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EphA2 monoclonal antibody
attenuates hyperoxia-induced
acute lung injury by preserving the
alveolar-endothelial barrier

Kyung Soo Chung?, Ju Hye Shin', Su Hwan Lee?, Ah Young Leem?, Moo Suk Park?,
Jong Seok Moon?3* & Young Sam Kim:3"*

Supplemental oxygen is essential for acute respiratory distress syndrome (ARDS); however, prolonged
exposure to high-inspired oxygen fractions can cause hyperoxia-induced acute lung injury (HALI).
Hyperoxia disrupts the alveolar-endothelial barrier through excess reactive oxygen species and
inflammation, leading to edema, impaired gas exchange, and increased mortality. EphA2/ephrinAl
signaling regulates cytoskeletal dynamics and intercellular adhesion; however, its role in HALI
remains unclear. We hypothesized that pharmacological EphA2 blockade would protect the alveolar—
endothelial barrier. Male C57BL/6 J mice were exposed to >95% O, for up to 72 h to establish HALI.
Temporal changes in EphA2/ephrinAl signaling, barrier proteins, and cytokines were assessed at 0, 24,
48, and 72 h. To evaluate therapeutic potential, mice exposed to 72 h hyperoxia received intravenous
phosphate-buffered saline (PBS) or anti-EphA2 monoclonal antibody (mAb; 8 ug pretreatment). Lung
injury was evaluated through histology, bronchoalveolar lavage (BAL) protein and cytokine levels,

and the expression of junctional, apoptotic, and oxidative stress markers using western blotting and
immunostaining. Survival was analyzed using Kaplan—Meier. Hyperoxia increased phosphorylated
EphA2, disrupted VE-cadherin, ZO-2, and claudin-5, and elevated BAL protein and cytokine levels.
EphA2 mAb pretreatment reduced histological injury, preserved junctional proteins, attenuated
cytokine responses, enhanced Akt phosphorylation, decreased Bcl-2 levels, and reduced oxidative
stress. Survival improved after 72 h of severe hyperoxia (p=0.045). EphA2/ephrinAl activation
contributed to HALI. EphA2 mAb pretreatment mitigated lung injury and preserved barrier integrity,
supporting EphA2 blockade as a potential barrier-protective strategy under severe hyperoxic stress.
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Acute respiratory distress syndrome (ARDS) and other causes of acute respiratory failure profoundly impair
pulmonary gas exchange and often require invasive mechanical ventilation with high-inspired oxygen fractions.
In this context, supplemental oxygen is prescribed as a life-saving intervention. However, the potential for
oxygen toxicity has been recognized for decades. Clinical and experimental data indicate that exposure
to supraphysiological oxygen tension can trigger hyperoxia-induced acute lung injury (HALI), which is
characterized by oxidative stress, alveolar-capillary barrier disruption, and progressive respiratory failure! .

Importantly, hyperoxia is not necessarily the primary driver of lung injury in typical ARDS and ventilator-
induced lung injury (VILI), where mechanical forces, biotrauma, and heterogeneous alveolar collapse contribute
substantially to VILI. However, sustained high oxygen exposure can be a major contributor to lung injury in
contexts (e.g., patients managed with hyperoxic strategies for neurologic indications, post-cardiac arrest care,
or during aeromedical evacuation when high FiO, is maintained). Accordingly, the HALI model in this study is
intended as a mechanism-focused platform to interrogate oxygen-toxicity-driven barrier disruption rather than
as a complete surrogate for ARDS.
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Although the optimal oxygenation targets for critically ill adults remain controversial, recent randomized trials
and meta-analyses comparing conservative and liberal oxygen strategies have underscored that both hypoxemia
and sustained hyperoxia may be harmful. Large trials on patients in mechanically ventilated intensive care unit
(ICU), including HOT-ICU and ICU-ROX, together with contemporary systematic reviews, have generally
failed to show a survival benefit of liberal oxygen therapy and highlighted the potential associations between
higher oxygen exposure and adverse outcomes®~. These findings reinforce that oxygen should be regarded as a
drug with a narrow therapeutic window, and better understanding of HALI pathobiology is required to inform
safer oxygen use at the bedside.

Experimental models have provided important mechanistic insights into HALI. Prolonged exposure to
highly inspired oxygen fractions overwhelms endogenous antioxidant defenses, leading to excess reactive
oxygen species (ROS) generation, mitochondrial dysfunction, and cell death in the pulmonary epithelium and
endothelium.!>* Hyperoxia promotes pulmonary edema, hyaline membrane formation, and microvascular
thrombosis, recapitulating several histological features of human ARDS. Recent studies have implicated
ferroptosis, autophagy dysregulation in type II alveolar epithelial cells, and endothelial proteomic remodeling
as additional contributors to HALI'*!2, Despite these advances, effective pharmacological strategies to directly
protect the alveolar—endothelial barrier during hyperoxic stress are still lacking.

Erythropoietin-producing hepatoma (Eph) receptors and their ephrin ligands constitute the largest family
of receptor tyrosine kinases and have emerged as key regulators of tissue patterning, vascular biology, and
inflammation!>!4. Eph receptors are categorized into the EphA and EphB subclasses based on their sequence
homology and binding preferences for glycosylphosphatidylinositol-anchored ephrin-A or transmembrane
ephrin-B ligands. EphA2, a prototypical EphA receptor, is widely expressed in epithelial and endothelial cells and
can modulate cytoskeletal organization, cell-cell adhesion, and barrier permeability. Experimental lung injury
models have shown that EphA2 expression is upregulated in response to viral infection, hypoxia, and bleomycin
and that EphA2 activation promotes endothelial permeability and inflammatory cell recruitment!*-16.

In the pulmonary microvasculature, EphA2/ephrinAl signaling has been linked to the disassembly of
tight and adherens junctions, including claudin-5, VE-cadherin, and zonula occludens proteins, as well as the
amplification of lung inflammation'*-'%. EphA2 antagonism attenuates lipopolysaccharide-induced acute lung
injury and reduces vascular leakage and oxidative stress, suggesting that EphA2 functions as a critical node at the
interface of vascular injury and inflammatory signaling!'”!8. Outside the lungs, EphA2 modulates the epithelial
barrier integrity in the upper airway and participates in host responses to respiratory pathogens, further
emphasizing its relevance in respiratory mucosal biology'®?’. However, whether EphA2/ephrinAl signaling
contributes specifically to the pathogenesis of hyperoxia-induced lung injury and whether EphA2 blockade can
preserve the alveolar-endothelial barrier during severe hyperoxia remains unclear.

Therefore, we investigated the role of EphA2/ephrinAl signaling in a murine model of HALI and determined
whether pharmacological inhibition of EphA2 using a monoclonal antibody could mitigate lung injury. Using
prolonged exposure to>95% oxygen to induce HALI, we first characterized time-dependent changes in EphA2
activation, barrier junction proteins, and inflammatory mediators. We then evaluated whether pretreatment with
an anti-EphA2 monoclonal antibody preserved alveolar-endothelial junctional integrity, reduced inflammation
and oxidative stress, and improved survival following a lethal hyperoxic insult. By elucidating the contribution
of EphA2/ephrinAl signaling to HALI and testing EphA2 blockade in vivo, this study aimed to provide a
mechanistic rationale for targeting EphA?2 as a potential therapeutic strategy for oxygen-induced lung injury.

Materials and methods
HALI model and experimental design
HALI was established using a sealed Plexiglas chamber supplied with 100% oxygen at a constant flow rate of
2-4 L/min as previously described. The fraction of inspired oxygen within the chamber was monitored using
an oximeter and was maintained at>95% throughout the exposure period. Control animals were maintained in
room air (21% O,).

We performed three sets of experiments (Additional File 1):

Time-course characterization of HALI and EphA2/ephrinA1l signaling

Mice were exposed to hyperoxia for 0, 24, 48, or 72 h to confirm the reproducibility of the HALI model
and assess temporal changes in EphA2/ephrinAl signaling. At each time point, mice were euthanized by
intraperitoneal injection of a lethal dose of Zoletil (30 mg/kg) and xylazine (Rompun, 10 mg/kg). Lung tissue
and bronchoalveolar lavage (BAL) fluid were collected for histological assessment, protein leakage, cytokine
measurements, and immunoblotting of signaling and junctional proteins.

Evaluation of EphA2 monoclonal antibody treatment at 72 h

For determining the effect of EphA2 blockade on established HALI, 12 mice were randomly allocated to three
groups at the level of the individual mouse within each cage to minimize cage effect: (i) normoxia plus phosphate-
buffered saline (PBS), (ii) hyperoxia plus PBS, and (iii) hyperoxia plus EphA2 monoclonal antibody (EphA2
mAb). EphA2 mAD (8 pg; R&D Systems, Minneapolis, MN, USA) was administered via tail vein injection as
a pretreatment before initiation of hyperoxia. All mice were exposed to hyperoxia for 72 h and euthanized to
collect BAL fluid and lung tissue. The dose of 8 pg was selected based on preliminary experiments showing
superior protection against BAL protein leakage compared with 4 pg. (Additional File 2).

Survival analysis after hyperoxic insult
Prolonged exposure to>95% oxygen for more than 72 h is uniformly lethal in this model, with an expected
mortality of approximately 60%-80% when the mice are returned to room air. Therefore, we used post-hyperoxic
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survival as an index of injury severity and treatment efficacy. Mice were exposed to hyperoxia for 72 h, returned
to normoxia (21% O,), and survival was monitored thereafter. Two groups were compared: (i) hyperoxia plus
intravenous PBS and (ii) hyperoxia plus intravenous EphA2 mAb (8 ug). Each group included 14 animals as
shown in the figure legends.

BAL and cell analysis

BAL was performed immediately after euthanasia using a tracheal cannula. The lungs were gently lavaged with
two sequential 1 mL sterile saline aliquots. The recovered BAL fluid was pooled and centrifuged at 400 x g for
10 min at 4 °C. The supernatant was aliquoted and stored at — 80 °C for subsequent protein and cytokine analyses.
The cell pellet was resuspended in 100 pL PBS.

Total BAL cell counts were determined using a hemocytometer, according to the manufacturer’s instructions.
For differential cell counts, 90 pL cell suspension was loaded into cytospin chambers, centrifuged at 600 rpm for
6 min, air-dried, and stained with a three-step Diff-Quik protocol (fixative, solution I, solution II), followed by
rinsing in distilled water. Differential counts were performed on the stained cytospin preparations using light
microscopy.

BAL protein concentration was measured using a bicinchoninic acid (BCA) protein assay kit (Pierce BCA,
Thermo Fisher Scientific, Rockford, IL, USA). After incubation at 37 °C for 30 min, the absorbance was recorded
at 562 nm using a microplate spectrophotometer, and protein concentrations were calculated from a standard
curve.

Lung histology and injury scoring

After BAL, pulmonary circulation was flushed with saline under low pressure through the right ventricle. The
right lung was snap-frozen at—80 °C for protein extraction. The left lung was inflated via tracheostomy with
10% neutral buffered formalin in PBS at a constant pressure of 25 cm H,O until the pleural margins became
sharp. The inflated lung was then excised, fixed overnight in 10% formalin, processed, embedded in paraffin, and
sectioned at 5-pum thickness.

Sections were stained with hematoxylin and eosin (H&E) and examined using light microscopy. Lung injury
was semi-quantitatively assessed in a blinded fashion by two independent investigators using the weighted
scoring system recommended by the American Thoracic Society for Experimental Acute Lung Injury. Five
pathological features (alveolar and interstitial edema, hemorrhage, inflammatory cell infiltration, hyaline
membrane formation, and atelectasis) were graded, and composite lung injury scores were calculated.

Cytokine and chemokine measurements in BAL fluid

The concentrations of selected cytokines and chemokines in BAL fluid were quantified using a multiplex
Magnetic Luminex® Screening Assay kit, according to the manufacturer’s instructions. All standards and samples
were run in duplicate and analyzed on a Luminex MAGPIX platform (Bio-Techne, Minneapolis, MN, USA).
The panel included interleukin (IL)-1f, IL-6, IL-10, tumor necrosis factor-a (TNF-a), keratinocyte-derived
chemokine/CXCL1, and macrophage inflammatory protein-2 (MIP-2/CXCL2).

Protein extraction and western blotting

Frozen lung tissue was homogenized in ice-cold radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-
HCI, pH 7.5; 150 mM NaCl; 1% Triton X-100; 1% sodium deoxycholate; 0.1% sodium dodecyl sulfate; and 2 mM
ethylenediaminetetraacetic acid) supplemented with a protease inhibitor cocktail. Homogenates were incubated
on ice for 20 min and centrifuged at 14,000 x g for 15 min at 4 °C. The supernatant was collected, mixed with
5 x SDS sample buffer, boiled for 5 min, and stored at— 80 °C until use.

Equal amounts of protein were separated on Tris—glycine gradient gels (Q-PAGE™, SMOBIO Technology,
Hsinchu City, Taiwan) and transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA).
The membranes were blocked for 1 h at room temperature in Tris-buffered saline containing 0.05% Tween-20
(TBS-T) and 5% nonfat dry milk.

The blots were incubated overnight at 4 °C with primary antibodies against EphA2, ephrinAl, Bcl-2, and
Z0-2 (Santa Cruz Biotechnology, Dallas, TX, USA); EphA2 and ephrinA1l (Thermo Fisher Scientific, Rockford,
IL, USA); phospho-EphA2, E-cadherin, phospho-Akt, and total Akt (Cell Signaling Technology, Danvers, MA,
USA); EphB4, ephrinB2, VE-cadherin, NOX4, Keapl, and vascular endothelial growth factor (VEGF; Abcam,
Cambridge, UK); and B-actin (Sigma-Aldrich, St. Louis, MO, USA). After five washes in TBS-T, the membranes
were incubated for 1 h at 37 °C with horseradish peroxidase-conjugated secondary antibodies (anti-rabbit, anti-
rat, or anti-mouse IgG; 1:2000 dilution; Thermo Fisher Scientific). After additional washes, bands were visualized
using enhanced chemiluminescence reagents (Thermo Fisher Scientific) and captured on a photographic film.
Only linear adjustments to brightness and contrast were applied uniformly to the entire image. No nonlinear
adjustments, selective enhancement, or removal of bands were performed. Densitometric analysis was performed
using standard image analysis software, with B-actin serving as a loading control.

Immunohistochemical analysis and immunofluorescence
Formalin-fixed, paraffin-embedded lungs were serially sectioned for immunohistochemical analysis (IHC)
and immunofluorescence (IF). For IHC, the sections were stained using an automated immunostainer (DAKO
Autostainer Link 48) with primary antibodies against VEGE, VE-cadherin, and claudin-5 (Abcam; 1:50).
Detection was performed using an appropriate secondary system and a chromogenic substrate, followed by
hematoxylin counterstaining using an H&E stainer (Leica Autostainer XL, CV5030).

For IF, 4 um sections were deparaffinized, rehydrated, permeabilized in 0.5% Triton X-100 (Sigma-Aldrich),
and blocked with CAS-Block™ Histochemical Reagent (Thermo Fisher Scientific). Sections were incubated
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with polyclonal rabbit anti-4-hydroxynonenal (4-HNE) antibody (1:100, ab46545, Abcam) and monoclonal
mouse anti-E-cadherin antibody (1:100, sc-8426, Santa Cruz Biotechnology). After washing, the sections were
incubated with goat anti-rabbit IgG (H+L) Alexa Fluor 488 (1:100, A11008, Thermo Fisher Scientific) and goat
anti-mouse IgG (H+L) Texas Red (1:100, ab6787, Abcam) for 2 h at 25 °C. Nuclei were counterstained with
Fluoroshield™ mounting medium containing DAPI (Sigma-Aldrich).

Fluorescent images were acquired using a THUNDER Imager Tissue microscope (Leica Microsystems,
Wetzlar, Germany). The signal intensity and area of positive staining were quantified using the LAS X software
(Leica Microsystems) and ImageJ software (National Institutes of Health, Bethesda, MD, USA). All image
analyses were performed under identical settings by two independent observers who were blinded to group
allocation.

Statistical analysis

Data are presented as median (interquartile range, IQR) for box-and-whisker plots and as mean + standard
deviation (SD) or mean + standard error of the mean (SEM) for bar graphs, as specified in the figure legends.
Each dot represents one mouse; duplicate technical measurements were averaged per mouse. Group comparisons
were performed using two-sided unpaired ¢-tests or one-way analysis of variance (ANOVA) with Bonferroni’s
multiple-comparison test. Survival curves were generated using the Kaplan-Meier method and compared using
log-rank tests. Statistical analyses were conducted using the GraphPad Prism software (version 5.0; GraphPad
Software, San Diego, CA, USA). A two-sided p-value <0.05 was considered statistically significant.

Results

Time-dependent development of hyperoxia-induced lung injury and EphA2/ephrinAl
activation

Prolonged exposure to>95% oxygen results in progressive structural and inflammatory lung injury.
Compared to normoxic controls, mice exposed to hyperoxia for 24, 48, and 72 h exhibited increasingly severe
histopathological changes, including alveolar and interstitial edema, inflammatory cell infiltration, and hyaline
membrane formation. These changes were reflected by a stepwise increase in composite lung injury scores and
BAL protein concentrations, indicating disruption of the alveolar-endothelial barrier (Additional Files 3A, 3C).

Hyperoxia elicits robust inflammatory responses. IL-1B, TNF-q, IL-6, and MIP-2 levels in BAL fluid rose in
a time-dependent manner with increasing duration of oxygen exposure (Additional File 3E). Consistent with
barrier injury, the expression of tight and adherens junction proteins, including VE-cadherin, VEGE and ZO-2,
progressively reduced in the lung tissue, as demonstrated by immunoblotting and immunostaining (Additional
Files 3G, 3H). These changes were most pronounced after 72 h of hyperoxia.

At the signaling level, hyperoxia induces the activation of pro-survival and stress pathways. Phosphorylated
Akt and anti-apoptotic protein Bcl-2 levels increased over time in hyperoxic lungs, which is consistent with
previous observations that Akt activation is accompanied by early endothelial damage under hyperoxic
conditions. In parallel, phosphorylated EphA2 expression was upregulated with prolonged oxygen exposure,
whereas changes in EphB4/ephrinB2 expression were less prominent, suggesting preferential involvement of
EphA2/ephrinAl signaling in HALIL

EphA2 monoclonal antibody improves lung injury and survival after hyperoxia

To test whether EphA2 blockade attenuates HALI, the mice were randomized to receive normoxia plus PBS,
hyperoxia plus PBS, or hyperoxia plus EphA2 mAb. Representative H&E-stained sections showed that EphA2
mAb treatment reduced alveolar edema, vascular congestion, and hyaline membrane formation compared with
hyperoxic PBS treatment (Fig. 1A). Quantitatively, the lung injury scores were significantly lower in the EphA2
mAb group (p=0.012), indicating substantial histological protection (Fig. 1C). BAL protein concentrations
were increased under hyperoxia (PBS). When comparing the two hyperoxia groups, EphA2 mAb pretreatment
showed a lower BAL protein concentration relative to the PBS group; however, this difference did not reach
statistical significance, indicating a trend toward reduced protein leakage. (Fig. 1B).

Next, we evaluated whether the EphA2 blockade translated into improved survival following a severe
hyperoxic insult. The mice were exposed to>95% oxygen for 72 h, returned to room air, and survival was
monitored. In the absence of treatment, hyperoxia is associated with high mortality rates. Pretreatment with
EphA2 mAb conferred a significant survival advantage compared with PBS pretreatment (p=0.045 by log-
rank test; Fig. 1D), suggesting that preservation of the alveolar-endothelial barrier during the insult improves
outcomes after returning to normoxia.

In BAL fluid, EphA2 mAb treatment decreased levels of IL-10 and TNF-a and tended to reduce IL-6, although
not all changes reached statistical significance (Fig. 1E). Because the lungs were harvested immediately after
prolonged hyperoxia, secondary inflammatory cascades may have been incompletely developed at the time of
sampling, potentially blunting detectable differences.

EphA2 blockade preserves junctional proteins and modulates Akt/Bcl-2 signaling
Western blot analysis demonstrated that EphA2 mAb pretreatment effectively suppressed the hyperoxia-induced
phosphorylation of EphA2 and reduced ephrinAl expression (Fig. 2; Additional File. 4). Importantly, the
EphA2 mADb restored the expression of key junctional proteins that were disrupted by hyperoxia. VE-cadherin,
E-cadherin, and ZO-2 levels, which decreased in hyperoxic PBS-treated lungs, were markedly preserved in the
EphA2 mAb group (Fig. 2).

Simultaneously, the EphA2 blockade influenced intracellular survival pathways. Phosphorylated Akt further
increased in EphA2 mAb-treated lungs compared with the hyperoxic control lungs, whereas Bcl-2 expression
was reduced (Fig. 2). Although the precise mechanisms underlying these changes remain to be clarified, these
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Fig. 1. EphA2 monoclonal antibody (mAb) protects against hyperoxia-induced acute lung injury (HALI) in
model mice. (A) Hematoxylin and eosin (H&E)-stained lung sections show reduced vascular engorgement,
hyaline membrane formation, and alveolar edema in the EphA2 mAb group. (B) BAL fluid protein
concentrations showed a decreasing trend in the EphA2 mAb group compared with the PBS group under
hyperoxia. In (B), the asterisk (*) indicates the comparison between Normoxia and O, 72H + PBS. (C) Lung
injury scores were lower in the EphA2 mAb group compared with the PBS group. (D) EphA2 mAb improved
survival after 72 h hyperoxia compared with PBS (log-rank p=0.045; n=14 per group). (E) Cytokine
analysis of BAL fluid shows lower IL-10 and TNF-a in the EphA2 mAb group. In (E), statistical comparisons
were performed using unpaired two-tailed t-tests for the indicated pairwise comparisons (Normoxia vs O,
72H+PBS and O, 72H + PBS vs O, 72H + EphA2). In (B) and (C), data are presented as median (IQR). In (E),
data are presented as mean + SEM. Each dot represents one mouse (biological replicate; normoxia n=3, O,
72H+PBS n=4, O, 72H + EphA2 n=4). *p<0.05, **p<0.01, **p <0.001 (where indicated).
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Fig. 2. Western blot analysis of the effect of the EphA2 monoclonal antibody (mAb) on the hyperoxia-
induced acute lung injury (HALI) mouse model. (A) Western blot analysis showed that phosphorylated
EphA2 and EphrinA1l were suppressed by EphA2 mAb. Treatment with EphA2 mADb restored the expression
of VE-cadherin and E-cadherin. The EphA2 mAb further activated phosphorylated Akt and decreased
Bcl-2 expression. (*p <0.05, **p <0.01, ***p <0.001). For presentation, bands were cropped from the same
original membranes, and any non-adjacent lanes are separated by white spaces. Uncropped images of the
corresponding membrane pieces with boundaries and edges visible are provided in Supplementary Fig S1.

observations suggest that EphA2 inhibition may shift the balance of signaling to stabilize endothelial-epithelial
junctions while modulating apoptotic responses.

EphA2 monoclonal antibody maintains VEGF and claudin-5 expression and VE-cadherin
localization

Immunohistochemical staining corroborated the western blot results. In hyperoxic PBS-treated mice, VEGF
and claudin-5 expression in the pulmonary vasculature and alveolar walls were diminished, and VE-cadherin
staining along the endothelial borders, particularly in the peripheral lungs, was markedly disrupted. EphA2
mAb treatment preserved VEGF and claudin-5 staining and restored continuous VE-cadherin localization at
cell-cell junctions (Fig. 3A-C). These data support the conclusion that EphA2 blockade helps maintain the
structural integrity of the alveolar-endothelial barrier during hyperoxic stress.

EphA2 blockade reduces oxidative stress in hyperoxic lungs

To assess oxidative stress, we performed IF staining for 4-HNE, a lipid peroxidation product, and E-cadherin
to identify alveolar epithelial cells. In hyperoxic PBS-treated lungs, the 4-HNE signal markedly increased in
epithelial cells, consistent with substantial oxidative injury. In contrast, the EphA2 mAb reduced 4-HNE staining
in E-cadherin-positive cells (Fig. 4), indicating that EphA2 blockade mitigates hyperoxia-induced oxidative
damage in the alveolar epithelium.

Discussion

In this experimental study, we demonstrated that EphA2/ephrinA1l signaling was activated in a murine model of
HALI and that pharmacological EphA2 blockade through monoclonal antibody administration attenuated lung
injury, preserved the alveolar-endothelial barrier, and improved survival following a severe hyperoxic insult.
Our data added to the prior work on the role of EphA2/ephrinA1l in lung injury and supported EphA2 blockade
as a potential barrier-protective strategy under severe hyperoxic exposure.

Consistent with previous reports, prolonged exposure to high-inspired oxygen fractions led to progressive
disruption of the alveolar—capillary barrier, increased BAL protein leakage, and caused a robust inflammatory
response characterized by elevated IL-1f, IL-6, TNF-a, and MIP-2. The histological features typical of HALI,
including alveolar edema, hyaline membranes, and interstitial inflammation, became more pronounced with
prolonged exposure to hyperoxia. In parallel, the expression of tight and adherens junction proteins, such as VE-
cadherin, claudin-5, VEGE and ZO-2, decreased, highlighting the structural disintegration of both endothelial
and epithelial barriers.

We observed a clear temporal association between hyperoxia and the activation of EphA2/ephrinA1l signaling
in the lungs, whereas EphB4/ephrinB2 changes were less prominent. This pattern is consistent with previous
studies showing that EphA2 is upregulated in experimental lung injury models, including bleomycin- and VILI
models, and that EphA2 activation promotes endothelial permeability and inflammatory cell recruitment?'=%.
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(A) VEGF (IHC staining)

Normoxia - PBS 72hr Hyperoxia - PBS 72 hr Hyperoxia - EphA2 (8ug)

(B) VE-cadherin (IHC staining)

Normoxia - PBS 72hr Hyperoxia - PBS

(C) Claudin-5 (IHC staining)
Normoxia - PBS 72hr Hyperoxia - PBS 72 hr Hyperoxia — EphA2 (8ug)

Fig. 3. Immunohistochemical staining for the effect of EphA2 monoclonal antibody (mAb) on the hyperoxia-
induced acute lung injury (HALI) mouse model. The EphA2 mAb restored VEGF (A) and claudin-5 expression
as shown by immunohistochemical (THC) staining (C). EphA2 mAb restored VE-cadherin expression (B) at
the edges of mouse lungs, as shown by IHC staining. (*p <0.05, **p <0.01, ***p <0.001).

Taken together, these data support a model in which hyperoxia triggers EphA2/ephrinA1l signaling, which in
turn contributes to cytoskeletal remodeling, junctional disruption, and increased vascular leak.

Blocking EphA2 with an mAb exerts multiple protective effects. Histologically, EphA2 mAb reduced
edema, hyaline membranes, and inflammatory infiltration, resulting in significantly lower lung injury scores.
At the functional level, BAL protein concentrations showed a downward trend, and post-hyperoxic survival
significantly improved. The survival benefit was particularly notable because the insult was severe (72 h of >95%
oxygen), and even the modest preservation of barrier function during this period likely had a large impact once
the animals were returned to room air.

Mechanistically, the EphA2 blockade stabilizes the key junctional proteins critical for barrier integrity.
VE-cadherin and claudin-5 are essential components of the adherens and tight junctions in the pulmonary
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Fig. 4. Effect of EphA2 monoclonal antibody (mAb) on oxidative stress of hyperoxia-induced acute lung
injury (HALI). The EphA2 mADb suppresses oxidative stress in lungs during hyperoxia-induced acute lung
injury. Representative immunostaining of 4-HNE (green) in lung epithelial cells (E-Cadherin, Red) during
hyperoxia-induced acute lung injury. (4-HNE is an oxidative stress marker).

endothelium, and their degradation is a hallmark of increased vascular permeability. In our study, EphA2 mAb
preserved VE-cadherin, E-cadherin, claudin-5, ZO-2, and VEGF expression and maintained VE-cadherin
localization at endothelial borders, suggesting that interrupting the EphA2 signaling prevents junctional
disassembly during hyperoxic stress. These findings are consistent with those of previous in vitro studies showing
that ephrinA1/EphA2 activation induces rearrangement and internalization of junctional proteins, leading to
increased permeability'*!>23-26,

The observed changes in Akt and Bcl-2 further support the role of EphA2 in modulating cell survival
pathways in HALI. Hyperoxia alone induces transient Akt phosphorylation and Bcl-2 upregulation, reflecting
the activation of pro-survival signaling in response to oxidative injury. Interestingly, treatment with EphA2
mAb was associated with increased Akt phosphorylation and reduced Bcl-2 expression?”?8. One possible
interpretation is that EphA2 blockade alters upstream signaling such that Akt-mediated barrier-stabilizing
effects are maintained, whereas anti-apoptotic signaling normalizes as the overall injury burden decreases®.
However, our data do not allow definitive mechanistic conclusions and additional studies using genetic models
are needed to dissect these pathways.

EphA2 mAb also reduced oxidative stress, as evidenced by decreased 4-HNE accumulation in alveolar
epithelial cells*®*!. HALI is partially driven by excess ROS generation, which overwhelms endogenous
antioxidant defenses and damages lipids, proteins, and DNA3***. By limiting oxidative injury in epithelial cells,
EphA2 blockade may interrupt feed-forward cycles of inflammation and barrier disruption, further contributing
to lung protection'®.

With respect to clinical relevance, we emphasize that HALI does not recapitulate the full complexity of
ARDS and VILI, in which mechanical stress and regional heterogeneity are major drivers of injury. Instead,
our findings are most directly applicable to clinical scenarios in which high FiO, exposure is sustained and may
become a dominant contributor to barrier disruption —for example, neurologic patients receiving hyperoxic
support, post-cardiac arrest management, or conditions such as aeromedical evacuation where oxygen delivery
constraints lead to prolonged high inspired oxygen fractions.

Our study has several limitations. First, we used a pharmacological approach and did not use EphA2- or
ephrinAl-deficient mice. Although the specificity of the EphA2 mAb and the consistency of our findings
support a causal role for EphA2, genetic models would provide more definitive evidence. Second, we did not
directly address why alveolar endothelial cells appear particularly vulnerable in HALI, nor did we separately
quantify the endothelial versus epithelial contributions to barrier failure. High-resolution imaging and cell
type-specific approaches are required to elucidate how EphA2 signaling operates in distinct pulmonary
compartments. Third, we focused on pretreatment with a single dose of EphA2 mAb, reflecting the technical
constraints of repeated injections into a sealed hyperoxia chamber. Clinically, prolonged high FiO, exposure
is often anticipated in selected settings (e.g., neurologic indications or situations where lower oxygen targets
cannot be safely maintained); therefore, prophylactic targeting may be feasible in such contexts. Future studies
should evaluate therapeutic windows and dosing regimens that better reflect clinical practice. Lastly, we only
used male C57BL/6 ] mice; therefore, sex as a biological variable may influence HALI susceptibility and EphA2-
related signaling. Future studies should include both sexes and evaluate sex-stratified effects.

Despite these limitations, this study has several important implications. From a mechanistic standpoint, it
strengthens the concept that EphA2/ephrinAl signaling is a central regulator of alveolar-endothelial barrier
integrity under injurious conditions, extending this role from endotoxin- and ventilator-induced injury to
hyperoxia. From a translational perspective, these data suggest that EphA2-directed approaches may mitigate
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oxygen-induced lung damage, particularly in clinical scenarios in which lower oxygen targets cannot be safely
maintained. Finally, because oxygen therapy is ubiquitous in critical care, strategies that blunt its toxic effects
without compromising the gas exchange could have a broad impact.

Conclusion

In a murine model of HALI, EphA2/ephrinAl signaling was activated in parallel with the disruption of
junctional proteins, oxidative stress, and inflammation. Pharmacological blockade of EphA2 with a monoclonal
antibody preserved alveolar—endothelial junctional integrity, reduced histological injury and protein leakage,
attenuated inflammatory and oxidative responses, and improved survival after severe hyperoxic insult. These
findings support a proof-of-concept that EphA2 blockade can preserve barrier integrity under severe hyperoxic
stress, warranting further studies to define therapeutic windows and dosing regimens.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary files.
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