAAGCTGTTGGGATG 174 NM_001789.2
Antisense TGGAGTCCATGAGAGTGCAG

18S rRNA Sense CGGCGACGACCCATTCGAAC 60 NR_145820.1
Antisense GAATCGAACCCTGATTCCCCGTC

Enzyme-Linked Immunosorbent Assay

Concentrations of IL-1β and IL-6 in the supernatants of
HCECs co-cultured with M2a macrophages or treated with
exosomes were measured using a human IL-1β ELISA Kit
(#BMS224-2; Thermo Fisher Scientific) and a human IL-6
ELISA Kit (#EH2IL6; Thermo Fisher Scientific), according to
the manufacturer’s instructions. Briefly, the culture super-
natants were collected and centrifuged at 13,000 rpm for 30
minutes at 4°C. Then, 100 μL of the clarified supernatant was
used to measure the levels of IL-1β and IL-6. The concentra-
tions were calculated based on a standard curve, generated
from absorbance values measured at 450 nm using the Spec-
traMax i3x Multi-Mode Microplate Reader.

Statistical Analysis

Given the technical challenges of culturing HCECs and the
limited availability of donor tissue, HCECs were harvested
from four independent human donors, and each sub-
experiment was conducted using cells derived from a
distinct single representative donor. Although this approach
does not account for inter-donor variability within individ-
ual experiments, it reflects a widely used and contextually
appropriate strategy for in vitro studies involving rare or
difficult-to-culture primary human cells. Our objective was
to model the effects of inflammatory stimuli and therapeu-
tic interventions, rather than to evaluate donor-dependent
differences.

Prism 10 (GraphPad Software, Boston, MA, USA) was
used for the statistical analysis. When the data were
compared among three or more groups, data were analyzed
using ANOVA followed by Tuckey’s post hoc test. In addi-
tion, to compare data between two groups, Student’s t-test
was used. Data within graphs are presented as the mean
± standard error. Differences were considered statistically
significant for P < 0.05.

RESULTS

Development of Two In Vitro Corneal Endothelial
Inflammatory Models

The corneal endothelium may be damaged either by inflam-
matory insults alone, such as in uveitis and allogeneic rejec-

tion, or by mechanical injury accompanied by inflamma-
tion, as observed in intraocular surgeries and trauma.28–30

To model these conditions, we developed two types of in
vitro inflammatory models using HCECs: an LPS-induced
inflammation-only model and a dual inflammation-and-
wound model incorporating scratch injury (Figs. 1A–C).

LPS stimulation induced significant upregulation of IL6,
IL1B, and ICAM1 mRNA expression in HCECs, indicating
a robust inflammatory response. Among these, the expres-
sion of IL6 and IL1B was further enhanced in the dual
inflammation-and-wound model (Figs. 1D–F). Consistent
with the transcriptional data, ELISA revealed increased IL-
6 protein levels in both models, with the highest levels
observed in the dual model. In contrast, IL-1β protein did
not significantly increase, despite elevated mRNA expression
(Figs. 1G, 1H). Notably, scratch wounding alone without LPS
did not induce upregulation of IL-6 or IL-1β at either the
gene or protein level.

Modulation of LPS-Induced Corneal Endothelial
Inflammation Through Co-Culture With
M2a-Dominant Macrophages

We next evaluated the modulatory effects of M2a-dominant
macrophages on LPS-induced inflammation in HCECs in
both in vitro models. M2a polarization was confirmed by
elevated expression of the M2a marker MRC1 (CD206)
(Supplementary Fig. S3). In the inflammation-only model,
co-culture with M2a macrophages significantly reduced
the mRNA expression of IL6 and IL1B, whereas ICAM1
levels remained unchanged (Figs. 2A–D). Consistently,
ELISA showed decreased IL-6 protein levels, whereas IL-
1β levels remained unchanged following LPS stimula-
tion or M2a macrophage co-culture (Figs. 2E, 2F). In
the dual inflammation-and-wound model, M2a macrophage
co-culture also suppressed IL6 and IL1B mRNA expres-
sion (Figs. 2G–J), accompanied by a decrease in IL-6
protein secretion (Fig. 2K). However, IL-1β protein levels
remained unaffected (Fig. 2L), consistent with the find-
ings in the inflammation-only condition. Together, these
results highlight the anti-inflammatory role of M2a-dominant
macrophages, particularly through the attenuation of IL-6–
mediated responses, in both the inflammation-only and dual
inflammation-and-wound models.
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FIGURE 1. In vitro models of human corneal endothelial inflammation and combined inflammation and wound injury, with condition-specific
expression of inflammatory markers. (A,B) Schematic diagrams of the inflammation-only model and the dual inflammation-and-wound model
using HCECs. (C) Representative image of LPS-stimulated HCECs following mechanical scratch wounding. (D–F) qRT-PCR analysis of IL6,
IL1B, and ICAM1 mRNA expression in naïve HCECs, wounded-only HCECs, inflammation-only HCECs, and dual inflammation-and-wound
model HCECs. (G, H) ELISA analysis of IL-6 and IL-1β protein levels in the culture supernatants from the corresponding conditions. Data
are presented as mean ± SEM from three samples (n = 3). ****P < 0.0001, ***P < 0.001, *P < 0.05; ns, not significant.

Comparative Analysis of Inflammatory
Modulation by M1- and M2a-Derived Exosomes in
HCECs

Following our findings using a co-culture system (Fig. 2),
we further validated the anti-inflammatory effects of
macrophage-derived factors by utilizing exosomes, which
easily penetrate cells in general,20 including HCECs.21 In
our previous study, exosomes from M1 macrophages were
shown to induce innate immune-related inflammation in
cultured HCECs and in murine corneal tissue.21 Based
on the inflammatory modulatory potential of macrophage-
derived exosomes in ocular cells, we isolated exosomes from
both M1-dominant (M1-exo) and M2a-dominant (M2a-exo)
macrophage populations, and we treated HCECs with each
to assess their respective effects on inflammatory marker
expression.

Successful uptake of the exosomes by HCECs was
confirmed by fluorescent labeling (Fig. 3A). Neither M1-exo
nor M2a-exo treatment altered the expression of TJP1, which
encodes zonular occludens-1, a key tight junction protein in
corneal endothelial cells (Fig. 3B). However, M1-exo treat-
ment significantly upregulated the expression of IL6, IL1B,
and ICAM1, whereas M2a-exo treatment did not alter the
expression levels of these genes compared to untreated
controls (Figs. 3C–E). Consistent with the transcriptional
data, ELISA results showed a marked increase in IL-6 and

IL-1β protein levels following M1-exo treatment. In contrast,
M2a-exo treatment did not affect protein levels of either
cytokine (Figs. 3F, 3G).

Anti-Inflammatory Role of M2a-Derived Exosomes
in Corneal Endothelial Inflammatory Models

Given the distinct non-inflammatory profile of M2a-exo
compared to M1-exo in HCECs, we next evaluated the anti-
inflammatory efficacy of M2a-exo in both the inflammation-
only and dual inflammation-and-wound models. In the
inflammation-only model, M2a-exo treatment significantly
suppressed the LPS-induced upregulation of IL6, IL1B, and
ICAM1 at the mRNA level (Figs. 4A–D). This suppression
was mirrored at the protein level by reduced IL-6 secre-
tion, whereas IL-1β protein levels remained unchanged
(Figs. 4E, 4F). These findings confirm the anti-inflammatory
effect of M2a-exo in this model.

EGF has been shown to suppress macrophage inflamma-
tion by downregulating pro-inflammatory genes such as IL6
and IL1B.21 Exosomes derived from EGF-preconditioned M1
macrophages (EGF-M1-exo) have previously demonstrated
anti-inflammatory activity in HCECs and murine corneas.21,26

Additionally, in murine corneas, EGF-M1-exo eye drops
increased the M2 macrophage marker ARG1 and mitigated
inflammation, demonstrating therapeutic potential.21 Based
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FIGURE 2. Effect of M2a-dominant macrophage co-culture on inflammation in HCECs under two in vitro inflammation models. (A) Schematic
diagram of the LPS-induced inflammation-only model using HCECs. (B–D) qRT-PCR analysis of IL6, IL1B, and ICAM1 mRNA expression
in HCECs with or without M2a-dominant macrophage co-culture in the inflammation-only model. (E, F) ELISA analysis of IL-6 and IL-1β
protein levels in the culture supernatants from the same model. (G) Schematic diagram of the dual inflammation-and-wound model using
HCECs. (H–J) qRT-PCR analysis of IL6, IL1B, and ICAM1 mRNA expression in HCECs with or without M2a-dominant macrophage co-culture
in the dual model. (K, L) ELISA analysis of IL-6 and IL-1β protein levels in the culture supernatants from the dual model. Data are presented
as mean ± SEM from three or four samples (n = 3 or 4). ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05; ns, not significant.

on these observations, we applied EGF to M2a macrophages
to enhance the therapeutic potential of their exosomes.
To test this, we first evaluated EGF-preconditioned M2a-
exosomes (EGF-M2a-exo) under inflammation-only condi-
tions. Similar to standard M2a-exo, EGF-M2a-exo signifi-
cantly downregulated IL6, IL1B, and ICAM1 mRNA expres-
sion and further reduced IL-6 protein levels, whereas
IL-1β protein remained unchanged (Figs. 4G–L). These
results suggest that, although the inflammation-only model
is already responsive to M2a-exo, EGF preconditioning
preserves its anti-inflammatory activity.

In contrast, M2a-exo failed to reduce the same inflamma-
tory gene expression in the dual inflammation-and-wound
model (Figs. 5A–D), and ELISA confirmed no significant
changes in IL-6 or IL-1β protein levels (Figs. 5E, 5F).
However, upon treatment with EGF-M2a-exo, a significant
downregulation of IL6, IL1B, and ICAM1 mRNA expres-
sion was observed, along with reduced IL-6 protein levels,
whereas IL-1β protein again remained unchanged (Figs. 5G–
L). These results indicate that EGF preconditioning restores
the anti-inflammatory efficacy of M2a macrophage-derived
exosomes, even in more complex inflammatory environ-
ments.

Regenerative Potential of M2a-Exo Combined
With EGF in HCEC Proliferation

HCECs have limited regenerative capacity in vivo, making
wound healing and proliferation critical for maintaining
corneal transparency.31 To assess regenerative potential, cell
growth analysis serves as a valuable tool for quantifying
proliferation rates and evaluating the efficacy of growth
factors or therapeutic agents.24,32 Given the previously vali-
dated anti-inflammatory role of M2a macrophages (Figs. 1–
5), we next investigated whether M2a macrophage-derived
exosomes could enhance regenerative responses in HCECs
using a 5-day cell proliferation assay.

Under non-inflammatory conditions (i.e., without LPS
stimulation), M2a-exo treatment resulted in significantly
accelerated proliferation compared to M1-exo treatment on
days 2, 4, and 5, with no difference observed on day 3
(Fig. 6A). Notably, by day 5, M2a-exo–treated cells also
exhibited a higher proliferation rate than the vehicle group.
To explore the underlying mechanism, we assessed the
expression of inflammatory markers (IL6, IL1B) and cell
cycle–related genes for phosphatase and tensin homolog
(PTEN) and cell division cycle 25 homolog A (CDC25A) over
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FIGURE 3. Comparison of inflammatory responses induced by M1 and M2a macrophage-derived exosomes in non-inflammatory HCECs.
(A) Representative images of PKH26 red dye–labeled macrophage-derived exosomes internalized by cultured HCECs. Scale bars: 100 μm.
(B–E) qRT-PCR analysis of TJP1, IL6, IL1B, and ICAM1 expression in non-inflammatory HCECs treated with M1-exo or M2a-exo, compared
to naïve HCECs. (F, G) ELISA analysis of IL-6 and IL-1β protein levels in the culture supernatants from the same experimental groups. Data
are presented as mean ± SEM from three samples (n = 3). ****P < 0.0001, *P < 0.05; ns, not significant.

the 5-day period. Although PTEN and CDC25A expression
remained comparable between groups, IL6 and IL1B levels
were consistently and significantly lower in M2a-exo–treated
cells (Figs. 6B–E), suggesting that the observed proliferative
effect is likely driven by inflammation suppression rather
than direct activation of the cell cycle.

We then assessed cell proliferation under inflammatory
conditions using LPS-stimulated HCECs (Fig. 7). As expected,
LPS exposure significantly reduced proliferation from day
2 through day 5 compared to non-inflammatory vehicle
controls. Consistent with the limited anti-inflammatory effect
observed in the dual inflammation-and-wound model (Figs.
5A–5D), M2a-exo failed to improve proliferation in LPS-
stimulated HCECs over the 5-day period. However, EGF-M2a-
exo treatment enhanced proliferation on days 4 and 5, with
proliferation rates by day 5 being comparable to those of the
non-inflammatory vehicle group.

DISCUSSION

The corneal endothelium plays a critical role in main-
taining corneal transparency and visual acuity by regulat-
ing corneal hydration through its barrier and pump func-
tions.1 Macrophages, particularly the M2 phenotype, are
known to support tissue repair and resolve inflammation
in various tissue contexts.11,12 Recent studies in particular
have emphasized the role of macrophage-derived exosomes

in modulating inflammation and promoting tissue regen-
eration.20–22,26 However, the effects of M2a macrophage-
derived exosomes on corneal endothelial inflammation and
wound healing remain largely unexplored. In this study, our
results demonstrate that both direct co-culture with M2a
macrophages and treatment with M2a-derived exosomes
reduced inflammatory responses and enhanced healing in in
vitro models of corneal endothelial injury. Notably, precon-
ditioning M2a macrophages with EGF further enhanced
the anti-inflammatory and regenerative properties of their
exosomes in HCECs. These findings underscore the thera-
peutic potential of M2a macrophage–based interventions for
corneal endothelial disorders and highlight the critical role
of macrophage phenotype modulation in controlling inflam-
mation and promoting tissue repair.

In this study, we developed two distinct in vitro models to
simulate corneal endothelial inflammation: an inflammation-
only model and a dual inflammation-and-wound model.
These models were subsequently used for all experimen-
tal analyses. A wound-only condition was not included, as
scratch wounding without LPS stimulation did not induce
increased expression of IL6 or IL1B in cultured HCECs. This
finding contrasts with previous observations in other cell
types, where mechanical injury alone is sufficient to trig-
ger inflammatory signaling. For example, scratch wound-
ing of airway epithelial cells has been shown to upregulate
pro-inflammatory cytokines, including IL-6 and IL-1β.33 The
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FIGURE 4. Anti-inflammatory effects of M2a-exo and EGF-M2a-exo treatment on inflammatory HCECs in the in vitro corneal endothelial
inflammation-only model. (A) Schematic illustrations of M2a-exo treatment in LPS-stimulated HCECs (LPS-HCECs) within the inflammation-
only model. (B–D) qRT-PCR analysis of IL6, IL1B, and ICAM1 expression in LPS-HCECs treated with M2a-exo, compared to naïve HCECs. (E,
F) ELISA analysis of IL-6 and IL-1β protein levels in the culture supernatants, with or without M2a-exo treatment. (G) Schematic illustration
of EGF-M2a-exo treatment in the same inflammation-only model. (H–J) qRT-PCR analysis of IL6, IL1B, and ICAM1 expression in LPS-HCECs
treated with EGF-M2a-exo compared to naïve HCECs. (K, L) ELISA analysis of IL-6 and IL-1β protein levels in the culture supernatant, with
or without EGF-M2a-exo treatment. Data are presented as mean ± SEM from three samples (n = 3). ****P < 0.0001, ***P < 0.001, **P < 0.01,
*P < 0.05; ns, not significant.

lack of a comparable response in HCECs may indicate that
these cells possess intrinsic mechanisms to maintain immune
quiescence, which is crucial for preserving corneal trans-
parency. Supporting this, previous reports have shown that,
even with some degree of endothelial cell loss, phacoemul-
sification causes only minimal inflammatory changes in the
corneal endothelium.34

Interestingly, although IL6 and IL1B mRNA expression
levels were significantly elevated in both inflammation
models, only IL-6 showed a corresponding increase at the
protein level. In contrast, IL-1β protein was not detected at
significantly elevated levels by ELISA, despite its transcrip-
tional upregulation. This discrepancy may reflect a lack of
conversion from pro–IL-1β to its mature, secreted form—a
process that requires inflammasome activation and caspase-
1–dependent cleavage. Without this maturation step, pro–
IL-1β remains intracellular and is not captured by stan-
dard ELISA assays, which typically detect only the active
cytokine.35

M2a macrophage-derived exosomes significantly reduced
the expression of pro-inflammatory markers, includ-
ing IL6, IL1B, and ICAM1, in LPS-stimulated HCECs

under inflammation-only conditions, confirming their anti-
inflammatory effects. This observation is consistent with
previous studies reporting the anti-inflammatory properties
of M2 macrophages and their secreted factors.22,23,36 Our
findings extend this concept to HCECs, underscoring the
potential of M2a-exo as a therapeutic strategy for manag-
ing corneal endothelial inflammation. Interestingly, M2a-exo
alone was not effective in suppressing inflammation in the
dual inflammation-and-wound model. This suggests that the
anti-inflammatory efficacy of M2a-exo may depend on the
specific inflammatory context and the severity or complex-
ity of the insult.

In this study, mechanical wounding was employed as
an additional inflammatory stressor rather than as a model
to evaluate regenerative outcomes such as wound closure
or morphological restoration. Therefore, the assessment of
wound healing kinetics or full recovery of HCEC morphol-
ogy was beyond the scope of this study and remains a key
limitation.

Although intercellular adhesion molecule 1 (ICAM-1) is
not routinely included in standard inflammatory marker
panels and may be less familiar to some readers, we included
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FIGURE 5. Limited anti-inflammatory efficacy of M2a macrophage-derived exosomes and enhanced effects of EGF preconditioning in the
in vitro dual inflammation-and-wound model using HCECs. (A) Schematic illustrations of M2a-exo treatment in LPS-HCECs within the dual
inflammation-and-wound model. (B–D) qRT-PCR analysis of IL6, IL1B, and ICAM1 mRNA expression in the dual model with or without
M2a-exo treatment. (E, F) ELISA analysis of IL-6 and IL-1β protein levels in the culture supernatant with or without M2a-exo treatment. (G)
Schematic illustrations of EGF-M2a-exo treatment in LPS-HCECs in the same dual model. (H–J) qRT-PCR analysis of IL6, IL1B, and ICAM1
mRNA expression with or without EGF-M2a-exo treatment compared to naïve HCECs. (K, L) ELISA analysis of IL-6 and IL-1β protein levels
in the culture supernatant with or without EGF-M2a-exo treatment. Data are presented as mean ± SEM from three samples (n = 3). ****P <

0.0001, ***P < 0.001, **P < 0.01, *P < 0.05; ns, not significant.

it due to its well-established role in endothelial immunobiol-
ogy. Although its expression is minimal in quiescent corneal
endothelial cells, it is markedly upregulated under inflam-
matory conditions—particularly in response to IL-1β, tumor
necrosis factor alpha, and IFN-γ , as demonstrated by Pavi-
lack et al.37 This cytokine-inducible expression allows ICAM-
1 to act as a key immunologic mediator in conditions such as
uveitis and corneal graft rejection, by facilitating leukocyte
recruitment to the corneal endothelium.

One of the key findings of this study is that EGF-
conditioned M2a-exo exhibit enhanced anti-inflammatory
activity compared to standard M2a-exo in the dual
inflammation-and-wound model. EGF-M2a-exo significantly
suppressed the upregulation of IL6, IL1B, and ICAM1
in this more complex inflammatory setting. These find-
ings are in line with previous reports showing that EGF
modulates macrophage phenotype and function, promot-
ing anti-inflammatory behavior.21,26,38 Our data suggest that
EGF enhances the immunomodulatory potential of M2a
macrophages, resulting in exosomes with superior anti-
inflammatory properties.

In addition to their immunomodulatory effects, M2a-
exo treatment promoted HCEC proliferation under non-
inflammatory conditions, with a corresponding reduction
in IL6 and IL1B expression. This implies that their pro-
regenerative effects may be mediated, at least in part,
through inflammation suppression rather than direct acti-
vation of cell cycle–related pathways, as supported by the
minimal changes in PTEN and CDC25A observed in Figure
6. This observation is consistent with the established
role of chronic inflammation in impairing tissue regener-
ation and wound healing.39,40 Importantly, EGF-M2a-exo
treatment restored proliferation in LPS-stimulated HCECs,
achieving levels comparable to non-inflammatory controls
by day 5. These findings indicate that EGF-M2a-exo not
only suppress inflammation but also promote regenera-
tion in inflamed endothelial cells, reflecting the dual role
of EGF in both anti-inflammatory signaling and wound
repair.41

Although our study applied a single exosome concentra-
tion based on anti-inflammatory efficacy, it remains unclear
whether higher doses of EGF-M2a-exo could directly stimu-
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FIGURE 6. Cell growth analysis and gene expression analysis in HCECs treated with M1 and M2a macrophage-derived exosomes under
non-inflammatory conditions. (A) Growth curves of HCECs treated with M1-exo or M2a-exo compared to naïve HCECs (vehicle) over 5 days.
Data are presented as mean ± SEM from five samples (n = 5). ****P < 0.0001, **P < 0.01, *P < 0.05, ####P < 0.0001, ###P < 0.001. Red and
blue asterisks (*) indicate comparisons of the vehicle group with the M1-exo and M2a-exo groups, respectively. Hash symbols (#) indicate
comparisons between the M1-exo and the M2a-exo groups. (B–E) qRT-PCR analysis of IL1B, IL6, PTEN, and CDC25A mRNA expression in
HCECs treated with M1-exo or M2a-exo over 5 days. Data are presented as mean ± SEM from three samples (n = 3). ****P < 0.0001, ***P <

0.001, **P < 0.01, *P < 0.05, ####P < 0.0001, #P < 0.05; ns, not significant.

late HCEC proliferation via cell cycle activation. Future stud-
ies are needed to determine whether increasing exosome
dosage or modifying EGF preconditioning strategies could
further enhance regenerative outcomes.

One limitation of this study is that it was conducted
primarily in vitro and thus did not fully capture the
complex interactions present in the corneal microenvi-
ronment. The successful in vivo translation of exosome-
based therapies will require further investigation into deliv-
ery strategies, ocular biodistribution, dosing regimens, and
potential immune responses. Addressing these challenges
will be essential for advancing the clinical application
of macrophage-derived exosomes in corneal endothelial
inflammation and regeneration. Especially, in vivo stud-
ies using animal models of corneal inflammation and
injury will be critical to validate the therapeutic poten-
tial of EGF-conditioned M2a macrophage-derived exosomes.
Subsequent long-term studies on safety and efficacy will
also be necessary before considering clinical translation.
Nonetheless, our results highlight the potential of modu-

lating macrophage phenotype to enhance the therapeutic
properties of their secreted exosomes. This concept may be
further extended to other growth factors or small molecules
capable of regulating macrophage function, paving the way
for the development of “designer” exosomes with tailored
therapeutic effects.

Another important limitation is the lack of direct investi-
gation into the downstream signaling pathways influenced
by M2a- or EGF-M2a-derived exosomes. Although our find-
ings clearly demonstrate their anti-inflammatory effects, the
specific intracellular mechanisms remain unclear. Future
studies employing omics-based proteomic profiling may
help identify critical mediators—such as TGF-β1, tumor
necrosis factor-stimulated gene-6 (TSG-6), or IL-10–related
cargo—that have been implicated in the immunomodulatory
functions of macrophage-derived exosomes.42,43 Addition-
ally, pathway-specific inhibition studies targeting signaling
cascades such as nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) or mitogen-activated protein
kinase (MAPK) may provide further insight into the molecu-
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FIGURE 7. Cell growth analysis of LPS-induced inflammatory HCECs
treated with M2a-exo or EGF-M2a-exo. Growth curves of LPS-HCECs
treated with M2a-exo or EEGF-M2a-exo compared to naïve HCECs
(vehicle) and untreated LPS-HCECs, over 5 days. Data are presented
as mean ± SEM from three samples (n = 3). ****P < 0.0001, ***P <

0.001, **P < 0.01, *P < 0.05, #P < 0.05, &&P < 0.01; ns, not signif-
icant. Purple, blue, and green asterisks (*) indicate comparisons of
the vehicle group with the LPS, LPS+M2a-exo, and LPS+EGF-M2a-
exo groups, respectively. Green hash symbols (#) indicate compar-
isons between the LPS+EGF-M2a-exo group and the LPS+M2a-exo
group.Green ampersand symbols (&) indicate comparisons between
the LPS+EGF-M2a-exo group and the LPS group.

lar mechanisms by which these exosomes exert their effects
in HCECs.

Exosome-based therapies are being actively explored
in various fields, including the use of mesenchymal stem
cell–derived exosomes for treating liver injury, myocardial
infarction, and spinal cord injury, due to their potent anti-
inflammatory and regenerative properties.44–46 These previ-
ous studies support the broader translational relevance of
our findings for ocular surface disease.

In conclusion, this study highlights the potential of
M2a macrophage-derived exosomes as a novel therapeutic
strategy for managing corneal endothelial inflammation
and injury. We demonstrated that M2a macrophage-derived
exosomes effectively suppress inflammatory responses
in a simple LPS-induced model using HCECs, although
their efficacy was limited under the more complex
dual inflammation-and-wound condition. Notably, EGF
preconditioning enhanced the anti-inflammatory and
pro-regenerative capacities of M2a macrophage-derived
exosomes, restoring their efficacy even in severe inflamma-
tory settings. Future research should focus on optimizing
the large-scale production of therapeutic M2a macrophage-
derived exosomes and refining approaches to enhance M2a
macrophage differentiation and function in vivo, particularly
within the ocular surface environment.
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