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PURPOSE. This study aimed to explore the relationship between corneal nerve
degeneration and elevated dendritic cells (DCs) in diabetic keratopathy.

METHODS. Corneas from diabetic and healthy mice were analyzed using single-cell
RNA sequencing. Corneal nerve density and DC and T-cell infiltration were quantified
through whole-mount corneal staining. Freshly isolated mouse trigeminal ganglion (TG)
neurons were co-cultured with immature DCs, mature DCs, activated CD8+ T cells, and
CD4+CD25− T cells. TG neurite outgrowth was assessed to identify potential effector cells
driving corneal nerve degeneration. In addition, interferon-gamma (IFN-γ ) and blocking
antibodies were used to evaluate their effects on TG neurite outgrowth and corneal nerve
degeneration in mice.

RESULTS. Compared with age-matched healthy mice, diabetic mice exhibited a significant
reduction in corneal nerve density and sensitivity, along with increased infiltration of DCs,
CD4+ T cells, and CD8+ T cells. In vitro co-culture experiments revealed that CD4+CD25−

T cells, rather than DCs and CD8+ T cells, significantly inhibited TG neurite outgrowth.
Among cytokines, elevated IFN-γ in diabetic corneas impaired TG neurite outgrowth
and induced corneal nerve degeneration, whereas IL-4 and IL-17 had no such effect.
Blocking IFN-γ alleviated CD4+CD25− T-cell–induced inhibition of TG neurite outgrowth
and corneal nerve degeneration in diabetic mice.

CONCLUSIONS. CD4+CD25− T cells, but not DCs or CD8+ T cells, contribute to corneal
nerve degeneration in diabetic mice, a process partially mediated by IFN-γ .

Keywords: CD4+CD25− T cells, diabetes mellitus, corneal nerve degeneration, interferon-
gamma (IFN-γ )

Diabetes mellitus (DM) is a global public health issue,
affecting 536.6 million people in 2021, with projections

reaching 783.2 million by 2045.1 As a systemic disease, DM
can contribute to severe complications in multiple organs or
tissues.2 Compared with diabetic retinopathy and cataracts,
the association between DM and ocular surface diseases
remains less understood. However, diabetic keratopathy has
been reported in 47% to 64% of patients, although it is
often underdiagnosed.3 Clinical manifestations of diabetic
keratopathy include superficial punctate keratitis, delayed
epithelial wound healing, tear film alterations, corneal ulcer-
ation, and neuropathy characterized by reduced corneal
sensitivity.4,5 Corneal confocal microscopy has confirmed
significant alterations in diabetic corneal nerves, including
the reduction of density, branches, and length,6 with varia-
tions depending on the neuropathy severity.7 We and others
have investigated the roles of various neurotrophic factors
and axon guidance molecules in diabetic corneal epithe-
lium and nerve fiber regeneration.8–12 However, the direct
mechanism by which DM induces corneal nerve degenera-
tion remains unclear.

The cornea has historically been regarded as an immune-
privileged tissue; however, recent studies have described a
negative correlation between corneal nerves and activated
immune cells.13,14 Several distinct resident immune cells,
including dendritic cells (DCs), macrophages, mast cells,
and T cells, have been identified in the cornea,15,16 where
they localize adjacent to sensory nerves and play crucial
roles in maintaining homeostasis and mediating inflamma-
tory responses.17 DM significantly alters the composition and
function of immune cells in the cornea. In healthy corneas,
DCs are primarily located in the limbal and peripheral
regions, with decreasing density toward the central region.
In diabetic corneas, most studies have confirmed increased
corneal DC density in both type 1 and type 2 diabetes,13,18–20

although a few studies have reported reduced corneal DCs
in diabetic mice.21 During corneal wound healing, DCs
are in close proximity to the sensory nerve22 and can
promote diabetic corneal nerve regeneration by secreting
ciliary neurotrophic factors.21 Although most studies have
focused on the relationship between DCs and diabetic
corneal nerve regeneration, the role and mechanism of DCs
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in mediating diabetic corneal nerve degeneration remain
unclear.

As antigen-presenting cells, dendritic cells play a crucial
role in initiating immune responses by activating primary T
lymphocytes under antigen stimulation.23,24 DCs and adap-
tive immune cells, including T and B cells, have been impli-
cated in peripheral neurodegeneration.25 Previous studies
have confirmed that CD4+ T cells contribute to corneal
nerve damage in conditions such as herpes simplex virus
1 (HSV-1) infection, graft-versus-host disease, and dry eye
disease.26–28 CD4+ T cells are further classified based on
their cytokine secretion, including Th1 cells producing IFN-
γ , Th2 cells producing IL-4, and Th17 cells producing
IL-17.29–31 Mass cytometry analysis has found significant
alterations in myeloid and T-cell populations in diabetic
corneas.32 However, the involvement of T-cell–mediated
adaptive immunity in diabetic corneal nerve degeneration
remains incompletely understood.

In the present study, we assessed the alterations of
DC and T-cell populations in diabetic mouse corneas
using single-cell RNA sequencing (scRNA-seq) and whole-
mounted corneal staining. Furthermore, we evaluated the
effects of various immune cells and secreted cytokines on
trigeminal ganglion (TG) neurite outgrowth and corneal
nerve degeneration. Our findings identified CD4+CD25−

T cells, but not DCs and CD8+ T cells, as contribu-
tors to diabetic corneal nerve degeneration through IFN-γ
secretion.

MATERIALS AND METHODS

Animals

C57BL/6 mice (6–8 weeks old, male) were purchased from
Vital River Laboratory Animal Technology (Beijing, China).
All animal experiments complied with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research
and the guidelines of the Ethics Committee of Shandong Eye
Institute. Type 1 DM was induced by intraperitoneal injec-
tion of streptozotocin (STZ, 50 mg/kg; Sigma-Aldrich, St.
Louis, MO, USA) for 5 consecutive days. Mice with blood
glucose levels exceeding 16.7 mmol/L were considered
diabetic and were used for experiments 16 weeks after the
final STZ injection. For IFN-γ administration, healthy mice
received injections of recombinant IFN-γ (1 μg/mL; Protein-
tech, Shanghai, China) for 5 days, with normal saline as the
vehicle control. To assess the effects of IFN-γ blockage, anes-
thetized diabetic mice received subconjunctival injections of
emapalumab (5 μL, 1 mg/mL), an IFN-γ –blocking antibody,33

at 24 hours before, immediately before, and 24 hours after
a 2.5-mm corneal epithelial scraping, with normal saline as
the control.

Corneal Sensitivity Measurement

Corneal sensitivity was assessed using a Cochet–Bonnet
esthesiometer (Luneau Ophtalmologie, Chartres Cedex,
France). Without anesthesia, the mice were gently restrained
to fully expose the cornea. The central cornea was touched
with a 60-mm-long nylon filament, which was gradually
shortened in 5-mm increments until a blink reflex was
elicited. The filament length at which the response occurred
was recorded, and the final corneal sensitivity threshold was
calculated as the average of three measurements.

Tissue Preparation and Single Cell Isolation

Corneas from four diabetic mice (16 weeks post-STZ injec-
tion) and four age-matched control mice were excised and
digested in Dispase II (Roche Diagnostics, Indianapolis, IN,
USA) at 4°C for 18 hours to separate the corneal epithelium.
The epithelium was further digested with trypsin (Sigma-
Aldrich) at 37°C, and the remaining components of the
cornea were digested with collagenase A (2.5 mg/mL; Roche
Diagnostics) at 37°C for approximately 1 hour. During diges-
tion, the suspensions were gently blown every 15 minutes
until no tissue was visible under the microscope. The two
single-cell suspensions were then combined and stained
with Trypan blue (Sigma-Aldrich), and samples with >85%
viability were subjected to 10x Genomics sequencing (10x
Genomics, Pleasanton, CA, USA).

Single-Cell RNA Sequencing and Data Processing

Single-cell suspensions were prepared for each sample, and
libraries were generated using the 10x Genomics platform.
Cells were partitioned to generate Gel Beads-in-Emulsion
(GEMs), and barcoded cDNA libraries were constructed
using the Single Cell 3’ mRNA Kit (V2; 10x Genomics).
Library quality was assessed using a Fragment Analyzer
2100 (Agilent Technologies, Santa Clara, CA, USA) before
sequencing on the DNBSEQ platform (paired-end, 100-bp
read length; MGI Tech, Shenzhen, China).

Read count matrices were generated using Cell Ranger
(10x Genomics) counting and imported into the R Seurat
3.2.2 package (R Foundation for Statistical Computing,
Vienna, Austria).34 After quality control, the first 15 princi-
pal components (PCs) were used for clustering via the R
FindClusters function at a resolution of 0.4 to yield 18 unsu-
pervised cellular clusters. Clusters were visualized using
Uniform Manifold Approximation and Projection (UMAP),
for both individual and for samples. Immune cells were iden-
tified based on the immune cell–specific marker Ptprc35 and
further subjected to unsupervised clustering. T cells were
extracted using the T-cell–specific marker CD3.36,37

Magnetic Bead Sorting for CD4+CD25− and CD8+
T Cells

Spleens from 6- to 8-week-old mice were mechanically
dissociated through a 40-μm filter until no visible tissue
remained. The filtrate was collected into a 15-mL centrifuge
tube, treated with erythrocyte lysate (Beyotime, Shanghai,
China), and counted. CD4+, CD4+CD25−, regulatory T cells
(Tregs), and CD8+ T cells were obtained using the Mouse
CD4+CD25+ Regulatory T Cell Isolation Kit and CD8a+

T Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). Isolated cells were then cultured at a density of
106 cells/mL in Gibco RPMI 1640 medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with Gibco
anti-CD3/CD28 antibodies for three days to stimulate T cells.

DC Isolation and Culture

The femur and tibia of 6- to 8-week-old male C57BL/6
mice were collected with bone marrow flushed by aspi-
rating phosphate-buffered saline (PBS; Bioss Antibodies,
Beijing, China) with a needle syringe and filtered through
a 70-μm filter. Erythrocyte lysate was then added. Leuko-
cytes were subsequently obtained by centrifugation at
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1000 rpm for 5 minutes in PBS. The cell pellet was resus-
pended in RPMI 1640 medium supplemented with 20-ng/mL
granulocyte–macrophage colony-stimulating factor (GM-
CSF; Novoprotein, Suzhou, China) and 10-ng/mL IL-4 (Novo-
protein). RPMI 1640 medium with penicillin–streptomycin
(HyClone Laboratories, Logan, UT, USA) and 10% Gibco fetal
bovine serum (FBS) were added, and the cells were cultured
in plates. After 3 days, the medium was replaced, and imma-
ture DCs were harvested on day 7. Mature DCs were gener-
ated by adding 100 ng/mL lipopolysaccharide (LPS; Sigma-
Aldrich) and incubating for 12 hours.

TG Neuron Cell Culture and Treatment

The eight-well glass chamber slides (Merck Millipore, Darm-
stadt, Germany) were coated with laminin (LN511; BioLam-
ina, Sundbyberg, Sweden) and placed in a 37°C incubator
for further use. Mouse trigeminal ganglia were isolated and
processed under a microscope. The tissues were enzymati-
cally digested with papain (Worthington Biomedical, Lake-
wood, NJ, USA) at 37°C for 20 minutes, followed by centrifu-
gation to remove the supernatant. The samples were further
digested at 37°C for 20 minutes with 4 mg/mL collagenase
A (Roche, Mannheim, Germany). To separate myelin sheaths
and nerve fragments from trigeminal neurons, a Percoll
gradient was employed.38,39 The gradient was prepared with
12.5% Percoll in the upper layer and 28% Percoll in the lower
layer. The cell suspension was carefully layered on top of
the gradient and subjected to gradient centrifugation at 2000
rpm for 35 minutes at 20°C, with slow acceleration from 0
followed by a slow deceleration back to 0. After centrifu-
gation, the supernatant was discarded, and the cell sedi-
ment at the bottom of the tube was retained. The isolated
cells were plated on laminin-coated eight-well glass chamber
slides (Merck Millipore) and cultured in Gibco Neurobasal-A
Medium containing B27 (STEMCELL Technologies, Vancou-
ver, BC, Canada), penicillin–streptomycin (HyClone Labora-
tories), and 10% Gibco FBS. To exclude microglia effects,
2-μM PLX5622 (MedChemExpress, Monmouth Junction, NJ,
USA) was added for 3 days, which eliminated >95% of the
microglia.40

After overnight attachment, the TG neuron cells were
co-cultured with the above isolated cultured cells, includ-
ing immature DCs (iDCs), mature DCs (mDCs), activated
CD8+ T cells, and CD4+CD25− T cells, for 24 hours to
assess their effects on neurite outgrowth. To investigate
the impact of various factors on neurite outgrowth, TG
neurons were cultured with 100-ng/mL recombinant IFN-
γ (BioLegend, San Diego, CA, USA), 100-ng/mL recom-
binant IL-4 (Novoprotein), 100 ng/mL recombinant IL-17
(Novoprotein), and 100-μg/mL IFN-γ –blocking antibody
(emapalumab; MedChemExpress).

Immunofluorescence Staining

Following execution of the mice, the eyeballs were promptly
removed and fixed on ice with 4% paraformaldehyde (PFA)
for 1 hour. The corneas were then dissected and incu-
bated overnight at 4°C in PBS containing 3% BSA and
0.3% Triton X-10. Subsequently, the corneas were incu-
bated overnight at 4°C with fluorochrome-labeled antibod-
ies: APC anti-mouse CD3 (100236; BioLegend), PE anti-
mouse CD11c (117307; BioLegend), FITC anti-mouse CD4
(100405; BioLegend), Alexa Fluor 647 anti-Tubulin β 3
(801210; BioLegend), and rabbit Anti-CD8 alpha antibody

(ab217344; Abcam, Cambridge, UK). Corneas stained with
anti-CD8 alpha antibody were incubated with Alexa Fluor
647–conjugated donkey anti-rabbit IgG (Invitrogen, Carls-
bad, CA, USA) for 2 hours. The stained samples were
visualized using an LSM 880 confocal microscope (Carl
Zeiss Microscopy, Jena, Germany). To quantitatively analyze
corneal nerves, an identical area of 0.75 mm2 was selected
in the central cornea of both control and diabetic mice. The
ratio of the total nerve length in this region to the area it
occupied was then calculated using ImageJ 1.54f (National
Institutes of Health, Bethesda, MD, USA).41

To visualize neurite outgrowth, the cultured TG neurons
were fixed with 4% PFA for 15 minutes, followed by 15
minutes of permeabilization with 0.3% Triton X-100. There-
after, the cells were blocked with sheep serum (Boster Bio,
Wuhan, China) for 1 hour and incubated with Anti-Beta III
Tubulin Antibody, Alexa Fluor 488 Conjugate (AB15708A4;
Sigma-Aldrich) for 1 hour at room temperature. Stained
samples were imaged using an inverted microscope (Nikon,
Tokyo, Japan), and the neurite length was analyzed using
ImageJ software with the Simple Neurite Tracer (SNT)
plugin.

ELISA Analysis

Total protein was extracted from the corneas of diabetic
mice and age-matched control mice. The IFN-γ concen-
tration was measured using the Mouse IFN-gamma ELISA
Kit – Quantikine (R&D Systems, Minneapolis, MN, USA),
and the total tissue protein concentrations were quantified
using a BCA protein assay kit ( Jiangsu Aidisheng Biotechnol-
ogy, Jiangsu, China), in accordance with the manufacturer’s
instructions.

Statistical Analysis

All data were analyzed using Prism 8 (GraphPad Software,
Boston, MA, USA). Two-tailed, unpaired Student’s t-tests
were employed to compare differences between two groups,
and one-way ANOVA was used to compare differences
between three or more groups. To ensure the reproducibility
of results, data from this study are presented as mean ± stan-
dard deviation from at least three experiments. P < 0.05 was
considered significant for all experiments performed. The
raw sequence data for the control group and the DM group
reported in this study were sourced from the GSE247392
dataset available in the Gene Expression Omnibus database
(https://www.ncbi.nlm.nih.gov/geo/) and the CRA021135
dataset in the Genome Sequence Archive database (https:
//ngdc.cncb.ac.cn/gsa), respectively.

RESULTS

DM Induced Corneal Nerve Degeneration in Mice

To replicate diabetic corneal nerve degeneration, we used
type 1 diabetic mice induced by intraperitoneal injection of
STZ according to our previous studies.11 Four months after
the final STZ injection, diabetic mice exhibited blood glucose
levels above 30 mmol/L (Fig. 1A), restricted body weight
(Fig. 1B), and reduced corneal sensitivity (Fig. 1C) compared
to the age-matched healthy mice. To assess changes in
corneal nerve density, whole-mounted corneal staining with
anti–βIII-tubulin antibody was performed (Fig. 1D). Quan-
titative analysis revealed that the densities of both subbasal

https://www.ncbi.nlm.nih.gov/geo/
https://ngdc.cncb.ac.cn/gsa


CD4+ T Cells Induce Diabetic Corneal Neuropathy IOVS | April 2025 | Vol. 66 | No. 4 | Article 15 | 4

FIGURE 1. Identification of corneal nerve degeneration in diabetic mice. (A–C) Measurements of blood glucose, body weight, and corneal
sensitivity in control (Ctrl) and DM mice (n = 20 per group). (D) Representative image of whole-mounted corneal staining with anti–βIII-
tubulin. (E) Comparison of corneal subbasal nerve density (n = 4 per group). (F) Comparison of intraepithelial nerve terminals (n = 4 per
group). Data are presented as mean ± SD; ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 2. Alterations of DCs and T cells in diabetic cornea. (A) UMAP plots presenting cell types and groups. Neu, neutrophil; Mono/Mac,
monocyte/macrophage; T, T cell; DC, dendritic cell. (B) Dot plot presenting expression of marker genes. (C) Alteration of the immune cell
numbers between control (Ctrl) and DM corneas. (D, E) Representative images of CD3+ T-cell staining and quantitative analysis between
control and diabetic mouse corneas. (F, G) Representative images of CD11c+ DC staining and quantitative analysis between control and
diabetic mouse corneas (n = 4 per group). Data are presented as mean ± SD. *P < 0.05, **P < 0.01.

nerve fibers (Fig. 1E) and intraepithelial nerve terminals
(Fig. 1F) were markedly reduced in diabetic mice compared
with healthy mice. Comparatively, the reduction of intraep-
ithelial nerve terminals was more significant than that of
subbasal nerve density. These results indicate that diabetic
mice exhibit similar characteristics of diabetic keratopathy,
including corneal nerve degeneration and reduced corneal
sensitivity.

DM Altered Corneal DC and T-Cell Distribution in
Mice

To gain insight into the composition and changes of corneal
immune cells, we used scRNA-seq analysis of the immune
cells from diabetic and age-matched healthy control mouse

corneas. According to the UMAP analysis, four distinct
subpopulations (neutrophils, monocytes and macrophages,
T cells, and DCs) were identified (Figs. 2A, 2B) with altered
cellular composition (Fig. 2C). Compared with the slight
increase of DCs, T cells increased most significantly in
diabetic corneas. We further assessed the whole-mount
corneal staining by using anti-CD11c and anti-CD3 antibod-
ies to evaluate the alterations of DCs and T cells.21,42 Simi-
lar to previous reports,43–45 these two cells were predom-
inantly located in the peripheral cornea, with a few cells
in the central cornea of healthy mice. However, in diabetic
mice, more DCs and T cells infiltrated into the central cornea
(Figs. 2D, 2F). Quantitative analysis revealed that the number
of CD3+ T cells in the central and peripheral cornea of
diabetic mice increased 3.7-fold and 1.5-fold, respectively,
compared to control mice (central cornea: 13 ± 2 cells in
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FIGURE 3. Co-culture of immature and mature DCs with TG neurons. (A) Schematic diagram of co-culture of TG neurons with iDCs and
mDCs. (B) Representative images of TG neurite outgrowth co-cultured with iDCs and mDCs. (C) Quantitative analysis of TG neurite lengths
(n = 6 per group). Data are presented as mean ± SD; ns, not significant.

control mice vs. 49 ± 12 cells in diabetic mice; peripheral
cornea: 87 ± 27 cells in control mice vs. 134 ± 4 cells in
diabetic mice). Comparatively, the number of DCs marked
by CD11c staining showed a modest elevation only in the
central cornea (16 ± 8 cells in control mice vs. 38 ± 5 cells in
diabetic mice), with a decrease in the peripheral cornea (92
± 29 cells in control mice vs. 32 ± 7 cells in diabetic mice)
(Figs. 2E, 2G). These findings suggest that CD3+ T cells and
CD11c+ DCs infiltrate the central cornea in diabetic mice,
which may contribute to nerve degeneration.

DCs Exhibited No Significant Inhibition of TG
Neurite Outgrowth

Immature and mature DCs reside in the healthy human
cornea and have been reported to increase in diabetic condi-
tions. To evaluate the potential role of DCs in diabetic
corneal nerve degeneration, we isolated bone marrow–
derived DCs and induced their maturation by LPS stimula-
tion according to previous reports.46 The maturation of DCs
was confirmed by the morphologically roughened surfaces,
emerging pseudopods, and higher major histocompatibility
complex class II (MHC II) expression levels shown in flow
cytometry analysis (Supplementary Figs. S1A, S1B).

Considering that neurons from healthy and diabetic mice
might behave differently, we compared the healthy and
diabetic TG neurons isolated and cultured in vitro. In
the normal culture medium, the neurons displayed similar
morphology and neurite outgrowth, whereas in the high-
glucose medium the diabetic TG neurons were more sensi-
tive and showed shorter neurite outgrowth. To study the
cytokines that may impair the growth of TG neurites, we
isolated TG neurons from healthy mice (Supplementary

Figs. S2A, S2B). The iDCs and LPS-induced mDCs were co-
cultured with freshly isolated TG cells for 24 hours (Fig. 3A,
Supplementary Fig. S1C). Neurite outgrowth was visual-
ized using anti–βIII-tubulin staining and measured with
ImageJ (Fig. 3B). Quantitative analysis showed that neither
iDCs nor mDCs significantly inhibited TG neurite outgrowth
compared with the control group without DCs (Fig. 3C).
These results suggest that neither immature nor mature DCs
exhibit significant effects in TG neurite outgrowth.

Identification of Elevated T Cells in Diabetic
Mouse Cornea

Based on the no significant inhibitory effect of DCs on TG
neurite outgrowth, we next characterized the elevated T cells
in diabetic corneas through scRNA-seq. The unbiased clus-
tering approach identified four distinct clusters of corneal T
cells, including CD4+CD25− T cells, CD8+ T cells, Tregs, and
γ δT cells (Fig. 4A). Quantitative analysis revealed that the
number of CD4+CD25− T and CD8+ T cells increased signif-
icantly in the diabetic cornea when compared with healthy
cornea (Fig. 4B). The whole-mounted corneal staining was
performed to verify the distribution of CD4+ and CD8+ T
cells. Consistent with the distribution of CD3+ T cells, the
number of CD4+ T cells in the peripheral cornea of diabetic
mice was significantly higher than that of the control mice
(63 ± 16 cells in control mice vs. 129 ± 34 cells in diabetic
mice). More importantly, CD4+ T cells were detected in the
central diabetic cornea when compared with no detection
of CD4+ T cells in the control central cornea (Figs. 4C, 4D).
Paradoxically, we did not detect significant differences in the
number of CD8+ T cells between the peripheral and central
cornea of control and diabetic mice by whole-mounted stain-
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FIGURE 4. Alterations of T-cell subtypes in control and diabetic cornea. (A) UMAP plot analysis of T cells in control (Ctrl) and DM mouse
corneas. (B) Bar plot presentation of the CD4+CD25− and CD8+ T-cell numbers in control and diabetic mouse corneas. (C, D) Whole-
mounted corneal staining and quantitative analysis of corneal CD4+ T cells (n = 4 per group). (E, F) Whole-mounted corneal staining and
quantitative analysis of corneal CD8+ T cells (n = 4 per group). Data are presented as mean ± SD; ns, not significant. *P < 0.05.

ing (central cornea: 3 ± 3 cells in control mice vs. 6 ±
5 cells in diabetic mice; peripheral cornea: 21 ± 9 cells
in control mice vs. 26 ± 8 cells in diabetic mice), which
was not consistent with the scRNA-seq results (Figs. 4E, 4F).
Taken together, these single-cell RNA analysis and whole-
mounted staining results suggest that CD4+ T cells repre-
sent the predominantly increased T-cell type in the diabetic
cornea.

CD4+CD25− T Cells But Not CD8+ T Cells
Inhibited TG Neurite Outgrowth

To discriminate the potential roles of different T cell subsets
in TG neurite outgrowth, we purified CD4+CD25− and CD8+

T cells from the spleen by magnetic bead sorting and

stimulated them with anti-CD3/CD28 antibodies in vitro.
After 3 days of culture, these cells were co-cultured with
mouse TG neurons for 24 hours (Fig. 5A). The outgrowth of
TG neurites was visualized using anti–βIII-tubulin staining
and measured with ImageJ (Fig. 5B). Quantitative analysis
confirmed that only co-culture with activated CD4+CD25−

T cells, but not CD8+ T cells, led to significant inhibi-
tion of TG neurite outgrowth when compared with the
anti-CD3/CD28 antibody treatment alone (Figs. 5B, 5C).
These results indicate that CD4+CD25− T cells, but not
CD8+ T cells, inhibit TG neurite outgrowth. In addition,
the scRNA-seq data showed that a small number of Tregs
were newly generated in diabetic corneas, and these Tregs
were found to promote the outgrowth of TG neurites
when co-cultured with TG neurons in vitro (Supplementary
Fig. S3).
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FIGURE 5. Co-culture of TG neurons with CD4+CD25− and CD8+ T cells. (A) Schematic diagram of co-culture of TG neurons with
CD4+CD25− T cells and CD8+ T cells. (B) Representative images of TG neurite outgrowth co-cultured with CD4+CD25− T cells and
CD8+ T cells. (C) Quantitative analysis of TG neurite lengths (n = 4 per group). Data are presented as mean ± SD; ns, not significant.
***P < 0.001.

Involvement of IFN-te the iNeurite Outgrowth
and Corneal Nerve Degeneration

CD4+ T cells exert their functions by secreting multiple
cytokines, such as IFN-γ from Th1 cells, IL-4 from Th2
cells, and IL-17 from Th17 cells.29–31 Through ELISA assays,
we found that IFN-γ and IL-17 were elevated but IL-4 was
reduced in the diabetic cornea (Fig. 6A). Additionally, in
vitro experiments showed that IFN-γ treatment, but not IL-
4 or IL-17, significantly attenuated TG neurite outgrowth
(Figs. 6B, 6C). We thus hypothesized that IFN-γ , rather than
IL-4 or IL-17, drives corneal nerve degeneration in diabetic
mice. Furthermore, we assessed the respective influences
of the increased inflammatory cytokines IL-1β and TNF-α
in diabetic keratopathy20,40 on the growth of TG neurons.
The results showed that IFN-γ and M1 macrophages had the
most significant inhibitory effects compared to other factors
(Supplementary Fig. S3).

To identify the role of IFN-γ in corneal nerve degenera-
tion, we reanalyzed the scRNA-seq data and found upreg-

ulated expression of IFN-γ in CD4+CD25− T cells of the
diabetic cornea (Fig. 6D), whereas other effector molecules
were barely expressed (data not shown). To verify the
potential involvement of IFN-γ in corneal nerve degener-
ation, we subconjunctivally injected recombinant IFN-γ into
healthy mice for 5 days, with normal saline as the vehi-
cle. The result showed that mice with the IFN-γ injec-
tion exhibited significant reductions in corneal sensitiv-
ity, subbasal nerve density, and intraepithelial nerve termi-
nal density (Figs. 6E–G). Furthermore, the addition of the
IFN-γ –blocking antibody emapalumab partially reversed
the inhibition of TG neurite outgrowth that co-cultured
with CD4+CD25− T cells (Figs. 7A, 7B). During corneal
wound healing of diabetic mice, subconjunctival injection of
emapalumab similarly promoted the regeneration of corneal
subbasal and intraepithelial nerves (Figs. 7C, 7D). Further-
more, we investigated the possibility of IFN-γ indirectly
targeting microglia. After removing microglia with PLX5622
while culturing TG neurons, the addition of IFN-γ also
inhibited the outgrowth of TG neurites (Supplementary
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FIGURE 6. Effects of IFN-γ on TG neurite outgrowth and corneal nerve degeneration. (A) ELISA analysis of IFN-γ , IL-4, and IL-17 levels in
control (Ctrl) and DM mouse cornea (n = 3 per group). (B, C) Representative TG neuron staining images of Ctrl and groups treated with
IFN-γ , IL-4, or IL-17; the neurite lengths were analyzed using Image J (n = 3 per group). (D) Feature plot analysis of IFN-γ + cells in control
and diabetic mouse corneas. (E) Corneal sensitivity in mice treated with IFN-γ (n = 8 per group). (F) Whole-mounted corneal staining of
vehicle and IFN-γ –treated cornea. (G) Quantitative analysis of corneal nerve density (n = 4 per group). Data are presented as mean ± SD;
ns, not significant. *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. S4). Therefore, these results suggest involvement of
IFN-γ secreted by CD4+CD25− T cells in the corneal nerve
degeneration of diabetic mice.

DISCUSSION

Diabetic keratopathy is characterized by corneal nerve
degeneration and reduced sensitivity, which may lead to
spontaneous corneal epithelial detachment and delayed

wound healing.5 Most previous studies have focused on
neuropeptides and neurotrophic factors to promote corneal
epithelial and nerve regeneration. Accordingly, the impor-
tant roles of several factors have been confirmed for the
treatment of diabetic keratopathy, such as substance P,
calcitonin gene-related peptide (CGRP), vasoactive intesti-
nal peptide (VIP), nerve growth factor (NGF), mesencephalic
astrocyte-derived neurotrophic factor (MANF), and vascu-
lar endothelial growth factor (VEGF).9–12 However, the
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FIGURE 7. Effects of IFN-γ blockage on TG neurite outgrowth and corneal nerve degeneration. (A, B) Representative images and neurite
length analysis of TG neurons co-cultured with CD4+CD25− T cells with or without the IFN-γ –blocking antibody emapalumab (n = 4 per
group). (C) Whole-mounted staining of diabetic mouse corneas with epithelial injury after NaCl and emapalumab treatment. (D) Quantitative
analysis of corneal subbasal and intraepithelial nerve density with NaCl and emapalumab treatment (n = 3 per group). Data are presented
as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.

mechanism of diabetic corneal nerve degeneration remains
unclear. Using scRNA-seq analysis and whole-mounted
corneal staining, we confirmed that multiple T cells infil-
trated into the central cornea of the diabetic mice. Combin-
ing in vitro co-culture and in vivo animal experiments,
we observed that CD4+CD25− T cells, rather than DCs or
CD8+ T cells, directly inhibited TG neurite outgrowth and
promoted corneal nerve degeneration by secreting IFN-γ .

Recent reports have identified several immune cells resid-
ing in the cornea, such as DCs, macrophages, mast cells, and
lymphocytes.15,16 These cells secrete different cytokines and
growth factors, which function in the maintenance of corneal
homeostasis and the response to pathological conditions.15

Most previous studies have revealed the concomitant appear-
ance of reduced nerve density and increased DCs in the
diabetic human cornea. However, identifying other immune
cells in the cornea is challenging using traditional corneal
confocal microscopy. Therefore, we used scRNA-seq analysis
and whole-mounted corneal staining to identify the changes
in immune cell populations. The results revealed that the
diabetic mice exhibited greater infiltration of DCs, CD4+,
and CD8+ T cells into the central cornea, consistent with the
recent report of increased myeloid cell infiltration in both
type 1 and type 2 diabetic mouse cornea.20 Cytometry by
time of flight (CyTOF) tests showed that there was no signifi-
cant difference for CD4+ T cells in the db/db mouse corneas,
which may be related to the differences between type 1 and
type 2 diabetic mice.47 Moreover, previous studies confirmed
the presence of CD4+ and CD8+ T cells in healthy mouse
corneas,48 whereas CD4+ T-cell expansion has been found

in pathological conditions, such as immune rejection after
corneal transplantation and herpes stromal keratitis.49,50

Therefore, this evidence supports that DM promotes myeloid
and lymphoid cell infiltration into the central cornea, which
may be involved in the induction of diabetic corneal nerve
degeneration.51,52 In recent years, more reports have indi-
cated the contribution of T cells in driving neurodegen-
eration, such as oligodendrocyte dysfunction, demyelina-
tion in the striatum and corpus callosum, and brain atro-
phy.53–55 The pathological mechanism of diabetic corneal
nerve degeneration remains unclear due to the complex
microenvironment changes caused by hyperglycemia. There-
fore, we adopted the in vitro co-culture model of immune
cells with TG neurons to evaluate the effects of DCs and
T cells on TG neurite outgrowth. The results found that
CD4+CD25− T cells impaired TG neurite outgrowth, whereas
DCs and CD8+ T cells showed no significant impairment.
The impacts of CD4+ T cells on corneal neuropathy were
similarly reported in dry eye disease, HSV-1 infection, and
graft-versus-host disease.26,56,57 It should be mentioned that
a recent study using in vivo functional confocal microscopy
found T cells residing in healthy human corneas, character-
ized by rapid, sustained movements and interactions with
corneal dendritic cells and sensory nerves.16 These findings
provide potential evidence of CD4+ T cells acting on corneal
sensory nerves. Combined with our scRNA-seq analysis and
in vitro co-culture results, we suggest that CD4+ T cells
represent the effector cells of driving corneal nerve degener-
ation in diabetic mice, whereas the antigen-presenting DCs
may be essential for the activation of T cells.58
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CD4+ T cells mainly secrete IFN-γ , IL-4, and IL-17 to
coordinate immune responses in tissues.59,60 Here we found
that IFN-γ level was increased in diabetic corneal CD4+

T cells, which inhibited TG neurite outgrowth. Moreover,
subconjunctival injection of IFN-γ promoted corneal nerve
degeneration in healthy mice, whereas IFN-γ blockage
promoted corneal nerve regeneration in diabetic mice. IFN-
γ is abundantly released by macrophages, activated CD8+

T cells, natural killer T cells, and Th1 CD4+ T cells.61

In the context of Th1 cells, IFN-γ serves as the predom-
inant cytokine driving the differentiation of naïve CD4+

T cells toward the Th1 phenotype,62 establishing a posi-
tive feedback mechanism that augments the Th1-mediated
immune responses. It should be mentioned that the secre-
tion of IFN-γ and IL-4 is characteristic of Th1 and Th2
cells, respectively.63 The functions of these cytokines directly
enhance cell-mediated and humoral immunity.64 Here, we
also found increased IL-17 and reduced IL-4 levels in the
diabetic mouse cornea. Combined with the upregulated
inflammatory factors IL-1β and TNF-α, we further evalu-
ated their individual effects on TG neurite outgrowth. The
results confirmed that IFN-γ exhibited the most significant
inhibitory effects when compared with other factors, IL-4
and IL-17 had no significant inhibitory effects. A previous
study also illustrated the interactions between macrophages
and corneal nerves.20 In our in vitro co-culture models, we
confirmed that M1 macrophages, but not M2 macrophages,
impaired TG neurite outgrowth. The scRNA-seq data also
revealed newly generated Tregs in diabetic corneas, which
were found to promote the outgrowth of TG neurites
(Supplementary Fig. S3). In addition, we excluded the possi-
bility of indirect targeting of IFN-γ on microglia, as IFN-
γ similarly impaired TG neurite outgrowth after microglia
depletion (Supplementary Fig. S4). In line with our find-
ings, a previous study reported that corneal nerves were
sensitive to immune-driven damage mediated by Th1 CD4+

T cells, rather than Th2 or Th17 CD4+ T cells.65 Consis-
tent with the present findings, previous studies have also
shown the active involvement of IFN-γ in the pathogenesis
of neurodegeneration, acting directly on neurons or indi-
rectly through microglia cells. It should be mentioned that
the combination of various cells and factors may involve
the nerve degeneration of diabetic corneas. Their complex
interactions warrant further investigation, which may
provide more targets and protective strategies for diabetic
keratopathy.

In summary, the present study confirms that DM increases
CD4+CD25− T-cell infiltration into the central cornea, which
contributes to diabetic corneal nerve degeneration partially
through the secreted IFN-γ .
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