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Abstract 
Autoimmune-mediated dry eye disease is a pathological feature of multiple disorders including 

Sjögren’s syndrome, lupus and rheumatoid arthritis that has a life-long, detrimental impact on 

vision and overall quality of life. Although late stage disease outcomes such as epithelial barrier 

dysfunction, reduced corneal innervation and chronic inflammation have been well characterized 

in both human patients and mouse models, there is little to no understanding of early pathological 

processes. Moreover, the mechanisms underlying the loss of cornea homeostasis and disease 

progression are unknown. Here, we utilize the autoimmune regulatory (Aire)-deficient mouse 

model of autoimmune-mediated dry eye disease in combination with genome wide 

transcriptomics, high-resolution imaging and atomic force microscopy to reveal a potential ECM-

biomechanical-based mechanism driving cellular and morphological changes at early disease 

onset. Early disease in the Aire-deficient mouse model is associated with a mild reduction in tear 

production and moderate immune cell infiltration, allowing for interrogation of cellular, molecular 

and biomechanical changes largely independent of chronic inflammation. Using these tools, we 

demonstrate for the first time that the emergence of autoimmune-mediated dry eye disease is 

associated with an alteration in the biomechanical properties of the cornea. We reveal a dramatic 

disruption of the synthesis and organization of the extracellular matrix as well as degradation of 

the epithelial basement membrane during early disease. Notably, we provide evidence that the 

nerve supply to the cornea is severely reduced at early disease stages and that this is 

independent of basement membrane destruction or significant immune cell infiltration. 

Furthermore, diseased corneas display spatial heterogeneity in mechanical, structural and 

compositional changes, with the limbal compartment often exhibiting the opposite response 

compared to the central cornea. Despite these differences, however, epithelial hyperplasia is 

apparent in both compartments, possibly driven by increased activation of IL-1R1 and YAP 

signaling pathways. Thus, we reveal novel perturbations in corneal biomechanics, matrix 

organization and cell behavior during the early phase of dry eye that may underlie disease 

development and progression, presenting new potential targets for therapeutic intervention. 
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Introduction 
  
Aqueous-deficient dry eye is among the most common and debilitating clinical manifestations of 

systemic autoimmune diseases such as Sjögren’s  [1].  While it is well established that chronic 

inflammation of exocrine glands (e.g., lacrimal gland) represents the predominant driving force in 

autoimmune-mediated aqueous deficient dry eye disease  [1], pathological alterations in the 

ocular surface are among the most common and debilitating clinical manifestations. With the 

ocular surface protecting the anterior eye from environmental, inflammatory and microbial insult, 

disease-mediated corruption of tissue function and homeostasis has a vast array of pathological 

outcomes. However, despite the known influence of inflammation on autoimmune-mediated dry 

eye, the timing of disease initiation and what drives early disease progression before immune cell 

infiltration remains unknown.  

 

One of the ocular tissues most impacted by autoimmune-mediated dry eye disease is the cornea. 

The cornea is a non-vascularized transparent structure that provides approximately two-thirds of 

the eye's focusing power, and is the primary refracting component of the human visual system [2-

4]. It also protects the anterior eye from environmental, inflammatory and microbial insult through 

an epithelial barrier composed of a multilayered epithelium (5-6 layers in mice, 8 in humans) that 

is separated from a highly organized collagen-rich stroma (also contains a sparse number of 

extracellular matrix-producing keratocytes) by an epithelial basement membrane (BM). The 

cornea is further compartmentalized spatially into the central and peripheral cornea and limbus, 

with the limbus providing KRT14+ stem cells that migrate centripetally to repopulate the organ 

under homeostatic conditions and in response to injury [5]. Changes at the ocular surface (e.g., 

pressure, temperature, pain) are sensed by nerves derived from the ophthalmic lobe of the 

trigeminal ganglia [6] that activate tear production from the lacrimal glands through the lacrimal 

reflex. Pathological changes to the ocular surface are also sensed by antigen presenting cells 

(undifferentiated dendritic cells) that reside throughout the stroma and epithelium to provide 

immune surveillance in an otherwise immune cell-deficient organ [7]. Autoimmune-mediated dry 

eye disease impacts each of these cellular components, with a multitude of studies in both human 

patients with Sjögren’s and mouse models of aqueous deficient dry eye disease i.e., reduced tear 

fluid due to lacrimal gland dysfunction, illustrating late stage pathologies that encompass epithelial 

barrier disruption, epithelial hyperplasia, reduced corneal innervation and inflammatory cell 

infiltration [8-12] . However, no studies to date have revealed the timing of these changes during 

disease progression. As such, it is unclear, for example, if ocular surface inflammation precedes 



epithelial barrier dysfunction or if epithelial barrier disruption precedes corneal denervation. 

Moreover, it is unknown if the signaling pathways known to be activated in late stage disease are 

also present early. 

  

In addition to the known cellular changes induced in dry eye disease, recent studies in patients 

with Sjögren’s using an ocular response analyzer (ORA) suggest that the biomechanics of the 

cornea are compromised in dry eye [13,14]. Biomechanical properties control the curvature of the 

cornea that is essential to light refraction and visual acuity [15], as well as cell behavior [16]. 

Corneal biomechanics are provided, by and large, by the composition and structure of the 

collagen-1-rich interstitial connective matrix of the stroma and the laminin-rich epithelial BM 

[17,18]. Ex vivo testing via atomic force microscopy (AFM) and Brillouin spectro-microscopy 

showed a gradient of stiffness across the healthy cornea, transitioning from a softer limbus to a 

stiffer central cornea. This gradient of stiffness is notably altered in diseases that impact the 

organization of collagen fibers in the stroma, as well as the packed collagen lamellae of Bowman’s 

layer [19,20]. This is significant because alterations in stiffness have been shown to  impact limbal 

stem cell behavior, with increasing stiffness promoting differentiation whereas softening induces 

cell proliferation and expansion [21]. Whether changes in the distribution of force occur across 

the cornea of patients with autoimmune-mediated dry eye is unknown. 

  

To gain a better understanding of the early stages of autoimmune-mediated dry eye disease, we 

used a well-characterized, spontaneous mouse model of keratoconjunctivitis sicca combined with 

genome wide RNAsequencing, immunofluorescent validation and atomic force microscopy to 

conduct an unbiased exploration of early disease at the level of gene, protein expression and 

organ biomechanics. Mice deficient in autoimmune regulator gene (Aire) have a disruption in 

central tolerance that results in Th1 polarization of CD4+ T cells (secreting IFNg)[22], an immune 

cell response that also occurs in patients with a variety of dry eye diseases including Sjögren’s 

[23]. Aire-deficient mice exhibit classic signs of autoimmune-mediated exocrinopathy and 

associated aqueous-deficient dry eye over a matter of weeks, allowing for an interrogation of the 

molecular and cellular underpinnings of the disease in the absence of the effects of aging [24-26]. 

The disease progresses from small lymphocytic infiltrates in the lacrimal glands in 5 week (wk) 

old Aire-/- mice, to extensive CD4+-T-cell-mediated exocrinopathy and expansion of B cell 

germinal centers, corneal pathologies, and severe dry eye by 7-8 weeks [10]. Here, we focus on 

alterations in the cornea during early disease progression to establish a cohort of phenotypic, 

genetic and biomechanical properties that correlate with early disease onset. 



2. Materials and Methods 

  

2.1 Animal Model 

All procedures were approved by the UCSF Institutional Animal Care and Use Committee 

(IACUC) and were adherent to the NIH Guide for the Care and Use of Laboratory Animals 

(Approval number: 332AN089075-02). Wild type and Aire-deficient mice on the BALB/c 

background (BALB/c Aire-/-) were the gift of Mark Anderson, University of California,  San  

Francisco. Adult female mice (aged between 5 and 7 weeks) were used in all experiments. Mice 

were housed in the University of California San Francisco Parnassus campus Laboratory Animal 

Resource Center (LARC), which is AAALAC accredited. Mice were housed in groups of up to five 

per cage where possible, in individually ventilated cages (IVCs), with fresh water, regular 

cleaning, and environmental enrichment. Appropriate sample size was calculated using power 

calculations. Genomic DNA isolated from tail clippings was genotyped for the Aire mutations by 

PCR with the recommended specific primers and their optimized PCR protocols (Jackson 

Laboratories Protocol 17936).  

  

2.2 Tissue processing and immunohistological analysis 

Immunohistological and immunofluorescent analyses of cornea samples were  performed as 

previously described [27]. Briefly, enucleated eyes were embedded in OCT Tissue Tek freezing 

media. 7μm and 20 μm  sections were prepared from fresh frozen tissues using a cryostat (Leica, 

lzar, Germany) and mounted on SuperFrost Plus slides. Sections were fixed for 20 min in 4% 

paraformaldehyde (PFA) at room temperature (RT) and permeabilized using 0.3% Triton X100 in 

phosphate buffered saline for 15 min. Sections were then washed in PBST for 10 min, before 

being  blocked with 5% normal donkey serum (Jackson Laboratories, ME) in PBST for 1 hour  at  

RT.  After blocking, slides were incubated with primary antibodies (diluted in blocking buffer) 

overnight at 4°C. 

  

For chromogenic analysis, 7 µm tissue sections were treated with hydrogen peroxide for 15 min 

to quench the endogenous peroxidase activity prior to incubation with the primary antibody rat 

anti-CD4 (1:50, BD Pharmigen, Cat 550280). A Horseradish peroxidase conjugated secondary 

was used followed by amplification with DAB (Vector, SK-4100). Images were taken using Zeiss 



Axio Imager 2 fluorescent microscope. The number of CD4+ T cells in the central corneal and 

limbal region was quantified by counting the absolute number of DAB+ brown cells with an 

associated nucleus labeled using H&E counterstain. 

  

For immunofluorescent analysis, 7 or 20 μm tissue sections were incubated with the following 

primary antibodies: rabbit anti-TUBB3 (1:500, Cell Signaling, Cat 5568S), rat anti-Perlecan 

(HSPG) (1:500, Chemicon, MAB1948), goat anti-KRT12 (1:100, Santa Cruz, Cat 515882), rabbit 

anti- LAMA3 (1:500, Abcam, Cat 151715), rabbit anti-COL1 (1:500, Abcam, Cat 34710), rabbit 

anti-KRT4 (1:500, BioLegend, Cat 905301), rat anti-KRT19 (1:300, DSHB, Troma III), rabbit anti-

YAP (1:100, Cell Signaling, Cat 4912S),  rabbit anti-KLF4 (1:200, Abcam, Cat 214666), rabbit 

anti- pFAK (1:500, Abcam, Cat 223529), mouse anti-ZO1 conjugated to Alexa594 (1:1000, Life 

Technologies, Cat 339194), rat anti-Ecadherin (1:300, Life Technologies, Cat 131900), rat anti-

K67(1:100, Daiko, M7248), rabbit anti-POSTN (1:500, Abcam, Cat 14041). Antibodies were 

detected using Cy2-, Cy3- or Cy5-conjugated secondary Fab fragment antibodies (Jackson  

Laboratories),  and  nuclei  were  stained  with  Hoechst 33342 (1:3000, Sigma-Aldrich). 

Fluorescence  was  analyzed  using  a Zeiss Yokogawa Spinning disk confocal microscope with 

images assessed using NIH ImageJ software, as described below. 

  

2.3 Image Analysis 

Analysis of ECM and BM molecules and nerve density. Collagen type I (COL1) intensity was 

quantified in 300μm sections of central cornea, or 200μm sections of limbal stroma. Quantification 

was performed using a region of interest (ROI) and applying Tsai’s thresholding method 

(Moments). Raw integrated densities normalized to the stromal area within the ROI of the 

thresholded image was recorded. COL1 images were also scored for fiber alignment, where 

corneal stroma with parallel fibers scored as 0, and complete misalignment scored as 5. Corneal 

stroma with score of 3 and above considered as misaligned (Supplementary Fig 2).  Laminin 

(LAM) and perlecan (HSPG2) intensities were quantified on 300µm sections of central cornea or 

200µm section of limbal epithelial basement membrane ROI applying Tsai’s thresholding method 

(Moments) [28] or Yen’s thresholding methods (Yen) [29], integrated densities within the ROI of 

the thresholded image were recorded. Periostin (POSTN) intensity was quantified on 200µm 

sections of limbal stroma (ROI) and processed using Tsai’s thresholding method (Moments). 



Integrated densities were then recorded. Nerve density was quantified on 300µm sections of 

central cornea or 200µm sections of limbal epithelial ROI applying Tsai’s thresholding method 

(Moments) or Yen, integrated densities within the ROI of the thresholded image were recorded. 

  

Quantification of cell adhesion proteins and regulators. E-cadherin and ZO-1 fluorescent intensity 

was quantified in a region of interest (ROI) containing a 300 µm section of central cornea 

epithelium. A Tsai’s thresholding method (Moments) was then applied to the ROI, and integrated 

densities within the ROI of the thresholded image were recorded. For KLF4, fluorescent intensity 

was quantified using Tsai’s thresholding method (Moments) on basal cell nuclei (25 cells per 

cornea). Integrated density for each nucleus was recorded.  

  

Quantification of mechanosensors pFAK and YAP. pFAK fluorescent intensity was quantified on 

a ROI containing a 300µm section of central cornea or a 200µm section of limbal epithelial 

basement membrane. Tsai’s thresholding method (Moments) was applied to the ROI of each 

cornea, and integrated densities within the ROI of the thresholded image were recorded. The ratio 

of nuclear YAP to total cellular YAP was measured using Tsai’s thresholding method (Moments) 

on basal cells (25 cells per central cornea, 15 cells per limbus). Integrated densities of total cellular 

YAP (marked by E-CAD) and nuclear YAP (marked by Hoechst) were recorded for each basal 

cell. Ratio of 1  equates to  YAP being exclusively localized to the nucleus. 

Quantification of basal cell proliferation. The number of KRT14+ cells and KRT14+Ki67+ cells 

were counted in the central cornea and limbal epithelium. To obtain the percentage of proliferating 

basal cells per respective region, cell counts were divided by the total number of KRT14+ cells. 

  

Quantification of limbal cell expansion. Limbal epithelial progenitor cells were labeled using an 

antibody directed against KRT19. The ratio of KRT19 to cornea-specific KRT12 staining was 

calculated by measuring the relative length of tissue labeled with each marker when assessed 

limbus-to-limbus beginning at the KRT12 to KRT19 transition zone. The resulting ratio was used 

to quantitatively assess the extension of KRT19 into the cornea and, thus, expansion of the 

progenitor cells compartment. Epithelial thickness was measured at the central cornea and at the 

KRT12-KRT19 transition point. Basal cell height was measured on KRT14+ cells (25 cells per 

cornea). 



  

Quantification of Epithelial Apoptosis. Apoptotic epithelial cells were labeled using an antibody 

directed against cleaved caspase 3 (CASP3). The number of CASP3+ epithelial cells was 

measured as a percentage of total ECAD+ epithelial cells within a 350µm region of the central 

cornea or 200µm region of the ECAD+ limbus.  

 

2.3 Analysis of epithelial barrier function    

Mice were anesthetized with isoflurane and 5 μL of lissamine green dye (1%) was applied to the  

lower conjunctival cul-de-sac. Images of the cornea were taken using an Olympus Zoom  Stereo 

Microscope (Olympus, CenterValley, PA). Lissamine green staining was scored by dividing the 

cornea into four quadrants, the extent of staining in each quadrant was  classified  as  Grade 0, 

no staining; Grade 1, sporadic (<25%); Grade 2, diffuse punctate (25-75%), or Grade 3, coalesced 

punctate staining (75% or more). The total score was calculated  separately for each eye and 

equaled the sum of  all four quadrants ranging from 0 (no staining) to 12 (most severe staining). 

Scoring was conducted by three masked observers with each data point representing the fold 

change relative to the average WT score from the same age group. 

  

2.4 Tear Secretion Measurement 

Mice were anesthetized with isoflurane and injected into the peritoneum (i.p.) with 4.5 mg/kg of 

pilocarpine  diluted  in  saline.  Ten  minutes  later,  mice  were  anesthetized  with  isoflurane  and  

tear secretion (as indicated by the length of the tear-absorbed region in 15 seconds) was 

measured using a Zone-Quick phenol red thread (Showa Yakuhin Kako Co. Ltd., Tokyo, Japan). 

  

2.5 RNA isolation  and RNAseq library generation 

Total RNA was collected and purified using RNAaqueous and DNase reagents according to the 

manufacturer’s instructions (Ambion, Houston, TX, USA). RNA quality was assessed using the 

Agilent 2100 BioAnalyzer, and samples with an RNA integrity number ≥ 6.0 were included for 

RNA sequencing. Up to 1 μg RNA was used to synthesize mRNA libraries using the TruSeq 

mRNA library kit (Illumina Inc, San Diego, CA, USA), as per the manufacturer’s instructions. 

  

 



2.6 RNAseq analysis 

RNA libraries were sequenced on an Illumina HiSeq 4000. Depths of 20–30 million single-end 50 

bp reads were generated for each sample. Quality control metrics were performed on raw 

sequencing reads using the FASTQC v0.11.6 application [30]. Reads were mapped to the UCSC 

Mus musculus genome mm10 (NCBI build v38) using Spliced Transcripts Alignment to a 

Reference (STAR) [31]. At least 90% of the reads were successfully mapped. Reads aligning to 

the mm10 build were quantified against Ensembl Transcripts release 93 using Partek® E/M 

(Partek’s optimization of the expectation maximization algorithm, Partek Inc, St.Louis, MO, USA), 

which disregarded any reads that aligned to more than one location or more than one gene at a 

single location. Data was normalized by two procedures: 1. total count normalization, 2. addition 

of a small offset (0.0001). DEseq2 was then used to detect differential gene expression between 

WT and Aire -/- corneas based on the normalized count data. Genes were considered 

differentially expressed if the log2 Fold Change between samples was at least 1, with the adjusted 

p-value held to 0.05 [32]. Volcano plot of differentially expressed genes were created using the 

“Enhancedvolcano” R package[33]. 

  

A list of all significantly modulated genes (p < 0.05) was used as input for gene ontology (GO) 

analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis using the 

online Database for Annotation, Visualization and Integrated Discovery (DAVID, version 6.8)[34]. 

We consider an attribute to be significant if its p value is less than 0.05 relative to an appropriate 

background gene set. The significantly differentiated gene list was also used as input for Gene 

Set Enrichment Analysis (GSEA) using GSEA software (Broad Institute- version 4.0.3) GSEA 

calculates normalized enrichment score that reflects overrepresentation of predefined genes sets 

in the Aire -/- compared to WT cornea control [35] 

  

2.6 Atomic force microscopy (AFM) 

Fresh intact  corneas collected from 5 week Aire -/- and WT control mice were adhered to glass 

slides by PAP pen marking, allowing attachment for ~5 minutes. Corneas were then covered with 

media supplemented with 0.5% BSA to prevent protein deposition onto the cantilever. AFM 

measurements were obtained as described previously [36].  Briefly, AFM measurements were 

acquired using an MFP3D-BIO inverted optical AFM mounted on a Nikon TE2000-U inverted 



fluorescent microscope (Asylum Research). Indentations were performed with silicon nitride 

cantilevers with a nominal spring constant of 0.06 N/m and borosilicate glass spherical tips 5 μm 

in diameter (Novascan Tech). Cantilever calibration was done using the thermal oscillation of the 

tip and via indentation of a thin micah sheet. Samples were indented at 2 μm/s loading rate with 

a 1 V deflection voltage trigger. Force maps were obtained over eight points in 20x20 μm scan 

regions. Tissue stiffness (Elastic modulus) was computed using the Hertz model within the 

Asylum Research software with a sample Poisson Ratio of 0.5. 

  

2.7 Statistical Analysis 

A minimum of three independent repeats were conducted in all experiments.  Bar graphs are used 

to summarize the means and standard deviations  of each outcome obtained using all data 

collected from WT and Aire-/- mice.  A Student’s t-test was used for two group comparisons, 

except for the elastic modulus comparison, where a Mann-Whitney U-test for non-normal 

distribution was used; P < 0.05 was considered statistically significant. A false discovery rate of 

0.05 was applied to RNAseq data. A Wald test with Benjamini and Hochberg correction was used 

for differential gene expression, Fisher's exact test was used for GO and KEGG analysis, and 

Kolmogorov-Smirnov test was used for GSEA analysis. 

 

3. Results 
  

3.1 Early disease development in autoimmune-mediated dry eye disease is marked by a 
dramatic downregulation of basement membrane and extracellular matrix pathways 
To identify key genes and pathways associated with the early stages of autoimmune-mediated 

dry eye disease, we profiled the transcriptomes of corneas from Aire -/- and wild type (WT, i.e., 

Aire +/+) mice at 5 weeks (wk) of age by RNA sequencing (RNAseq) and performed a differential 

gene expression analysis. Compared to the advanced disease state at 7 wk, which is 

characterized by severe dry eye with extensive lymphocytic infiltration of the lacrimal gland and 

cornea, as well as significantly reduced tear production [10], 5 wk Aire -/- mice exhibited mild 

disease, with relatively low levels of CD4+ T cells infiltrating the lacrimal gland [27], central cornea, 

and limbus (Fig 1A,B), and a modest (~2-fold) reduction in stimulated tear secretion (Fig 1C). 

Using a false-discovery rate (FDR) cut-off of 0.05, we found extensive changes in gene 

expression between mutant and WT 5 wk corneas, with 931 genes upregulated (>2-fold; p< 0.05) 



and 921 downregulated (>2-fold; p< 0.05, Fig 1D). Gene ontology (GO) and KEGG analyses of 

the RNAseq data set (Fig 1E and Supplementary Fig 1A,B) indicated significant enrichment of 

inflammatory signaling pathways that were also upregulated in 7 wk Aire -/- mice [10], as well as 

other late stage SS mouse models [37]. Enriched pathways included cellular responses to 

interferon-beta (IFNβ) and interferon-gamma (IFN-γ), antigen processing and presentation, and 

positive regulation of tumor necrosis factors (TNFs), T cell cytotoxicity, IL-1β  signaling and the 

JAK-STAT pathway (Fig 1E,F,1S). In contrast, pathways regulating epithelial cell behavior, 

including PI3K-AKT (p=8.6x10-9), Ras (p=3.8x10-3), and Wnt signaling (p=1.2x10-3; Fig 1E, F, 

S1B) were significantly downregulated. Strikingly, the greatest reduction in 5 wk Aire-/- corneas 

belonged to the extracellular matrix (ECM; Fig 1E; 72 proteinaceous ECM genes, p=1.7x10-35), 

and sensory innervation (85 genes downregulated) with a significant depletion in pathways 

involved in collagen fibril organization (p=1.1 x10-8), ECM-receptor interactions (p=1.4x10-11), 

synapses (p=2.9x10-9), and synaptic membranes (p=9.8x10-6). 

  

To further delineate alterations in the ECM in the early stages of disease, we conducted Gene set 

enrichment analysis (GSEA) and validated our findings by immunofluorescent analysis. GSEA 

revealed a significant downregulation of mRNA encoding ~35% of the ~200 ECM- associated 

proteins in this gene set (Fig 2A), including transcripts coding for isoforms of the highly abundant 

stromal protein collagen I (COL1; Col1a1 and Col1a2 p=2.43 x10-20 and p=4.03x10-38 

respectively)) and the BM protein laminin (Lama1 and Lama2 (p=4.3x10-4 and p=1.51x10-18 

respectively; Fig 2B)). In addition, genes involved in ECM degradation, such as the 

metalloproteinases Mmp9, 10 and 13, (p=4.36 x10-6, p=6.05x10-6 and p=1.05x10-25, respectively) 

were upregulated (Fig 2B), further suggesting an alteration of ECM composition and structure at 

the earliest stages of disease development. Immunofluorescent analysis of the stromal ECM 

protein collagen 1 (COL1) and BM-enriched proteins heparan sulfate proteoglycan 2 

(HSPG2/perlecan) and laminin alpha 3 chain (LAM, a component of the major corneal laminin, 

Laminin 332 [38]), confirmed structural disruption in these two compartments (Fig 2C-G). 

Although total levels of COL1 protein did not change in the Aire -/- cornea (Fig  2C,D), more than 

80% of the Aire -/- mice showed a misalignment of collagen fibers in the corneal stroma 

(Supplementary Fig. 2), indicating severe disruption in ECM organization. Even more profound 

changes were observed in the BM, with significant depletion of both HSPG2 and LAM in the 

central cornea of 5 wk Aire -/- compared to WT (Fig 2C,E,F,G). In conjunction with the reduction 

in the BM, KRT14+ basal cells changed from cuboidal to columnar, consistent with the known role 

of BM in regulating cell shape (Supplementary Fig. 3 [39]).   Interestingly, these reductions were 



limited to the central cornea, with the Aire -/- limbus exhibiting slightly increased levels of LAM 

and HSPG2 compared to the WT control (Fig 2E,F,G). Given this result, we further examined 

limbal ECM integrity using limbal-specific ECM protein periostin (POSTN) [40]. POSTN is known 

to play a role in the maintenance of limbal stem cells and is upregulated during wound healing 

[41]. We found increased POSTN protein in the Aire -/- limbal stroma compared to control (Fig 

2H,I), suggesting an alteration in ECM composition in this region reflective of wound healing.  

  

3.2 Disruption of the epithelial basement membrane and ECM are accompanied by corneal 
denervation in the early stages of dry eye development 
ECM and BM components play an important role in growth and regeneration of the peripheral 

nervous system [42]. Consistent with the reduction in BM and ECM transcripts in the 5wk Aire -/- 

cornea, our differential gene expression analysis combined with GSEA revealed extensive 

downregulation of numerous neuronal genes and pathways associated with acetylcholine 

signaling (Ache, p=4x10-3, Chrnb1,p=3.8x10-17), glutamate signaling (Gria1,p=8.51x10-27, Gria2, 

p=3.5x10-4), synapse formation (Syp, p=3.7x10-3, Nrxn1, p=7.6 x10-6), axon guidance (Ntng1, 

p=4.6 x10-4, Slit3, p=2.7 x10-34, Sema3c, p=2.35 x10-8) and nerve regeneration (Gap43, p=1.1x10-

7) (Fig 3A). Immunofluorescent analysis of TUBB3+ corneal nerves validated these reductions, 

with a significant loss in nerve density throughout the cornea of 5 wk Aire -/- mice as compared 

to WT (Fig 3B-D). Surprisingly, despite the Aire -/- limbus showing similar or higher levels of BM 

proteins LAM and HSPG2 compared to the WT limbus, TUBB3+ fibers were significantly reduced 

throughout the ocular surface (Fig 3D), suggesting nerves are lost before the BM. Together, these 

data indicate that the corneal ECM and BM along with corneal innervation are significantly altered 

at the early stages of disease but that the BM and ECM of the limbal and central regions are 

differentially impacted. 

  

3.3 Loss of epithelial junctions disrupts corneal epithelial barrier function 
A key clinical indicator of dry eye disease severity in both humans and mice is a reduction in 

corneal epithelial barrier function [43]. This outcome is mainly due to a disruption in epithelial 

junctional complexes e.g., tight junctions, adherens junctions, and desmosomes, which are 

anchored to the intracellular cytoskeleton [44] to seal the paracellular space and provide structural 

support. We previously reported that 5 wk Aire -/- mice show very moderate corneal epithelial 

disruption compared to WT and late disease (7 wk Aire -/-) mice [27], indicating mild barrier 

dysfunction (Fig 4A). In support of these findings, our transcriptomic analysis revealed 

downregulation of genes associated with cell-cell junctions (Fig 4B), including junctional adhesion 



molecules Jam2 (p=6.72x10-24) and Jam3 (p=6.8x10-7), tight junction associated marvel protein 

Claudin 10 (Cldn10, p=8.09x10-67), and type 1 transmembrane adhesion protein 

Kirrel2/Neph3/filtrin (p=9 x10-5) [45] (Fig 4C). Alongside this reduction in epithelial junctional 

protein transcripts, we found a corresponding increase in the transcription of genes that serve to 

destabilize epithelial cell-cell adhesions such as Ephrin A2 (Epha2, p=6.1 x10-14) [46], as well as 

genes involved in immune cell adhesion, including Cd6 (T cell adhesion receptor, p=1.8x10-11), 

Itgax/Cd11c (highly expressed by dendritic cells, p=2x10-6), and Itgal (leukocyte intercellular 

adhesion, p=5x10-6; Fig 4C). 

  

To further confirm the loss of epithelial barrier function in Aire -/- corneas during early disease 

development, we examined expression patterns of proteins involved in the establishment and 

maintenance of barrier function. This included (i) Kruppel-like factor 4 (KLF4), a transcription 

factor highly expressed by corneal epithelial cells [47] that has been implicated in promoting 

corneal and epidermal cell differentiation [47] and barrier function [48,49]; (ii) the cell adherens 

junction protein E-cadherin (ECAD), a critical mediator of epithelial cell-to-cell interactions [50]; 

and (iii) the tight junction protein zonula occludens-1 (ZO1), a key regulator of tight junction 

assembly [51] that is enriched in the apical squamous epithelial cells [52]. As shown in Figure 4D, 

KLF4 was expressed throughout the epithelial cell layers in WT corneas but was significantly 

reduced in the basal epithelial cells of 5 wk and 7 wk Aire -/- mice (Fig 4D,G). Surprisingly, ECAD 

protein levels were dramatically elevated throughout the epithelium of 5 wk Aire -/- corneas 

compared to WT before being significantly reduced at 7 wk (Fig 4E,H), suggesting that barrier 

dysfunction at 5 wk is not due to an early loss of ECAD-mediated cell-cell adhesions. We also 

found that total ZO1 expression levels in the Aire -/- cornea were not significantly reduced at 5 wk 

or 7 wk compared to WT control (Fig 4F,I). However, expression of ZO1 by the apical cells was 

severely reduced, indicating a loss of barrier function (Fig 4F). This outcome mimics the pattern 

observed in wounded corneas deficient in syndecan-1 [53], suggesting the Aire -/- cornea exhibits 

an early wound healing phenotype that is ultimately overridden by chronic inflammation. 

  

3.4 Aberrant alteration in mechanical properties of the cornea influences cell behavior 
during the early stages of dry eye development 
           Alterations in ECM composition and organization have a profound impact on a tissue’s 

mechanical properties, which in turn, influence cell behaviors including proliferation, migration, 

and differentiation [54-56]. Recent studies in the cornea have shown that epithelial cell 

proliferation and differentiation across the corneal surface is controlled by changes in stiffness, 



with a softer substrate, promoting increased cell proliferation and reduced cell differentiation 

40,57]. Given ECM deposition and organization heavily influences the mechanical properties of 

the corneal stroma [40], we hypothesized that breakdown of the BM along with disrupted 

organization of the stromal matrix of 5wk Aire -/- corneas would result in corneal softening. We 

employed atomic force microscopy (AFM) to evaluate the elastic properties of freshly isolated 

corneas with intact epithelia. For each cornea, three different fields, each consisting of eight 

distinct measurements (24 measurements in total), were obtained from both the central cornea 

and the limbal region. Compared to age-matched WT mice, we found the elastic modulus across 

the Aire -/- cornea to be significantly reduced within the central compartment but increased in the 

limbus (Fig 5A,B), supporting our hypothesis that the biomechanical properties of the tissue were 

altered early in disease. 
  

Given this alteration in mechanical tension, we next asked whether activation of tissue 

mechanosensors were also altered in the 5 wk Aire -/- cornea. As shown in Figure 5, activation 

of focal adhesion kinase (FAK), a pivotal mediator of cell mechanosignaling that is phosphorylated 

(pFAK) when recruited to focal adhesions after integrin attachment to the ECM in a high-stiffness 

environment [58], was dramatically altered in the Aire -/- cornea. Compared to the WT cornea, 

where extensive pFAK accumulates at cell- to- matrix adhesion points along the BM, pFAK was 

markedly decreased in the central corneas of 5 wk Aire -/- mice where matrix softening was noted 

by AFM. In contrast, pFAK was notably increased within the limbal region where matrix stiffness 

was also increased (Fig 5C,D). 

  

As pFAK has been shown to control the cytoplasmic to nuclear translocation, and thus activation, 

of the transcriptional co-activator Yes-associated protein (YAP) in response to mechanical stress 

[59,60], we next analyzed the expression pattern of YAP in WT and Aire -/- cornea. As shown in 

Figure 5, the central cornea exhibited similar YAP localization patterns in both WT and Aire -/- 

corneas, with the ratio of nuclear (active) to cytoplasmic (inactive) YAP highest in the basal 

epithelial cells. However, in contrast, we measured a significant increase in nuclear YAP in the 

limbal epithelial cells of the Aire -/- cornea compared to WT (Fig. 5E,F), supportive of increased 

YAP function in concordance with the increase in matrix stiffness measured by AFM. 

Changes in tissue tension have been shown to strongly impact corneal stem cell behavior, with 

ECM stiffening promoting self-renewal and softening enhancing cell differentiation [57,61]. Based 

on these previous studies, we then asked whether limbal or central corneal stem/progenitor cells 

in 5 wk Aire -/- mice differed to WT in levels of cell proliferation or differentiation. Consistent with 



the alteration in corneal biomechanics, we found early disease to be associated with an alteration 

in cell cycle entry. Using antibodies to the cell mitotic marker, Ki67, as well as the basal epithelial 

progenitor marker, keratin 14 (KRT14), we measured a significant increase in epithelial progenitor 

cell proliferation in both the limbus and central cornea of 5wk Aire -/- cornea (Fig 5G,H), which 

resulted in tissue hyperplasia and corneal thickening (Fig. 5I). This outcome was complemented 

by a significant upregulation of Krt14 gene expression (FC=4.5, p= 3.95x10-13; Fig. 1D).  However, 

there was no increase in apoptotic (cleaved caspase-3+) epithelial cells in the Aire-/- cornea at 

either 5 or 7 wk compared to wild type controls  (Supplementary Fig. 4), suggesting alterations in 

the BM did not promote cell death. To define potential changes in progenitor cell expansion and 

differentiation, we examined expression of the epidermal marker KRT10 (not expressed in the 

healthy cornea epithelium) as well as measured the ratio of limbal KRT19+ to differentiated 

KRT12+ cells (KRT19/KRT12). Using these analyses, we previously showed ectopic expression 

of KRT10 by apical cells of the central cornea and expansion of limbal progenitor cells into the 

peripheral cornea from Aire-/- mice at late stages of disease [10,62]. However, using the same 

approach, we failed to find expression of KRT10 protein and the limbal progenitor compartment 

had not yet expanded in 5 wk Aire -/- mice, suggesting that corneal epithelial progenitors are yet 

to undergo aberrant epidermal transformation and that the stem cells remain within the limbal 

niche during the early stages of disease development (Fig 5J,K). 

  

  

Discussion: 

In this study we reveal the molecular, cellular, mechanical and compositional alterations that take 

place in the murine cornea during early stages of autoimmune-mediated dry eye disease.  We 

demonstrate for the first time that early disruptions in ECM and BM synthesis and organization 

occur during the emergence of autoimmune-mediated dry eye disease and are associated with 

alterations in the cornea’s mechanical properties. We also show that corneal barrier function, 

cellular homeostasis and sensory innervation are detrimentally impacted at the early stages of 

disease development, well before significant immune cell infiltration of the cornea. Further, we 

find that the profound loss of corneal nerves occurs independent of changes in BM  deposition, 

suggesting that desiccating stress alone is sufficient to promote denervation. Finally, we newly 

demonstrate that the early diseased cornea displays spatial heterogeneity in the majority of these 

mechanical, structural and compositional changes, with the limbal compartment often exhibiting 

the opposite response compared to the central cornea. Thus, we reveal novel perturbations in 

corneal biomechanics, matrix organization and cell behavior during the early phase of dry eye 



that may underlie disease development and progression, presenting new potential targets for 

therapeutic intervention. 

  

A key outcome from our study was the discovery of altered corneal biomechanics at the early 

stages of dry eye disease. A number of studies have shown changes in biomechanical properties 

are associated with corneal pathologies [63]. Ocular response analyzer (ORA) and Corneal 

Visualization Scheimpflug Technology (CorVis ST) measurements in patients with Sjögren’s at 

late stages of disease have previously suggested that the biomechanics of the cornea are 

compromised in dry eye [13,14]. These studies show the cornea of Sjögren’s patients to have 

reduced stiffness as compared to healthy controls but when this outcome occurs and what 

induces these changes are unknown. Our data suggests that altered corneal stiffness is likely the 

result of altered ECM and/or BM composition and organization. The biomechanics of the cornea, 

like all tissues, are tied to the structure and composition of the ECM. ECM stiffness is determined 

by the amount of proteins present, such as collagens, fibronectin or proteoglycans, their spatial 

orientation and organization, their degree of crosslinking, and their regulation/remodeling by 

matrix metalloproteinases [64]. Thus, it is not surprising that the extensive reduction in global 

ECM gene expression and heightened production of MMPs in the Aire -/- cornea during early 

disease would be strongly associated with significant alterations in the elastic modulus of the 

tissue. Whether this is also the case in humans remains to be investigated.    

 

Essential to visual acuity is the curvature of the cornea, which is achieved, in part, through spatial 

heterogeneity of tissue tension. Measurements of healthy human and murine cornea 

biomechanics using nonlinear optical (NLO) imaging techniques along with AFM and Brillouin 

spectro-microscopy (BSM) identified critical biomechanical differences between the limbus and 

the central cornea needed for tissue homeostasis and visual acuity [40,57,65,66]. That is, 

substrate stiffness increases from the limbus to the central cornea. In mice, the soft limbal region 

has been shown to be required for maintaining the stem cell niche and increasing centripetal 

stiffness that is essential for driving progenitor cell differentiation [40,57]. In our study, we 

unexpectedly found that changes in stiffness during early disease were region specific and were 

in opposition to the existing forces  i.e., we found central cornea softening and limbal stiffening. 

In vivo ORA/CorVis ST measurements of human cornea with late stage dry eye disease reveal 

cornea softening [13,14], however, as these techniques do not allow regional analysis, the impact 

on central vs. peripheral tissue is unclear. In line with previous murine studies showing that 

corneal softness drives cell proliferation and disables differentiation [67-69], we found increased 



KRT14+ progenitor cell proliferation in the central cornea, as well as a reduction in basal 

expression of the pro-differentiation factor KLF4, suggestive of an early impairment in cell 

differentiation. Indeed, impaired KRT14+ cell differentiation is found in the 7 wk Aire-/- cornea 

[10]. However, despite the 5wk Aire-/- cornea showing elevated limbal stiffness and increased 

nuclear YAP, which we predicted based on other studies would provoke differentiation and reduce 

proliferation [40,57], limbal epithelial cell proliferation increased. Moreover, YAP remained active 

in the softening central cornea even in the absence of its activator pFAK. These outcomes suggest 

that YAP localization and function during the earliest stages of dry eye development differs from 

that of the healthy cornea. In support of this, YAP has been shown to be activated and 

translocated to the nucleus in intestinal epithelial cells in response to inflammatory signals so as 

to promote epithelial cell proliferation and regeneration [70]. Whether YAP is indeed activated by 

inflammatory factors produced by the corneal epithelium to promote epithelial proliferation 

remains to be investigated.  

  

In addition to contributing to tissue biomechanics, the epithelial BM and stromal ECM have a 

multitude of critical cellular functions. The BM is needed for anchoring epithelial cells, modulating 

cell migration and differentiation, and maintaining the differentiated phenotype of associated 

epithelial cells [71], while production of proteoglycans (e.g., lumican) and growth factors/cytokines 

by keratocytes in the stroma contributes to wound healing [72,73]. Thus, not surprisingly, 

alterations to the corneal BM and stromal ECM have been described in multiple human corneal 

pathologies including keratoconjunctivitis sicca [74], corneal epithelial basement membrane 

dystrophy [75], and diabetic keratopathy [76]]. Each of these disorders can severely impact 

epithelial barrier function, wound repair, and/or cell identity. However, as studies to date have 

solely focused on late stage disease, it is unknown whether disruption in the BM and ECM occurs 

early or late during disease development.  

 

Our findings showing extensive ECM disruption and remodeling at early disease stages suggest 

that clinical characteristics of dry eye disease, believed to be driven by inflammation, may be 

mediated through an increase in matrix degradation and a reduction in ECM synthesis. Two 

recent studies using mouse models of non-autoimmune-mediated dry eye attribute 

disorganization of the stromal ECM and loss of the BM to tissue remodeling by matrix 

metalloproteinases produced by the corneal epithelial cells in response to desiccating and 

osmotic stress [77,78]. Consistent with these studies, we found increased transcript levels of 

epithelial Mmp9, which has been shown to impair epithelial cell adhesion by cleaving laminin, 



collagen IV and beta4 integrin [79,80], and MMP13, which degrades perlecan/HSPG2 [81], at the 

early stage of disease. Increased production of MMPs, including MMP-9, have been measured in 

the tears of patients with aqueous deficient dry eye disease [82,83], although whether this impacts 

the ECM or BM has not been determined. Furthermore, whether MMPs are elevated in the stroma 

of patients with dry eye disease or if BM and ECM synthesis are also reduced, as for the Aire-/- 

model, is unknown. However, with changes in MMP levels in the Aire-/- cornea being relatively 

small compared to the dramatic reduction in global ECM gene expression, our data strongly 

suggests that a loss of ECM synthesis by corneal epithelial cells and stromal keratocytes 

contributes significantly to alterations in both the BM and stromal ECM and thus tissue tension. 

What cellular events or signaling pathways mediate these transcriptional changes in ECM and 

MMP genes remains unclear. However, it is known that epithelial MMP gene expression is 

activated by stress-associated mitogen-activated protein kinase signaling pathways (including c-

Jun N-terminal kinase, extracellular signal–related kinase, and p38) downstream of 

proinflammatory cytokines (e.g., IL-1b, TNFs, and IL-6) and upstream of transcription factors 

nuclear factor κB and activator protein 1 [84-88], all of which are elevated in the 5 wk Aire -/- 

cornea. Similarly, immune factors such as IL-1 modulate the production of collagenases, 

metalloproteinases, and other enzymes by keratocytes [89]. Thus, we predict these pathways are 

also involved in altering ECM and MMP gene expression in autoimmune-mediated dry eye.  

  

This significant loss of ECM and BM in the early stages of dry eye development raised some 

compelling questions regarding the molecular events that link altered biomechanics with  disease 

pathogenesis. Loss of ECM and BM closely paralleled compartment-specific softening of the 

central cornea suggesting that quantitative assessment of the cornea’s biomechanical behavior 

could offer a viable modality to diagnose, monitor, and manage dry eye disease during its earliest 

stages, even before the onset of chronic inflammation and extensive tissue damage. The 

prospective clinical application of corneal biomechanics in the setting of disease diagnosis and 

management is currently under investigation to assess the risk of ectasia in corneal disorders, 

such as keratoconus and following refractive surgery [90]. As such, there has been considerable 

interest in developing novel technologies like the Ocular Response Analyzer (Reichert 

Ophthalmics) that can provide point-of-care assessment of corneal biomechanical responses 

[91].  

  

Structural integrity of the corneal basement membrane and underlying stroma is critical to 

maintain homeostasis and to support the viability of its extensive network of sensory nerves. A 



functional nerve supply is essential to corneal homeostasis, as well as the production of tears, 

through activation of the lacrimal reflex. Dry eye disease in humans is heavily associated with 

altered innervation [92], yet the time point at which the nerve supply is reduced during disease 

progression and the identity of the factors driving denervation are unknown. We recently reported 

that 7wk Aire-/- corneas exhibit a profound reduction in sensory innervation and tear secretion 

that occurred in conjunction with extensive immune cell infiltration [10]. Our current study indicates 

that denervation occurs very early in disease development and likely precedes immune cell 

infiltration of the cornea. Furthermore, similar to the global corneal denervation exhibited at late 

stage disease, we also found a dramatic reduction in the nerve supply to both the limbus and 

central cornea at the early disease timepoint. Intriguingly, however, loss of innervation to the 5 

wk Aire-/- limbus occurred despite the presence of LAM-enriched BM, which has been well 

described as a prerequisite for axon development and regeneration [93,94]. Such an outcome 

predicts that other factors important for nerve maintenance are being lost. In support of this notion, 

we measured significant reductions in expression of genes that participate in axon guidance, 

including Ntng1, Slit1-3 and Sema3c. Notably, a recent study investigating the role of SEMA3C 

in the wounded corneas of wild type and diabetic mice (these mice also display reduced corneal 

innervation) showed that SEMA3C levels are greatly elevated in the epithelium of healthy but not 

diabetic mice, and that in vivo addition of exogenous SEMA3C to the diabetic mouse cornea 

improved sensory nerve regeneration [95]. 

  

A hallmark of dry eye disease is epithelial barrier disruption that enables pathogens, allergens 

and irritants to enter the eye. This phenotype largely results from a loss in functional cell-cell 

adhesion complexes such as tight junctions and cadherin-catenin complexes, or a reduction in 

epithelial cell adhesion to the BM. We found that each of these junctional interactions were 

disrupted at late stage disease (7 wk), with a severe loss of ZO1 in the apical corneal epithelial 

cells, reduced E-cadherin expression and the absence of BM proteins. However, despite 

increased epithelial barrier dysfunction in the 5wk Aire -/- cornea compared to WT, at the early 

disease time point ZO1 was still expressed by  suprabasal cells while Ecadherin became highly 

enriched throughout the epithelium. Such an upregulation in Ecadherin expression has previously 

been observed in other autoimmune disorders including inflammatory bowel disease, where acute 

inflammation was associated with upregulated Ecadherin whereas chronic inflammation reduced 

cadherin complexes [96]. A possible mechanism underlying epithelial barrier dysfunction at the 

early disease stage is increased expression of proinflammatory cytokines by the corneal 

epithelium. TNF-α, IFN-γ and IL-1β are expressed by multiple epithelial organs, including the 5wk 



Aire-/- cornea, in response to stress or damage and serve in the initiation and amplification of the 

inflammatory response [97]. In addition, each of these cytokines has been shown to disrupt the 

barrier function of a variety of epithelial cells, including retinal pigment and intestinal epithelial 

cells [98,99]. Notably, exogenous treatment of human corneal epithelial cells with IL-1β 

demonstrated a loss of apical ZO1 in a time dependent manner [100]. Together, these studies 

suggest that the epithelium attempts to preserve its barrier function in acute disease but that, over 

time, chronic inflammation reverses this outcome. 

  

In addition to being a regulator of barrier function in multiple epithelial tissues, IL1/IL1R signaling 

is also a key modulator of corneal inflammation and wound healing, where it is activated in 

response to desiccating stress or acute injury. IL-1 serves to regulate many of the most important 

responses to corneal injury, including mobilization of inflammatory cells and up-regulation of the 

production of molecules involved in the defense against pathogens, angiogenesis, stromal 

remodeling, and the elimination of wound healing cells [89]. Previously, we demonstrated a 

central role for the IL-1/IL-1R cytokine signaling pathway in the Aire -/- mouse model of dry eye 

[101], where it served as an essential mediator of epithelial hyperplasia and CD4+ T cell-mediated 

inflammation. In accordance with these studies, we found an upregulation of IL-1β mRNA 

(FC=8.5, p=2.53x10-12), and transcripts involved in both the production and cellular response to 

IL-1, as well as hyperproliferative epithelial cells throughout the cornea. However, this was in the 

near absence of adaptive immune cell invasion. Moreover, there was an enrichment of gene set 

profiles associated with acute wound healing. These included innate defense processes such as 

the release of proinflammatory cytokines by ocular epithelial cells (e.g., IL-1b, TNFs, IL-6), antigen 

presentation and processing, and activation of stress-induced signaling pathways. Persistent 

activation of these pathways will promote disease progression and result in chronic inflammation. 

Thus, these results suggest that the earliest stages of dry eye disease development resemble the 

innate stress response of wound healing, as opposed to the chronic inflammatory phenotype of 

late disease, and are driven, in part, by IL1 signaling [102]. 

  

In summary, our data demonstrate the novel and compelling impact of altered tissue 

biomechanics on cell behavior and early disease development in a mouse model of spontaneous, 

autoimmune-mediated, aqueous-deficient dry eye. Changes in cell behavior occur in conjunction 

with ECM-based softening of the cornea, which we postulate to be essential to disease 

development and progression. Intriguingly, changes in corneal biomechanics and cell behavior 



are initiated prior to the extensive infiltration of CD4+ T-cells, indicating that these changes are 

associated with an early wound healing response as opposed to chronic inflammation. 

  

Moving forward, it will be important to closely examine the molecular events that disrupt the 

corneal basement membrane during dry eye development and its impact on cell behavior (e.g., 

cell-cell adhesion, proliferation, and differentiation), tissue biomechanics, sensory innervation, 

and inflammation. A more thorough understanding of the sequence of events that leads to chronic 

dry eye and the interactions between associated pathways is paramount to identifying novel 

therapeutic approaches that break the cycle of disease development at its earliest stages. 
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Figure Legends 

  
Figure 1: Dramatic downregulation of pathways associated with basement 
membrane/extracellular matrix synthesis and functional innervation during early disease 
occurs in conjunction with the enrichment of inflammatory pathways that regulate corneal 
wound healing. (A) Immunohistochemical analysis and (B) quantification of CD4+ T cells in the 

central cornea (cCo) and limbus (Lm) of 5 wk WT and Aire -/- mice. (C) Pilocarpine-induced tear 

secretion of 5 wk WT and Aire -/-. (D) Volcano plot shows the number and magnitude of 



differentially expressed genes in the 5 wk Aire -/- vs. WT cornea. The plot indicates -log 10 p-

value for genome-wide genes (Y-axis) plotted against their respective log 2 fold change (X-axis). 

The red and blue dots represent significantly up-and down-regulated genes (fold change>2, p-

value <0.05), respectively. (E) Heat map of representative genes associated with immune 

response, PI3K-AKT signaling, cell differentiation, Ras, and Wnt signaling. (F) Ranked list of 

biological pathways (gene ontology (GO) analysis) that are enriched during early disease. Scale 

bar = 50 µM. * p <0.05; ** p <0.01; *** p <0.001, unpaired two-tailed t-test. Each dot in the bar 

graph represents a biological replicate. Error bars represent standard deviation. 

  
  

Figure 2: The composition and structure of the extracellular matrix and basement 
membrane are disrupted and exhibit spatial heterogeneity during early disease. (A) 

Enrichment score (ES) from GSEA analysis demonstrates significant  downregulation of genes 

associated with corneal extracellular matrix in 5 wk Aire -/- vs WT corneas. (B) Corresponding 

heatmap highlighting the relative expression of the extracellular matrix gene set. (C) 

Immunofluorescent analysis of whole cornea for collagen I (COL1) and perlecan (HSPG2) in 5 

wk WT and Aire -/- corneas. Sets outlined in yellow and red show magnified images of the central 

cornea (cCo) and limbus (Lm), respectively. (D) Quantification of COL1 fiber density in the corneal 

and limbal stroma of WT and Aire -/-. (E) Quantification of HSPG2 in the basement membrane of 

the central cornea and limbus. (F and H) Immunofluorescent analysis (G and I) and quantification 

of basement membrane markers laminin alpha 3 (LAM, central cornea and limbus) and limbal-

specific ECM marker, periostin (POSTN), in the limbus of 5 wk WT and Aire -/- corneas. Scale 

bar = 25 µM for F and G as well as inset small images in C, and 200µM for whole cornea in C . * 

p <0.05; ** p <0.01; unpaired two tailed t test. Each dot in the bar graph represents a biological 

replicate. Error bar represents standard deviation. 

Figure 3: Loss of central cornea innervation at early disease. (A) Heatmap highlighting  

relative expression of neuronal genes associated with acetylcholine signaling, glutamate 

signaling, synapses formation, nerve regeneration, and axon guidance pathways. (B) Cornea  

from 5 wk WT and Aire -/- were immunostained for the pan-neuronal marker beta3 tubulin 

(TUBB3) and corneal epithelial marker keratin 12 (KRT12). The image of the whole 

peripheral+central cornea was generated through a tiling function using 1µm confocal sections, 

with yellow  and red outlined insets showing magnifications of the central cornea (cCo) and limbus 

(Lm). Epithelial marker E-cadherin (ECAD) was shown together with TUBB3 in the limbus. (C-D) 

Quantification of TUBB3 nerve density in central corneal and limbal epithelium. Scale bars in B 



are 25 µM for inset images and 200 µM for intact cornea. * p <0.05; ** p <0.01; unpaired two tailed 

t test. Each dot in the bar graph represents a biological replicate. Error bars represent standard 

deviation. 

  

Figure 4: Loss of apical tight junctions and their regulators in early disease. (A) Lissamine 

green staining indicates the extent of ocular surface epithelial damage in health, early disease 

(5wk) and late disease (7wk) Aire -/- mouse. (B) GSEA analysis of Aire -/- vs WT cornea revealed 

a reduction in genes associated with cell adhesion. A plot of the Enrichment Score (ES) vs. the 

gene list index is shown in B. (C) Corresponding heatmap highlighting the relative expression of 

the genes belonging to the cell adhesion gene set. (D-I) Immunofluorescent analysis (D-F) and 

quantification (G-I) of the transcription factor KLF4 (D and G), the cell-cell adhesion molecule 

ECAD (E and H), and the tight junction protein ZO1 (F and I)  in healthy, early disease (5wk) and 

late disease (7wk) cornea. The graph in G shows expression levels of KLF4 in the basal epithelial 

cells. Graphs in H and I show expression levels of ECAD and ZO1 throughout the epithelium. 

Scale bar = 25 µM. * p <0.05; ** p <0.01;*** p <0.001; unpaired two tailed t-test. Each dot in the 

bar graph represents a biological replicate. Error bars represent standard deviation. Each dot in 

the box plot represents a cell. n > 4 mice per group. 

  

Figure 5: Softening of the central cornea and aberrant activation of mechanotransduction 
at the limbus during early disease. (A) Schematic depiction of atomic force (AFM) microscopy 

experimental design in fresh whole mount corneas from 5wk WT and Aire -/- (n= 3 per group). 

Three force maps of eight measurements each per central cornea and limbus were taken.  (B) 

Elastic modulus of the central cornea and limbus derived from AFM force maps in 5 wk WT and 

Aire -/-. Each dot in the bar graph represents a measurement within a force map.  (C-F) 

Immunofluorescent analysis and quantification for the tissue mechanosensors pFAK (C and D) 

and YAP (E and F). For pFAK, fluorescence levels at the epithelial-BM border were measured 

(D). For YAP (F), quantification is represented by a heatmap for the ratio of nuclear YAP to total 

YAP protein expressed in basal epithelial cells with each horizontal line in each column 

representing a cell. (G and H) Immunofluorescent analysis and quantification of basal progenitor 

cell proliferation using the cell cycle marker Ki67 and progenitor cell marker KRT14 in cCo and 

Lm epithelium of 5 wk WT and Aire -/-. The dotted white line outlined the limbal epithelium. (I) 

Quantification of epithelial thickness in central cornea and limbus of 5wk WT and Aire -/-. (J and 

K) Immunofluorescent analysis of KRT19 (marks limbal epithelial cells) and KRT12 (specific to 

peripheral/central cornea epithelial cells) in the 5 wk WT and Aire -/- cornea. (K) Quantification 



for expansion of limbal progenitors indicated by KRT19 to KRT12 ratio. Scale bar = 25 µM. * p 

<0.05; ** p <0.01; *** p <0.001; unpaired two tailed t test except for B where a Mann-Whitney test 

was applied. Each dot in the bar graph represents a biological replicate. Error bars represent 

standard deviation. 
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