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Abstract: Diabetes mellitus (DM) is one of the most prevalent diseases globally, and its prevalence
is rapidly increasing. Most patients with a long-term history of DM present with some degree
of keratopathy (DK). Despite its high incidence, the underlying inflammatory mechanism of DK
has not been elucidated yet. For further insights into the underlying immunopathologic processes,
we utilized streptozotocin-induced mice to model type 1 DM (T1D) and B6.Cg-Lepob/J mice to
model type 2 DM (T2D). We evaluated the animals for the development of clinical manifestations
of DK. Four weeks post-induction, the total frequencies of corneal CD45+CD11b+Ly-6G− myeloid
cells, with enhanced gene and protein expression levels for the proinflammatory cytokines TNF-α
and IL-1β, were higher in both T1D and T2D animals. Additionally, the frequencies of myeloid
cells/mm2 in the sub-basal neural plexus (SBNP) were significantly higher in T1D and T2D compared
to non-diabetic mice. DK clinical manifestations were observed four weeks post-induction, including
significantly lower tear production, corneal sensitivity, and epitheliopathy. Nerve density in the
SBNP and intraepithelial terminal endings per 40x field were lower in both models compared to the
normal controls. The findings of this study indicate that DM alters the immune quiescent state of
the cornea during disease onset, which may be associated with the progressive development of the
clinical manifestations of DK.

Keywords: diabetes mellitus; cornea; diabetic keratopathy; corneal nerves; myeloid cells

1. Introduction

Diabetes mellitus (DM) is a chronic disorder affecting over half a billion individuals
worldwide, and its prevalence is estimated to increase by 165% in the United States and
more than 50% globally by 2050. A similar exponential increase is projected in the majority
of developed and developing countries [1]. In the eye, DM affects the posterior and
anterior ocular and adnexal tissues [2–8]. In the retina, DM induces neovascularization and
microvascular damage, causing retinopathy [9–12], which is one of the leading causes of
vision loss. DM is known to cause ocular surface changes, leading to a higher incidence
of ocular surface disease, including dry eye, in diabetic patients [13–16]. Additionally,
DM is also associated with other ophthalmic disorders, such as glaucoma [17,18] and
cataracts [10,19].

Diabetic keratopathy (DK) is a chronic, sight-threatening condition affecting the
cornea due to deviation from the normal wound-healing mechanisms due to corneal
nerve damage and exhibits a spectrum of clinical manifestations, such as recurrent epithe-
lial erosions, superficial punctate keratopathy, and decreased corneal sensitivity. These
pathogenic changes are non-responsive to the available treatments and impact the quality
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of life [2,4–6,8,9,20–22]. Considering the rapidly increasing DM prevalence and high inci-
dence of DK in patients with long-term disease [7,8,23,24], its prevalence will likely surpass
all other ocular pathologies. Although DK patients have similar clinical presentations to
neurotrophic keratopathy (NK) [25], the underlying pathological mechanisms in NK are
exclusively neuropathic, whereas DK is primarily an inflammatory disorder and is caused
by underlying immune cell-mediated mechanisms, which are not completely understood
yet [26,27]. Therefore, it is pertinent to develop a better understanding of the immune
cell-mediated pathological changes in the diabetic cornea and their association with the
development of the clinical manifestations of DK.

Corneal immune cells are bone marrow-derived CD45+CD11b+ myeloid immune cells
that were first phenotyped and functionally characterized by our laboratory [28–30]. These
cells share numerous functional properties with other bone marrow-derived myeloid cells.
The corneal myeloid cell population has a predominantly immune-quiescent phenotype,
i.e., low MHC-II, costimulatory molecule expression, and cytokine production [28,29].
However, these cells can acquire a highly mature and proinflammatory phenotype if
stimulated, altering the corneal immune privilege [31,32].

Herein, we assessed the effect of DM on corneal myeloid cell infiltration and activation
and the association with the development of the clinical manifestations of DK. In this
work, we used both insulin-deficient STZ-induced type 1 diabetes (T1D) and insulin-
resistant type 2 diabetes (T2D; Lepob/ob) mouse models. We used well-established cellular
and molecular techniques combined with intravital clinical imaging in vivo to assess the
changes in the diabetic cornea and its relationship with the development of the clinical
manifestations of DK. We observed increased myeloid cell infiltration with enhanced
proinflammatory phenotypes in the corneas of both T1D and T2D mice during disease
onset and enhanced clinical manifestations of DK.

2. Materials and Methods
2.1. Animals

Six-week-old male and female C57BL/6 mice (Charles River Laboratories, Wilmington,
MA, USA) and 4-week-old male and female B6.Cg-Lepob/J mice (Lepob/ob, Jackson Labo-
ratory, Bar Harbor, ME, USA) were used. All the animals were housed in a pathogen-free
vivarium at the animal facility at Schepens Eye Research Institute of Massachusetts Eye
and Ear (Protocol no. 2021N000247) and treated in strict compliance with the Association
for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic
and Visual Research. All the experimental protocols were approved by the Institutional
Animal Care and Use Committee. We used the corneas of six animals per group for all
the experiments.

2.2. Diabetes Induction and Glycemic Control

DM was induced in C57BL/6 mice (Figure 1A) via the daily intraperitoneal injection of
50 mg/kg streptozotocin (STZ) (Sigma-Aldrich GmbH, Steinheim, Germany) dissolved in
0.05 M sodium citrate buffer for five days, as performed previously [33]. At the same time,
4-week-old B6.Cg-Lepob/J mice were purchased and incorporated into the vivarium. The
mice were on a normal diet, and the blood glucose concentration (BGC) was measured once
a week using a blood glucose monitor (Lifescan Inc., Milpitas, CA, USA) [34]. STZ-induced
mice with a BGC of at least 11.1 mmol (300 mg/DL) for at least two consecutive weeks
were considered diabetic. The animals were also weighed once a week. Lepob/ob mice are
considered diabetic on arrival [35].

2.3. Corneal Single-Cell Suspensions

The excised corneas were digested in RPMI-1640 media (Lonza Inc., Lexington, MA,
USA) containing 2 mg/mL DNase I (Roche GmbH, Mannheim, Germany) and 0.5 mg/mL
Collagenase D (Roche GmbH, Mannheim, Germany) for one hour at 37 ◦C and filtered
through a 70-µm cell strainer.
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Figure 1. Diabetes-associated changes in mice. (A) Schematic diagram showing the induction of type 
1 diabetes (T1D) with streptozotocin (STZ) injection in 8-week-old C57BL/6 mice that were followed 
up for 12 weeks. Once a week, (B) the blood glucose concentration (BGC) was measured, and (C) 
the animals were weighed. For type 2 diabetes (T2D), 4-week-old B6.Gg-Lepob/ob transgenic mice 
were used and followed up for 12 weeks. Normal, age-matched non-diabetic (ND) mice were used 
as the controls. 
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Figure 1. Diabetes-associated changes in mice. (A) Schematic diagram showing the induction of
type 1 diabetes (T1D) with streptozotocin (STZ) injection in 8-week-old C57BL/6 mice that were
followed up for 12 weeks. Once a week, (B) the blood glucose concentration (BGC) was measured,
and (C) the animals were weighed. For type 2 diabetes (T2D), 4-week-old B6.Gg-Lepob/ob transgenic
mice were used and followed up for 12 weeks. Normal, age-matched non-diabetic (ND) mice were
used as the controls.
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2.4. Flow Cytometry Analysis

The cell suspensions were incubated in phosphate-buffered saline with Zombie UV
antibody (INDO-1/violet, 1:1000; BioLegend Inc., San Diego, CA, USA) for 20 min to
differentiate the live cells from the non-viable cells, washed with 10% fetal bovine serum,
and incubated with an Fc receptor-blocking antibody (R&D Systems, Minneapolis, MN,
USA) for 20 min. The cells were stained with fluorescence-conjugated antibodies or isotype
controls (Supplementary Table S1). The stained cells were analyzed using an LSRII flow
cytometer (BD Biosciences Inc., San Jose, CA, USA), and the acquired data were analyzed
using FlowJo software version 10.8.2 (FlowJo LLC, Ashland, OR, USA).

2.5. Cell Sorting

CD45+CD11b+ cells were FACS-sorted from the single-cell suspensions derived from
the corneoscleral tissue of diabetic and non-diabetic mice cells using a FACS sorter (BD
FACSAria II; BD Biosciences Inc., San Jose, CA, USA). After sorting, the CD45+CD11b+ cells
were stimulated with phorbol 12-myristate 13-acetate (PMA; 50 ng/mL; Sigma Aldrich
Corp., St. Louis, MO, USA) and ionomycin (500 ng/mL; Sigma Aldrich Corp., St. Louis,
MO, USA) for 6 h and the protein concentration of the cytokines (TNF-α, IL-1β; Invitrogen
Inc., Carlsbad, CA, USA) in the supernatant was assessed via conducting an ELISA.

2.6. Polymerase Chain Reaction

The sorted cells were frozen in TRIzol (Invitrogen Inc., Carlsbad, CA, USA) at −80 ◦C.
The total RNA was extracted using a commercially available kit, specifically the Rneasy
Micro Kit (Qiagen Inc., Germantown, MD, USA), and reverse transcription was performed
using the Super Script®III Kit (Invitrogen Inc., Carlsbad, CA, USA). To increase the sensi-
tivity, three rounds of pre-amplification were performed, and a real-time polymerase chain
reaction (qRT-PCR) was performed using Universal Taqman PCR Mastermix (Applied
Biosystems Inc, Foster City, CA, USA) and FAM dye-labeled predesigned primers (Applied
Biosystems Inc, Foster City, CA, USA) were used for the amplification of the genes express-
ing TNF-α, IL-1β, and GAPDH. The qRT-PCR was performed on an Eppendorf Mastercycler
(Eppendorf North America, New York, NY, USA). The results were analyzed using the
comparative threshold cycle method and normalized to GAPDH as an internal control.

2.7. Immunostaining and Confocal Microscopy

To examine the corneal nerve morphology and density, both the corneas of the mice
(n = 6 mice per group) were carefully dissected and fixed in 4% paraformaldehyde solution
for 40 min at room temperature. Before further processing, four radial relaxing incisions
were performed in the corneas. Subsequently, the corneas were rinsed with PBS containing
0.1% bovine serum albumin (BSA) and blocked with a 1% BSA solution in PBS, along with
0.1% Triton X-100 for 2 h. The corneas were incubated with primary conjugated antibodies
anti-β-tubulin-III NL557 (Tuj1, R&D System, Minneapolis, MN, USA) and anti-CD11b-FITC
(BioLegend Inc., San Diego, CA, USA) (1:200) for 24 h at 4 ◦C. Subsequently, the corneas
were rinsed with PBS and mounted in a medium containing DAPI (VectaShield; Vector
Laboratories, Burlingame, CA, USA). The corneas were imaged using a confocal microscope
(TCS-SP8, Leica Microsystems, Bannockburn, IL, USA). The nerve density and immune
cells were quantified using ImageJ software version 1.54f with the NeuronJ plugin (National
Institutes of Health, Bethesda, MD, USA).

2.8. Tear Volume Assessment

Tear volume was determined via a phenol red thread test (PRTT) (FCI Ophthalmics,
Tokyo, Japan) at baseline, 4, 8, and 12 weeks. For the tear volume assessment, we included
both eyes of six animals per group. The tip thread was placed on the lateral cantus of the
eye for 30 s, and the extent of color change was assessed as previously detailed [36].
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2.9. Corneal Sensitivity Assessment

The corneal sensitivity was measured using a Cochet-Bonnet esthesiometer (Luneau
Ophthalmologie, Paris, France), using nylon monofilaments with a maximal length of 60 mm
and a diameter of 0.12 mm at baseline, 4, 8, and 12 weeks [36,37]. For the corneal nerve
sensitivity assessment, we included both eyes of six animals per group. The central cornea
of each eye was touched once using the full-length filaments, and the blinking response was
interpreted as a positive result in the test. If a blinking response was not elicited, the length
of the thread was progressively reduced by 5 mm each time until a blinking response was
obtained. To ensure the reliability of the measurements, this process was repeated 5 times
in each eye.

2.10. Corneal Epitheliopathy Assessment

After verifying the corneal transparency and the integrity of the anterior segment
of the eye via a slit lamp examination, the corneal epitheliopathy was assessed using
corneal fluorescein staining (CFS). Briefly, 1 µL of 2.5% fluorescein (Sigma-Aldrich GmbH,
Steinheim, Germany) was administered to the lateral conjunctival sac of the mice, and
the corneal examination was performed under cobalt blue light using a slit lamp. The
assessment was performed in a blinded manner, and the epitheliopathy was graded using
the National Eye Institute (NEI) system, grading punctate staining in each of the five
corneal areas on a scale of 0 to 3—central, superior, inferior, nasal, and temporal—with a
total score range of 0 to 15 per eye.

2.11. Optical Coherence Tomography

Optical coherence tomography (OCT) imaging was performed after slit lamp ex-
amination. As per our established protocol [38,39], the mice were anesthetized with
ketamine/xylazine, and topical anesthesia using 0.5% proparacaine ophthalmic solution
(1–2 drops) was applied to both eyes. For the evaluation of changes in the epithelial layer
and central corneal thickness, we utilized an anterior segment optical coherence tomog-
raphy (AS-OCT) system (Bioptigen Spectral Domain Ophthalmic Imaging System Envisu
R2200) equipped with a 12-mm telecentric cornea lens. The changes in the central corneal
thickness were quantified using the built-in software.

2.12. In-Vivo Confocal Microscopy

In-vivo confocal microscopy (IVCM) was performed to assess the alterations in the
central corneal anatomy, as performed in previous studies [40,41]. The mice were anes-
thetized with an intraperitoneal injection of ketamine/xylazine. Ophthalmic gel (GenTeal,
Novartis, St. Louis, MO, USA) was used to create a coupling immersion interface with a
refractive index (n = 1.339) similar to water (n = 1.333 at 20 ◦C) and for lubrication. The
laser scanning Heidelberg Retina Tomograph III (HRT III) with the Rostock Corneal Mod-
ule (RCM) (Heidelberg Engineering GmbH, Germany) with a diode laser with a 670 nm
wavelength and a 60× objective immersion lens was used to perform the imaging of both
the eyes. The images were obtained in an area of 400 × 400 µm, with a transverse optical
resolution of approximately 1 mm/pixel of all the different layers of the cornea. The ep-
ithelium and sub-basal nerves were subjectively evaluated, while both the subepithelial
dendritic cell and endothelial cell density (cells/mm2) were quantified in each frame using
built-in software [38,39].

2.13. Statistical Analyses

Prism 9.5.1 (GraphPad Software, San Diego, CA, USA) was used for the statistical
analysis, and ImageJ (National Institutes of Health, Bethesda, MD, USA) was used for cell
quantification and nerve density analysis. A pre-study power analysis was performed, and
six mice per group were included to achieve a statistical significance of 0.80. A significance
of 0.80 was determined using G*Power 3.1 analysis using the following parameters: F tests,
ANOVA: fixed effects, special, main effects, and interactions, an effective size f of 2 (based
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on partial η2 of 0.8), a numerator df of 2 (k − 1), and the number of groups set to 3 (k = 3).
The two-tailed student’s t-test with Sidak’s correction was used for the quantitative data
analysis between the two groups. An analysis of variance (ANOVA) with a Bonferroni
correction was performed to determine the differences between the means of three or more
independent (unrelated) groups. The results are presented as the mean ± standard error of
the mean (SEM). The p-values of ≤0.05 were considered statistically significant.

3. Results
3.1. Weight and Blood Glucose Concentration Changes on Diabetes Induction in Mice

Following STZ-induction, we assessed the blood glucose concentration (BGC) and
body weight to confirm T1D onset. Although a sustained BGC over 300 mg/dL is catego-
rized as hyperglycemia, we observed the BGC increased to ~400 mg/dL during week 1
(Figure 1B). At 5 weeks post-induction, all the mice had a BGC higher than the maximum
(600 mg/dL) detected using the glucometer, and no difference was observed between the
male and female mice (n = 12/group). The STZ treatment resulted in a significant weight
loss in the first four weeks post-induction compared to non-diabetic (ND) mice (Figure 1C).
Thereafter, T1D mice had a steady weight, which moderately increased with aging. The
relatively high drop in the weight of diabetic males compared to females was due to higher
resistance to the diabetogenic effects of STZ in the latter [42]. The significant increase in
the BGC following STZ induction and the decreased weight demonstrate the development
of T1D in STZ-treated mice. For modeling T2D, we used Lepob/ob mice that underwent
transient hyperglycemia at 8 weeks, then the BGC progressively reduced until the mice
were 16 weeks old and presented normoglycemia. These changes are well-documented by
the vendor providing the mice [43]. However, the body weight was significantly increased
(up to 60 g) in 16-week-old mice [43]. Considering the well-being of the obese animals, we
established 16 weeks as the endpoint for the experiments with Lepob/ob mice.

3.2. Impact of Diabetes on the Corneal Anatomy and Cellular Morphology

The diabetic mice were evaluated for anatomical and morphological changes in the
cornea. We did not observe any changes in the corneal transparency or neovascularization
upon slit lamp examination in either the diabetic or non-diabetic mice (Figure 2A). Addi-
tionally, no evidence of inflammatory cell infiltration was observed in the anterior chamber
upon examination, which was further confirmed via AS-OCT (Figure 2B). However, the
corneal epithelium appeared hyperreflective in diabetic mice, indicating cell death in the
apical stratum (as observed via IVCM) compared to non-diabetic mice (Figure 2C). We
did not detect significant differences in the CEnC density in age-matched diabetic and
non-diabetic mice (Figure 2D,E,H). The total central corneal and epithelial thicknesses were
comparable between both of the groups (Figure 2F,G). These observations indicate that
diabetes does not impact the corneal anatomy; however, the disease induces cell death in
the corneal epithelium.

3.3. A Diabetic State Induces Corneal Myeloid Cells to Acquire a Proinflammatory Phenotype in
Myeloid Cells

The normal cornea has a heterogeneous population of myeloid immune cells that
are typically in a quiescent state [31]; however, the changes in the ocular surface milieu
activate these immune cells [31,32]. As highlighted in the previous sections, there were
no changes in the corneal anatomy over three months post-DM induction. It is well
established that DM significantly impacts epithelial integrity [27], which may be associated
with alterations in the immune population. Therefore, we investigated changes in the
myeloid immune population post-DM induction in mice. The frequencies of myeloid cells
profiled as CD45+CD11b+ were significantly increased in the corneas derived from T1D and
T2D mice compared to the ND controls. (Figure 3A) For the flow cytometry analysis, we
observed that these cells were predominantly Ly-6C+ (Figure 3B) and had no neutrophilic
(Ly6G+) signature (Figure 3C). Moreover, we corroborated these findings with STZ-induced
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Cx3Cr1YFPCretomato T1D mice. We observed increased myeloid cell infiltration throughout
the corneal tissue. However, it was more evident in the center in the diabetic mice compared
to the non-diabetic controls (Figure 3D).
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Figure 2. Assessment of gross and cellular changes in the diabetic corneas. (A) Corneal transparency
was evaluated via slit lamp biomicroscopy. (B) Changes in the corneal thickness were intravitally
imaged using anterior segment optical coherence tomography (AS-OCT). The HRT-3-IVCM system
was used to intravitally evaluate the different layers of the cornea, including the (C) epithelium and
(D) endothelium. (E) ZO-1 staining was performed in 4% PFA fixed corneal explants, then imaged
with a confocal microscope, and ZO-1 cells/mm2 were counted in the center of the cornea. The bar
graphs represent the (F) central corneal total thickness (CCT), (G) epithelial thickness at 12 weeks,
and (H) corneal endothelial cell (CEnC) density at baseline and week 12. ND: normal non-diabetic
mice; ob/ob: type 2 diabetic B6.Cg-Lepob/J transgenic mice; STZ: STZ-induced type 1 diabetic mice;
n = 6 mice/group.
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Figure 3. Changes in the immune cell frequencies of diabetic mice. At 12 weeks, the animals were
sacrificed, and the corneas were harvested, which were digested with collagenase and DNase. The
myeloid cells in the harvested tissues were analyzed using flowcytometry. (A) CD45+CD11b+,
(B) Ly-6C+CD11b+, and (C) lack of neutrophilic infiltration was observed. (D) STZ-induced
Cx3Cr1YFPCretomato T1D mice were used to confirm the infiltration of myeloid cells (arrows) in
the cornea. Before inducing DM, the animals were injected with tamoxifen to induce the expression
of the red protein tdTomato in all the Cx3Cr1YFP+-expressing myeloid cells in the cornea (double
positive, orange). Afterward, only myeloid cells (YFP+tdTomato−) that infiltrate the cornea after
DM induction are shown in green. The corneas of 10 mice (week 4) in each group were pooled, and
the CD45+CD11b+ cells were FACS-sorted and assessed via qRT-PCR and ELISA to evaluate the
expression of the proinflammatory cytokines (E) TNF-α and (F) IL-1β. ND: normal non-diabetic mice;
ob/ob: type 2 diabetic B6.Cg-Lepob/J transgenic mice; STZ: STZ-induced type 1 diabetic mice; n = 6
mice/group. *** p < 0.001, **** p < 0.0001.
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Since corneal myeloid cells CD45+CD11b+ DC and other subsets (such as macrophages
and Langerhans cells) are known to initiate the innate and adaptive immune
responses [29,30,44], we specifically sorted CD45+CD11b+Ly-6G− cells to assess the ex-
pression of proinflammatory cytokines [29,30,44]. Upon performing qRT-PCR and an
ELISA, we observed significantly higher expression of prototypical inflammatory cytokines
TNF-α (Figure 3E) and IL-1β (Figure 3F) in myeloid cells isolated from the diabetic sam-
ples compared to non-diabetic corneas. Collectively, these results confirm that DM not
only promotes myeloid infiltration but also induces the activation of immune cells into a
proinflammatory phenotype.

3.4. Diabetic State-Induced Corneal Nerve Damage Is Associated with Long-Term Diabetes

DM has been associated with a decrease in corneal nerve density. Therefore, we
performed follow-ups on the mice using an HRT-3-IVCM imaging system. We observed a
moderate reduction in the nerve density in the sub-basal nerve plexus (SBNP) at 6–8 weeks.
However, this change was significant at 12 weeks in diabetic mice compared to the non-
diabetic controls. (Figure 4A), This was further confirmed via the anti-tubulin-III (pan-
neural marker) staining of the corneal explants, which showed significantly reduced nerve
density (Figure 4B) and intraepithelial terminal endings (Figure 4C) in the SBNP of the
corneas derived from diabetic mice compared the non-diabetic controls. Interestingly, the
densities of the stromal nerves were comparable in diabetic and non-diabetic mice. These
results indicate an association between long-term nerve damage and a higher expression of
proinflammatory cytokines by myeloid cells during disease onset.
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in vivo using an HRT-3-IVCM system. At 12 weeks, the corneas were harvested, fixed, and stained
with anti-tubulin-III (a pan-neural marker). The nerve density in the sub-basal nerve plexus (SBNP)
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mice; STZ: STZ-induced type 1 diabetic mice; n = 6 mice/group. ** p < 0.01, *** p < 0.001.
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3.5. A Diabetic State Leads to Increased Frequencies of Myeloid Cells in the Proximity of Nerves in
the Sub-Basal Plexus

In the corneal tissue, myeloid cells are in proximity to nerves in the SBNP and crosstalk
is essential for the maintenance of the primary functions of the tissue, and any alterations
can potentially jeopardize it [45–47]. Thus, we investigated the alterations in the myeloid
cell density in diabetic mice in proximity to the nerves in the SBNP. Intravital imaging
showed a significantly higher density of subepithelial immune cells in both T1D and T2D
mice compared to the non-diabetic controls during disease onset (Figure 5A), which was
further confirmed ex vivo via confocal microscopy (Figure 5B). These suggest that the
amplified recruitment of proinflammatory immune cells observed in SBNP in the diabetic
state may play a role in neuroinflammation and damage.
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Figure 5. Distribution of myeloid cells within the sub-basal nerve plexus in diabetic mice. (A) Corneal
sub-basal immune hyperreflective immune cells (arrows) were imaged in vivo using an HRT-3-IVCM
system as above. (B) At 12 weeks, the corneas were harvested, fixed, and stained with anti-tubulin-III
(a pan-neural marker) (red) and anti-CD11b (green) antibodies and imaged with a confocal microscope.
The density of CD11b+ cells in the sub-basal-nerve plexus is shown. ND: normal non-diabetic mice;
ob/ob: type 2 diabetic B6.Cg-Lepob/J transgenic mice; STZ: STZ-induced type 1 diabetic mice; n = 6
mice/group. *** p < 0.001, **** p < 0.0001.

3.6. Diabetic Mice with Long-Term DM Develop Clinical Manifestations of Keratopathy

Lastly, we evaluated the clinical manifestations of keratopathy in diabetic mice. We
observed a progressive reduction in the tear volume (mm/30 s; measured via the phenol
red thread test) in both the STZ-induced and Lepob/ob mice. The tear volume was signifi-
cantly lower in diabetic mice 4 weeks post-induction compared to the non-diabetic controls
(Figure 6A). The corneal sensitivity (evaluated with a Cochet-Bonnet esthesiometer) pro-
gressively decreased during the study period and was significantly lower in both T1D and
T2D mice at 8 weeks compared to the non-diabetic mice (Figure 6B). The corneal epithe-
liopathy, assessed via corneal fluorescein staining (CFS) and graded as per the standardized
NEI (0–15) grading system, was observed to be significantly higher at 4, 8, and 12 weeks
in the diabetic mice compared to the non-diabetic mice (Figure 6C,D). These results high-
light that the development of the worsening clinical signs and manifestations of DK are
associated with long-term diabetes associated with keratopathy in both T1D and T2D mice
during disease onset and further aggravates DM progression.
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Figure 6. Evaluation of the clinical manifestations of keratopathy in diabetic mice. The changes
in the ocular surface parameters were assessed. (A) Tear production was measured via the phe-
nol red thread test for 30 s. (B) Corneal sensitivity was assessed by measuring the filament
length using a Cochet-Bonnet esthesiometer. (C) Representative slit-lamp images and (D) grad-
ing highlighting different degrees of corneal epitheliopathy as assessed via corneal fluorescein
staining (CFS). ND: normal non-diabetic mice; ob/ob: type 2 diabetic B6.Cg-Lepob/J transgenic mice;
STZ: STZ-induced type 1 diabetic mice; n = 6 mice/group. ** p < 0.01. *** p < 0.001. **** p < 0.0001.

4. Discussion

The cornea is a unique tissue due to its constant exposure to pathogens, foreign anti-
gens, and allergens, often without eliciting immune responses; these properties are known
as corneal immune privilege. This immune privilege is attributed to an array of factors,
including the immature state of the myeloid cells [28,29]. The diabetic state leads to the
breakdown of this quiescent immune state through the induction of an immunostimula-
tory phenotype in corneal myeloid cells [47]. These cells reside in close proximity to the
sub-basal nerves [47], and neuronal–immune crosstalk is essential for the tissue’s primary
functions [45,47–49]. Previous studies have highlighted the role of myeloid cells in delayed
wound healing [50].

The immune-mediated damage to corneal nerves leads to a reduction in mechanical
sensitivity, which is a common corneal presentation in DM patients [7,8,23,24]. The proin-
flammatory milieu in diabetic corneas is primarily attributed to the accumulation of ad-
vanced glycation end-products (AGEs) [27], highly expressed proinflammatory molecules
observed in hyperglycemic states. AGEs are known to activate nuclear factor kappa beta
(NF-kB) in immune cells [51–53], resulting in elevated expression levels of proinflammatory
cytokines and chemokines [54,55]. Although previous studies have associated corneal
nerve damage in diabetic patients with AGE accumulation and oxidative stress [21], the
precise underlying mechanisms are not understood completely.
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Herein, we present evidence that associates nerve damage with the increased frequency
of proinflammatory myeloid cells in diabetic corneas. For the first time, we report that the
nerve damage observed in diabetes is primarily caused by increased frequencies of corneal
myeloid cells that acquire an immunostimulatory phenotype expressing high levels of
proinflammatory TNF-α and IL-1β, which is in line with our previous work using a corneal
transplantation model with diabetic donors [33]. These myeloid cells accumulate near the
proximity of the nerves in the SBNP during the onset of the disease, similar to those shown
in other models of corneal inflammation [45], and explain the nerve damage observed in
this work. We observed increased myeloid cell infiltration across the corneal tissue, with a
particularly pronounced presence in the central region among diabetic mice in contrast to
non-diabetic controls. This observation aligns with the increased density of myeloid cells
in the central cornea observed in individuals with type 2 diabetes mellitus (T2DM) and
chronic kidney disease (CKD) who are experiencing central corneal nerve loss [56].

In addition to epitheliopathy, all diabetic mice showed decreased tear production and
sensitivity. The high frequencies of myeloid cells in diabetic mice and the proinflammatory
phenotypic changes in these cells were observed during the onset of the disease (1–4 weeks
after induction), whereas nerve damage and clinical manifestations were observed in the
later stages. We can speculate the critical role of myeloid cells in inducing clinical changes
one month post-T1D induction (with STZ) and in 8-week-old T2D mice. Although there is
no clear onset period in our T2D models, the highest frequencies of myeloid cells with an
enhanced proinflammatory profile were observed at 8 weeks of life. Although both models
exhibited distinct timelines for cellular and clinical changes associated with diabetes, both
mirrored the observed results.

In the experiments outlined in this report, we used both STZ-induced T1D [33,34,57,58]
and Lepob/ob mice T2D models [59–63]. STZ is a β-cell-specific toxin that induces irre-
versible damage to pancreatic islets, causing insulin deficiency and chronic hyperglycemia,
whereas Lepob/ob mice contain a mutation in the leptin gene and exhibit obesity, glucose
intolerance with transient hyperglycemia, and hyperinsulinemia with insulin resistance.
Although there is high variability in the pathogenesis of T1D and T2D, both forms of
the disease have common fundamental mechanisms for leukocyte maturation [33]. That
evidence suggests that the corneal complications are similar in either type of disease [27],
and our data show no differences in these models as well. The prevalence of T2D (90%)
is significantly higher than T1D (5.8%), which is reflected in the total number of patients
with a history of T2D showing clinical manifestations of DK [64]. However, since these
underlying immunological mechanisms are similar, either model can be used for further
investigations indistinctively.

Transient hyperglycemia is a potential limitation in the use of Lepob/ob mice for
mimicking T2D. In these mice, the BGC peaks at 8 weeks post-birth and then progressively
declines to normoglycemic levels by week 16. However, our results indicate that once
myeloid cells are reprogrammed in these animals, the cells maintain the proinflammatory
phenotype even after a decrease in the BGC. This is consistent with our previous work
in which we showed the increased immunostimulatory phenotype in corneal myeloid
cells in 16-week-old Lepob/ob mice [33]. Similarly, in STZ-induced DM mice, immune cells
quickly acquire an immunostimulatory profile that remains persistent unless the animals
are treated with insulin [33]. Obesity is a second major limitation in the use of Lepob/ob

mice. The 16-week-old mice weighed approximately 60 g, and it is not recommended that
it be continued for experiments with longer follow-up durations. However, considering
that during the mice’s adulthood, 12.26 mouse days is equivalent to one human year [65], a
12-week-old mouse has an equivalence of seven human years. Considering that the onset
of diabetes has been estimated to occur in four to seven years in humans [66,67], we can
conclude that 12 weeks is long-term diabetes in mice and, therefore, deduced to humans.

Evidence in the literature suggests that female mice are more resistant to low doses
of STZ treatment, and therefore, the majority of the published work in this area is in
males [34,68–72]. In this study, we used both males and females with an increased dose of
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STZ (50 g/kg), showing similar BGCs and weight loss as shown more recently by other
authors with similar dosing [34,73–75]. Moreover, we did not find significant differences in
leukocyte infiltration, nerve damage, or clinical manifestations between both the sexes, and
therefore, all mice were pooled together irrespective of their sex. Some studies have shown
that females with DM are more prone to diabetic peripheral neuropathies (DPNs) [76];
however, no differences were observed in the DPN onset age and diabetes duration (before
DPN onset) in both sexes. Moreover, there is no evidence suggesting variation in DK
prevalence between males and females [20].

5. Conclusions

In conclusion, we observed a higher density of myeloid cells in the corneas of T1D
and T2D mice, as well as an increase in their proinflammatory signatures. In T1D and
T2D mice, myeloid cell infiltration in the SBNP potentially leads to neuronal damage and
reduced density. Both T1D and T2D mice developed similar clinical manifestations of DK,
demonstrated by their impaired sensitivity, low tear production, and epithelial erosions.
With the rapidly increasing prevalence of diabetes, these models represent a reliable method
for assessing the cellular and molecular immune mechanisms driving the development of
DK as well as future investigations of other DM-associated ocular surface pathologies.
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