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Type II Diabetes Mellitus Causes Extracellular Matrix
Alterations in the Posterior Cornea That Increase Graft
Thickness and Rigidity
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Purroske. There is a pressing need to investigate the impact of type II diabetes mellitus
on the posterior cornea in donor tissues given its increasing prevalence and potential
impact on endothelial keratoplasty surgical outcomes.

MerHops. Immortalized human cultured corneal endothelial cells (CECs; HCEC-B4G12)
were grown in hyperglycemic media for 2 weeks. Extracellular matrix (ECM) adhe-
sive glycoprotein expression and advanced glycation end products (AGEs) in cultured
cells and corneoscleral donor tissues, as well as the elastic modulus for the Descemet
membrane (DMs) and CECs of diabetic and nondiabetic donor corneas, were measured.

Resurrs. In CEC cultures, increasing hyperglycemia resulted in increased transform-
ing growth factor beta-induced (TGFBI) protein expression and colocalization with
AGEs in the ECM. In donor corneas, the thicknesses of the DM and the interfacial
matrix (IFM) between the DM and stroma both increased from 8.42 + 1.35 pm and
0.504 £ 0.13 pm in normal corneas, respectively, to 11.13 £+ 2.91 pm (DM) and 0.681
+ 0.24 pm (IFM) in non-advanced diabetes (P = 0.013 and P = 0.075, respectively)
and 11.31 £ 1.76 pm (DM) and 0.744 £ 0.18 ym (IFM) in advanced diabetes (AD;
P = 0.0002 and P = 0.003, respectively). Immunofluorescence in AD tissues versus
controls showed increased AGEs (P < 0.001) and markedly increased labeling inten-
sity for adhesive glycoproteins, including TGFBI, that colocalized with AGEs. The elastic
modulus significantly increased between AD and control tissues for the DMs (P < 0.0001)
and CECs (P < 0.0001).

Concrusions. Diabetes and hyperglycemia alter human CEC ECM structure and
composition, likely contributing to previously documented complications of endothelial
keratoplasty using diabetic donor tissue, including tearing during graft preparation and
reduced graft survival. AGE accumulation in the DM and IFM may be a useful biomarker
for determining diabetic impact on posterior corneal tissue.

Keywords: corneal endothelial cells, corneal biomechanics, corneal transplantation

According to the National Diabetes Statistics Report
published by the Centers for Disease Control and
Prevention, 37.3 million people in the United States (11.3%)
have diabetes mellitus.! Corneal transplantation already is
widely affected by the high prevalence of diabetes due to
the inclusion of corneal tissues from donors with a known
diagnosis of diabetes mellitus in the transplant pool (37%
in 2017).2 Diabetic donor corneal tissue was associated
with greater endothelial cell loss and higher rates of graft
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failure 3 years postoperatively after Descemet stripping auto-
mated endothelial keratoplasty> We previously reported
that morphological, biochemical, and functional changes
can be observed in the corneal endothelium-Descemet
membrane tissue complex (EDM) from cornea donors with
diabetes.?~> Liaboe and colleagues?* documented that corneal
tissue from donors with medical complications resulting
from insulin-dependent diabetes have increased cell loss
and lower endothelial cell density compared to age-matched
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controls. In addition to impairment in cell function, there
are structural impairments that affect the posterior cornea
and the EDM as a functional tissue unit.’® Diabetic donor
corneal tissues have a higher failure rate of graft prepa-
ration for Descemet membrane endothelial keratoplasty
(DMEK), approximately 9.2 times greater than that of nondi-
abetic controls,” and it occurs more frequently with longer
disease duration.”® Increased structural adhesion between
the Descemet membrane (DM) and the posterior stroma
has also been demonstrated in corneal tissues from insulin-
dependent donors with end-organ damage (e.g., retinopa-
thy, nephropathy, neuropathy) using a high-fidelity model
of DMEK graft preparation.’ In aggregate, these studies
suggest that diabetes mellitus imparts changes to the poste-
rior cornea that impact clinical care.?

In this investigation, we studied the impact of diabetes
on the extracellular matrix (ECM) of the corneal endothe-
lium, with particular focus on the interfacial matrix (IFM)
between the DM and posterior stroma that forms a cleav-
age plane of high clinical relevance to DMEK graft prepa-
ration and resection of diseased tissue.!° We hypothesized
that diabetic hyperglycemia results in structural alterations
to ECM proteins in the IFM, particularly the formation of
advanced glycation end products (AGEs) that result from
nonenzymatic glycation and oxidation; participate in reac-
tive oxygen species formation; and form cross-links. Using
a controlled hyperglycemia cell culture model, we evalu-
ated how CECs respond to increasing hyperglycemic condi-
tions to establish a dose-response. We characterized key
IFM protein expression changes, glycation events, and ECM
alterations occurring in diabetic donor corneal tissue which
varied by severity of disease versus age-matched controls,
and we utilized transmission electron microscopy and
immunohistochemistry to visualize IFM protein expression
changes and structural alterations. Additionally, atomic force
microscopy was used to quantify the integrity and resistance
to deformational forces of DMEK prepared diabetic and
control tissues to investigate the biomechanical impact of
diabetes. Understanding the impact of diabetes mellitus on
cellular and extracellular structures in the posterior cornea
may provide biochemical markers for grading tissue health
and a basis for improved therapeutic options for patients
that require corneal transplantation.

METHODS
Cell Culture

Immortalized human corneal endothelial cells (HCEC-
B4G12; DSMZ, Braunschweig, Germany) were cultured as
previously described.!! To create a cell culture model
that reproduced the hyperglycemic conditions to which
diabetic corneal endothelial cells are exposed in the anterior
chamber,'? HCEC-B4G12 cells were cultured in four sepa-
rate D-glucose-supplemented culture media conditions. The
control group was grown in a 5.5-mM (99.10 mg/dL) glucose
medium to simulate a normoglycemic, physiological envi-
ronment. The other conditions used hyperglycemic solutions
of 13.0 mM (234.23 mg/dL), 30.5 mM (549.55 mg/dL), and
105.5 mM (1900.90 mg/dL) glucose, recapitulating increas-
ing hyperglycemic concentration. These four glucose condi-
tions correspond to hemoglobin Alc values of 5.1%, 9.8%,
20.8%, and 68%, respectively. Confluent cell cultures were
grown in each glucose condition for 2 weeks prior to use in
experiments.
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TasLe 1. Donor Demographic Information

No. Diagnosis Age (y) Sex No. Diagnosis Age (y) Sex
1 AD 46 M 26 ND 70 F
2 AD 65 F 27 ND 70 F
3 AD 71 M 28 ND 61 M
4 AD 60 M 29 ND 49 F
5 NAD 69 M 30 ND 73 F
6 NAD 74 M 31 NAD 74 M
7 NAD 57 M 32 NAD 70 M
8 NAD 71 F 33 NAD 59 M
9 NAD 70 F 34 NAD 66 M
10 ND 65 F 35 NAD 68 F
11 ND 72 M 36 AD 64 M
12 ND 57 M 37 AD 72 F
13 ND 48 F 38 AD 55 F
14 ND 21 M 39 AD 55 M
15 ND 58 M 40 AD 66 F
16 ND 51 M 41 AD 56 M
17 ND 73 F 42 AD 58 F
18 ND 56 M 43 AD 69 F
19 ND 56 F 44 AD 62 F
20 ND 70 F 45 AD 72 F
21 ND 56 F 46 DM, unspecified 61 M
22 ND 59 F 47 DM, unspecified 64 M
23 ND 71 F 48 DM, unspecified 66 M
24 ND 63 F 49 DM, unspecified 61 F
25 ND 78 F 50 DM, unspecified 55 M

Demographic and medical history information for donors with
or without type II diabetes mellitus analyzed for proteomic changes
via western blotting (1-14), transmission electron microscopy
(15-50), and immunohistochemistry (15-50). See Supplementary
Table S1 for additional donor information. DM, diabetes mellitus.

Donor Tissues

This study was determined to be exempt by the University of
Iowa’s Institutional Review Board and adheres to the tenets
of the Declaration of Helsinki. None of the donor tissues
procured and used for this investigation was from a vulnera-
ble population, and all donors or next of kin provided appro-
priate consent for tissue donation and research. Corneoscle-
ral tissue was obtained from 50 cornea donors 21 to 75 years
of age and stored in Optisol-GS (Bausch & Lomb, Rochester,
NY, USA) at 4°C. EDM tissue samples were assigned to one
of three groups: no diabetes (ND), non-advanced diabetes
(NAD), and advanced diabetes (AD). The ND group included
donors with no known history of diabetes. The NAD group
included donors with a history of diabetes but without a
history of end-organ damage secondary to diabetes. The AD
group included donors with a history of diabetes that had a
history of end-organ damage secondary to diabetes.?*? All
disease group donors had type 2 diabetes mellitus and no
known corneal diseases. Donor demographics are summa-
rized in Table 1.

Transmission Electron Microscopy

For transmission electron microscopy, donor corneal
tissues were fixed, embedded, sectioned, and examined
with a transmission electron microscope (EM90GE; Carl
Zeiss Microscopy, Oberkochen, Germany) as previously
described.!® Briefly, we used 2.5% glutaraldehyde in 0.1-
M phosphate buffer to fix the donor corneas samples, and
then they were postfixed in 2% buffered osmium tetrox-
ide. Corneas were serially dehydrated and then embedded



Investigative Ophthalmology & Visual Science

Diabetes Alters Posterior Corneal Matrix Proteins

TaBLE 2. Primary Antibodies Used for Immunohistochemistry

Antibody (Clone), Host Species

Antibody Concentration

IOVS | June 2023 | Vol. 64 | No.7 | Article 26 | 3

AGEs, rabbit polyclonal 1:4000
AGEs (6D12) 1:100
Amyloid P, rabbit polyclonal 1:300
CML (NF-1G) 1:200
Collagen type 111 (1E7-D7) 1:200
Collagen type IV (2F11) 1:50
Fibronectin (IST-4) 1:50
Tenascin-C, rabbit polyclonal 1:200
TGFBI, rabbit polyclonal 1:2000
Vitronectin (VN58-1) 1:50

Application Antibody Source
Immunohistochemistry Abcam
Immunohistochemistry TransGenic
Immunohistochemistry Dako Diagnostics
Immunohistochemistry Abcam

Immunohistochemistry
Immunohistochemistry
Immunohistochemistry
Immunohistochemistry
Immunohistochemistry
Immunohistochemistry

Merck Millipore
Southern Biotech
Sigma-Aldrich
Merck Millipore
Sigma-Aldrich
Abcam

in epoxy resin using a standard procedure. Prior to exami-
nation with the EM90GE transmission electron microscope,
ultrathin sections (80 nm) were stained with uranyl acetate
and lead citrate.

Immunohistochemistry

Immunohistochemistry was performed using a panel
of antibodies against adhesive matrix glycoproteins
(fibronectin, vitronectin, amyloid P, tenascin-C, transforming
growth factor beta-induced [TGFBI]) and AGEs, including
carboxymethyl-lysine (CML), as previously described.!?
Briefly, cryostat-cut corneal sections (5 pm) were blocked
with 10% normal goat serum prior to primary antibodies
diluted in phosphate-buffered saline (PBS) being added and
incubated overnight at 4°C. Alexa Fluor 488- and Alexa Fluor
555-conjugated secondary antibodies (Molecular Probes,
Eugene, OR, USA) were used to detect antibody binding.
4’ ,6-Diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St.
Louis, MO, USA) was used as a nuclear counterstain. Using
20x magnification, three images per specimen were used
to quantitatively analyze the fluorescence intensity values
of AGE staining. ImageJ software (National Institutes of
Health, Bethesda, MD, USA) was used to correct for negative
control background.

Immunogold labeling was performed as previously
described.'* Briefly, 4% paraformaldehyde and 0.1%
glutaraldehyde in 0.1-M cacodylate buffer (pH 7.4) were
used to fix corneal tissue samples prior to dehydration and
being embedded in resin (LR White; Electron Microscopy
Sciences, Hatfield, PA, USA). Ultrathin sections were succes-
sively incubated with Tris-buffered saline (TBS), 0.05-M
glycine in TBS, 0.5% ovalbumin and 0.5% fish gelatin in TBS,
and primary antibodies diluted in TBS—ovalbumin overnight
at 4°C. Next, samples were incubated with 10 nm gold-
conjugated secondary antibodies (Aurion Biotech, Seattle,
WA, USA). When incubation was complete, uranyl acetate
was used to stain the sections. The sections were observed
with a transmission electron microscope. Primary antibodies
used are summarized in Table 2.

Separately, cultured HCEC-B4G12 samples grown
in the wvarious hyperglycemic culture conditions were
labeled with antibodies against the adhesive matrix glyco-
proteins fibronectin (MilliporeSigma, Burlington, MA,
USA), vitronectin (MilliporeSigma), and TGFBI (Thermo
Fisher Scientific, Waltham, MA, USA), and AGEs (Abcam,
Cambridge, UK). Cells were chemically removed from the
underlying adhesive ECM, digested with 150 pL of radioimm-
unoprecipitation assay (RIPA) buffer at room temperature
for 1.5 minutes, and removed. The extracellular matrix still

adhered to the coverslips was fixed with a 4% paraformalde-
hyde solution (PFA, pH 7.4) for 10 minutes. For immunoflu-
orescent staining, matrices were blocked with 100 pL of
1% bovine or horse serum diluted in PBS for 15 minutes
and rinsed once with 200 pL of PBS. The primary antibody
was then added to the coverslips at 5 pg/mL diluted in PBS
with a total volume of 100 pL per coverslip and incubated
at room temperature for 2 hours. For TGFBI, a polyclonal
rabbit immunoglobulin G (IgG) anti-TGFBI primary anti-
body (Thermo Fisher Scientific) was used, and a polyclonal
goat IgG anti-AGE primary antibody (Abcam) was used
to target AGEs. Anti-vitronectin (MilliporeSigma) and anti-
fibronectin (MilliporeSigma) IgG anti-bodies were also used
for respective analyses. Following three rinses with PBS,
100 pL per coverslip of species-specific secondary antibody
(Alexa Fluor 488 [antiAGE] or Alexa Fluor 546 [anti-TGFBI,
vitronectin, fibronectin]; Thermo Fisher Scientific) at 1:1000
dilution in PBS with DAPI was added and incubated for
60 minutes at room temperature. After an additional three
rinses with PBS solution, the coverslips were mounted onto
a slide using ProLong Diamond Antifade Mountant (Thermo
Fisher Scientific) for immunofluorescent microscopy visual-
ization. Matrices were imaged using confocal microscopy.

Automated Microfluidic Western Blotting

Hyperglycemic HCEC-B4G12 CECs were lysed for both
cytosolic cell and ECM fractions of proteins. CEC frac-
tions were collected by digesting with RIPA buffer deter-
gent for 3 minutes, and the ECM was digested with a
collagenase/hyaluronidase (Worthington Biochemical, Lake-
wood, NJ, USA) mixture for 6 hours. Protein detection was
performed using automated microfluidic western blotting on
a ProteinSimple Jess machine (bio-techne, Minneapolis, MN,
USA) and analyzed using ProteinSimple Compass software.
A polyclonal goat IgG anti-AGE primary antibody (Abcam)
was used to detect AGEs. The abundance of proteins was
normalized to total protein in each sample and compared
among the different groups of cells or matrices.

Atomic Force Microscopy

Corneal samples were prepared for measurement with
atomic force microscopy (AFM) as previously described.!®
Briefly, a standard Petri dish was coated with a layer of sili-
cone (SYLGARD 527 Silicone Dielectric Gel, 24-hour cure
at room temperature; Dow, Midland, MI, USA) and a 2-mm
biopsy punch was used to create a window in a 13-mm Ther-
manox coverslip (Thermo Fisher Scientific). Corneas were
cut into quarters. One quarter was incubated in 2.5-mM
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EDTA in HEPES buffer for 30 minutes and sonicated for 5
minutes to remove endothelial cells and expose the DM, and
a different quarter with intact endothelium was mounted.
Due to the thickness of human corneas, a portion of the sili-
cone substrate was cut to match the shape of the tissue piece
to be mounted and removed, and the cornea samples were
gently fit into the resulting depression with the endothelium
or DM facing up. The outer edge of the coverslip was dotted
with cyanoacrylate glue and applied such that the window
would grant access to the endothelium or exposed DM with-
out glue coming into contact with the tissue. The sample
was then fully submerged in Dulbecco’s phosphate-buffered
saline (DPBS) to cure the glue and maintain tissue hydra-
tion during measurements. All force measurements were
done using a MFP-3D-BIO atomic force microscope (Asylum
Research, Oxford Instruments, Santa Barbara, CA, USA) and
PNP-TR-50 silicon nitride cantilevers with nominal spring
constants of 0.32 N/m and 35° half-angle openings modi-
fied with a 5-pm-diameter borosilicate bead (Thermo Fisher
Scientific). Immediately prior to use, cantilevers were cali-
brated for the deflection inverse optical lever sensitivity (Defl
InvOLS) by indentation in DPBS on glass and then calibrated
for the spring constant by the thermal method in DPBS using
the Asylum Research software. The maximum indentation
force was set at 5 nN. Each cornea was probed at 10 unique
locations with five force curves collected per location at a
scan velocity of 1.98 um/s. The point of probe contact with

5.5 mM Glucose 13.0 mM Glucose

30.5 mM Glucose 105.5 mM Glucose
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the cornea was determined by a masked analyst, and the
elastic modulus was determined by fitting the force curves to
the Hertz model for spherical geometry as described previ-
ously.'

Statistical Analysis

For the immunohistochemistry of embedded donor corneal
tissues, statistical significance was determined using a two-
tailed #test or the nonparametric Mann-Whitney U test. The
resulting elastic moduli data for automated force microscopy
were determined to be non-normal via the Shapiro-Wilk test,
and subsequently significance was determined via a Mann-
Whitney-Wilcoxon rank-sum test.

RESULTS

Increasing Hyperglycemia Results in Increased
Deposition and Colocalization of TGFBI and AGEs
in the ECM of Immortalized CECs

Cultured CECs were assayed using immunohistochem-
istry and microfluidics western blotting to assess ECM
protein alterations in the posterior cornea associated with
diabetic hyperglycemia. Increasing hyperglycemia resulted
in increased TGFBI and AGE deposition in the ECM of

13.0 mM Glucose

5.5 mM Glucose

13.0 mM Glucose

105.5 mM Glucose 30.5 mM Glucose

105.5 mM Glucose

Increased deposition of TGFBI and AGEs in the ECM of immortalized corneal endothelial cells with colocalization of TGFBI and

glycation events. Immunohistochemistry images showing (A) TGFBI, (C) AGE expression, and (B) colocalized expression in the ECM of
immortalized cultured corneal endothelial cells. (D) Increased AGE quantification in the ECM of immortalized cultured corneal endothelial

cells based on western blotting data.
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VITRONECTIN + /

5.5 mM Glucose 13.0 mM Glucose 30.5 mM Glucose 105.5 mM Glucose

FIBRONECTIN + AGE

20 um
30.5 mM Glucose

5.5 mM Glucose

13.0 mM Glucose 105.5 mM Glucose

Ficure 2. Vitronectin and fibronectin do not colocalize with AGEs in immortalized cultured corneal endothelial cells under varying concen-
trations of glucose. (Top) Immunohistochemistry showing consistent vitronectin fluorescent signal with increasing hyperglycemic concentra-
tion and lack of colocalization with AGEs at all glucose concentrations in merged signals. (Bottom) Immunohistochemistry showing increased
fibronectin fluorescent signal in the 105.5-mM glucose concentration and lack of colocalization with AGEs at all glucose concentrations in

merged signals.

immortalized CECs. Merged fluorescent images showed the
colocalization of TGFBI and glycation events (Fig. 1). Quan-
tification of AGEs via western blot analysis showed an
increasing amount of glycated end products with rising
hyperglycemic concentration (Fig. 1). Increased fibronectin
fluorescent signal appeared in the 105.5-mM glucose envi-
ronment and remained at a relatively stable intensity
throughout the other glycemic concentrations. Merging of
the fluorescent signals of fibronectin and AGE showed
a lack of colocalization. The immunohistochemistry of
vitronectin showed no significant increase in fluorescent
signal with the rising hyperglycemic concentrations. In addi-
tion, when the vitronectin and AGE fluorescent signals
were merged, the signal did not appear to colocalize
(Fig. 2).

Diabetic Donor Corneas Exhibit Ultrastructural
Alterations and Increased Thickness of DM and
the DM-Stroma IFM

Transmission electron microscopy and immunohistochem-
istry were performed in order to visualize the structural
alterations in the DMs and CECs of diabetic and control
donor corneal tissues. EDM tissue samples were assigned
to one of three groups according to the diabetes status
of the donor and severity of disease determined through
medical records review: ND, NAD, or AD.>*? In total,
20 diabetic (10 NAD, 10 AD) and 10 nondiabetic control
donor corneas were analyzed by transmission electron
microscopy to assess ultrastructural changes in the posterior

cornea associated with diabetes. Donor demographics are
summarized in Table 1. Compared to normal control corneas,
diabetic corneas demonstrated irregular CECs containing
intra- and intercellular vacuoles, abundant mitochondria,
prominent Golgi bodies, and lysosomal inclusions (Fig. 3).
CECs in diabetic corneas also showed blebbing, a compacted
apical membrane, and an irregular apical surface. DM thick-
ness was significantly increased, from 8.42 + 1.35 pm in
normal corneas to 11.13 + 2.91 pm in NAD (P = 0.013)
and 11.31 &+ 1.76 pym (P = 0.0002) in AD corneas (Fig. 3).
In diabetic corneas, abnormal vacuolar inclusions could be
frequently observed at the DM-stroma interface along with
abnormal collagen inclusions within the posterior portions
of DM close to the endothelial layer (eight of 20 corneas).
These inclusions consisted of long-spacing collagen bundles,
which were positive for collagen type III by immunoflu-
orescence labeling. By contrast, control corneas exhibited
a homogeneous posterior nonbanded layer of DM devoid
of any vacuolar or fibrillar inclusions (Fig. 3). Additionally,
transmission electron microscopy was used to show the
structural alterations of the DM-stroma interface in diabetic
and normal control corneas. Diabetic corneas showed an
increase in thickness of the IFM compared to control
corneas. This DM-stroma boundary in diabetic corneas also
showed variable amounts of vacuolar inclusions that were
not observed in control tissues (Fig. 4). Smaller vacuoles
could be seen to coalesce to spacious accumulations in some
specimens. The mean thickness of the IFM was 0.681 + 0.24
pm in NAD and 0.744 &+ 0.18 pm in AD corneas compared
to 0.504 + 0.13 pm in control corneas (P = 0.075 and
P = 0.003, respectively).
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Ficure 3. Structural alterations of the DM and endothelium in diabetic and normal control corneas. (A-D) Transmission electron micro-
graphs showing thickened DM with accumulations of vacuolar inclusions at the DM-stroma interface (A, arrows) and long-spacing collagen
inclusions close to the endothelial layer (EN) (C, arrows) in association with diabetes. The diabetic endothelium shows irregularities such
as vacuoles, blebs (A, C, asterisks), and a compacted apical surface (A, C, arrowbeads). (E, F) Immunohistochemical analysis showing
differential staining patterns of the DM for collagen type III in diabetic (E, arrows) compared to normal corneas. Nuclei are counterstained
with DAPI (blue); St, stroma. (G) Quantitative analysis of DM thickness in ND, NAD, and AD corneas. Data are expressed as means + SD

(n = 10 in each group); *P = 0.013, **P = 0.0002 (#-test).

AGEs Form on Adhesive Matrix Glycoproteins at
the IFM of Diabetic Donor Corneas

Immunohistochemistry was used to further characterize
the DM-stroma interface in diabetic donor corneas with
attention to detecting and quantifying accumulations of
AGEs and adhesive glycoproteins predicted at that location.
In all diabetic corneas (10 NAD, 10 AD), increased AGE
immunoreactivity was observed in the epithelial basement
membrane (not shown) and in the corneal stroma, particu-
larly in the posterior stroma and along the DM-stroma inter-
face region (Fig. 5). Similar staining patterns were obtained
with polyclonal and monoclonal antibodies against AGEs,
as well with antibodies against CML, a major AGE species
found in tissues.!” Quantitative analysis of immunofluores-
cence signals using Image]J confirmed increased amounts of
AGE:s in diabetic versus nondiabetic corneas (P < 0.001).
AGE immunoreactivity was also increased over the nega-

tive background control in nondiabetic control corneas (P =
0.004) (Fig. 5). Adhesive glycoproteins, including vitronectin,
fibronectin, amyloid P, TGFBI, and tenascin-C, as well as
collagen type IV, were present along the DM-stroma inter-
face in both diabetic and control corneas. However, label-
ing intensity was markedly increased in diabetic specimens
(Fig. 6). Additionally, immunohistochemistry and trans-
mission electron microscopy double-labeling experiments
detected colocalization of adhesive glycoproteins with AGEs
at the DM-stroma interface in diabetic and normal control
corneas (Fig. 7).

Diabetic Donor DMEK Tissues Have Stiffer DM
and Endothelial Cells

As changes in ECM stiffness have been shown to have
a pathological impact on CEC health in other diseases
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FiGure 4. Structural alterations of DM-stroma interface in diabetic corneas differ from the morphology of normal control corneas.
(A-F) Transmission electron micrographs showing thickened IFM (dotted lines) with variable amounts of vacuolar inclusions at the DM-
stroma interface (A, C, E) in association with diabetes. Alterations are not observed in control corneas. ABL, anterior banded layer of DM;
EN, endothelium; PNBL, posterior non-banded layer of DM; St, stroma. (G) Quantitative analysis of IFM thickness in ND, NAD, and AD
corneas. Data are expressed as means = SD (# = 10 in each group). **P = 0.003 (#-test).

affecting the posterior corneal endothelium,'®! atomic
force microscopy was used to quantify tissue integrity and
resistance to deformational forces of the DM and endothe-
lium in diabetic and nondiabetic donor corneal tissues
prepared for DMEK. We found that the elastic modulus was
significantly increased between diabetic and control donor
corneal tissue for the DM (P < 0.0001) and endothelium (P <
0.0001) (Fig. 8). These results indicate abnormally increased
stiffness of both the endothelial ECM (DM) face and the
apical face of the EDM in diabetic donor corneal tissues
prepared for DMEK surgery.

DiscussION

Structural changes in the posterior cornea of diabetic donor
tissue may explain the known links between diabetes and
poorer outcomes after corneal transplantation.?® In vitro
cell culture data indicate that hyperglycemia, a main compo-
nent of uncontrolled diabetes found in the aqueous humor
bathing the posterior cornea in vivo, leads to TGFBI protein
accumulation and increased AGE formation. That these same
changes are found in diabetic donor corneal tissues on
transmission electron microscopy and immunohistochem-
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Ficure 5. Accumulation of AGEs occurs to a greater extent in diabetic versus normal control corneas. (A-F) Immunohistochemical analysis
showing differential staining patterns of the posterior corneal stroma (St) and DM-stroma interface region for AGEs using polyclonal (PAb)
and monoclonal (MAb) antibodies in diabetic and normal corneas. Nuclei are counterstained with DAPI (blue). (G, H) Immunolocalization of
CML, a major epitope of AGEs. (J) Quantitative analysis of immunofluorescence signals using Image] in negative control sections, nondiabetic
control, and diabetic corneas. Data are expressed as means = SD (z = 10 in each group). *P = 0.004, **P < 0.001 (#-test).

istry assays establishes hyperglycemia as a biochemical basis
for clinical observations using diabetic donor tissue related
to corneal graft preparation and outcomes.>~>7~?

The immunohistochemistry of donor corneal tissues
showed markedly increased labeling intensity of adhe-
sive glycoproteins along the DM-stroma interface in
diabetic corneas compared to controls, including vitronectin,
fibronectin, amyloid P, collagen type 1V, and tenascin-C, in
addition to TGFBI. TGFBI is present in many tissues, includ-
ing the eye, where it binds collagen in the ECM and inter-
acts with cell surface integrins facilitating their connection.°
Skeie and colleagues® demonstrated that TGFBI was present

in increased amounts in the diabetic EDM versus nondiabetic
controls using tandem mass spectrometry. Diabetes has also
been associated with changes in ECM proteins in prolifer-
ative diabetic retinopathy, including vitronectin, tenascin-C,
and amyloid.?!?* Given that we discovered multiple ECM
protein alterations that were conserved between the poste-
rior cornea and the retina of diabetic patients, there may
be some basis for clinical alignment of transplant outcomes
using diabetic donor tissue and diabetic retinopathy with
respect to disease severity.

We demonstrated with light and electron microscopy and
double labeling of proteins and AGEs that most adhesive
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Ficure 6. Accumulation of adhesive glycoproteins at the DM-stroma (St) interface in diabetic and normal control corneas. Immunohi-
stochemical analysis shows differential staining patterns of the DM-St interface region (arrows) for vitronectin (A, B), fibronectin
(C, D), amyloid P (E, F), TGFBI (G, H), tenascin-C (J, K), and collagen IV (L, M). Nuclei are counterstained with DAPI (blue). Adhesive
glycoprotein labeling intensity was markedly increased in diabetic specimens.

glycoproteins, including vitronectin, fibronectin, amyloid P,
and TGFBI, as well as collagen type IV and tenascin-C,
were colocalized with AGEs in the IFM of diabetic corneas.
Formation of AGE residues on adhesive matrix proteins
could explain the increased failure rates of DMEK graft
preparation and greater force needed to separate the EDM
from stroma in DMEK graft preparation.”® These patho-
logic alterations are associated with protein aggregation
in many chronic diseases. Specifically, the bulky nature
of proteins with glycated end products slows proteolysis,
which further potentiates the formation of AGEs. Glycated
proteins are more resistant to degradation and thus more
rapid accumulation. Xu and colleagues?! demonstrated that
the effects of AGEs on the retina are mediated through
abnormal structural alterations of the extracellular envi-
ronment secondary to protein cross-linking, leading to an
increase in rigidity of the tissue. Activation of AGE receptors
also has been shown to upregulate and induce secretion of
pro-inflammatory mediators leading to vascular endothelial
dysfunction. Given that blood and aqueous humor glucose
concentrations are highly correlated, hyperglycemic aque-
ous bathing the posterior cornea increases the probability of
AGE formation in uncontrolled diabetes.!** Because AGEs
and aberrant protein cross-linkages in the retina are clin-
ically pathological, it is likely that similar changes occur-
ring in the posterior cornea are contributing to the poorer
clinical outcomes observed with the use of diabetic corneal
grafts. AGE accumulation in the posterior cornea, if validated
in larger series and clinical trials, may serve as a useful
biomarker that correlates with risk for posterior corneal
pathology and reduced graft outcomes (e.g., graft prepara-
tion failure, reduced postoperative cell density).

Abnormal collagen inclusions were also found in diabetic
DMs. Abnormal remodeling of collagen has been demon-
strated in the DMs of corneas with endothelial dystrophies
and shown to lose its typical hexagonal lattice configu-
ration.?® AGEs, specifically on collagen, have been shown
to increase the stiffness of the ECM, leading to organ
and vessel dysfunction throughout the body.?” Increased

tissue rigidity may be related to the greater force needed
to separate tissues in graft preparation for DMEK corneal
transplants that our group characterized previously.’ The
EDM separates from the underlying stroma at the IFM in
DMEK graft preparation.?® It is unclear whether the major-
ity of the IFM is left behind with stroma or pulled with
the DMEK graft during failed DMEK graft preparation in
diabetic tissues; either scenario may occur, as documented
previously in DMEK graft preparation failures using donor
corneas that were not characterized with respect to diabetes
status.??-30

Finally, in order to investigate the biomechanical impact
of diabetes on the health of the EDM, we used AFM to
measure tissue resistance to deformational forces in diabetic
and nondiabetic donor corneas. We observed that diabetic
corneas have a stiffer ECM (higher elastic modulus) at the
DM face, which holds potential clinical relevance to the func-
tion of all donor and patient corneas given the importance of
ECM composition and stiffness to CEC function.!®1® Specif-
ically, ECM stiffness has been shown to have a patholog-
ical impact on CEC health in other diseases affecting the
corneal endothelium. In Fuchs endothelial corneal dystro-
phy (FECD), biomechanical data obtained by performing
AFM on the DMs of FECD patient samples obtained from
surgery, as well as FECD mice with a COL8A2 mutation
that models early-onset disease, demonstrate that DMs in
FECD have a lower elastic modulus and are softer than
those of unaffected controls.'® Importantly, the changes
observed in matrix softness in the COLAS82 FECD mouse
model preceded CEC loss, indicating a negative functional
impact to cell health secondary to matrix substrate stiff-
ness. In both cases of higher (diabetes) or lower (FECD)
ECM stiffness, alterations in ECM resistance to deformation
compared to healthy tissues may be associated with pathol-
ogy in characteristic CEC functions such as ion/fluid pump-
ing and barrier integrity, as well as cell viability. Further
investigations into the temporal sequence of pathological
events in diabetes could further illuminate the interplay
between ECM changes and intracellular functions. Addition-
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Ficure 7. Colocalization of adhesive glycoproteins with AGEs at the DM-stroma (St) interface in diabetic and normal control corneas.
(A-M) Immunohistochemical double-labeling experiments showing differential staining patterns of the DM-St interface region (arrows)
for AGEs and vitronectin (A, B), fibronectin (C, D), amyloid P (E, F), TGFBI (G, H), tenascin-C (J, K), and collagen IV (L, M). Nuclei are
counterstained with DAPI (blue). EN, endothelium. (N, O) Immunogold double-labeling for AGEs (10-nm gold particles) and vitronectin
(N) or fibronectin (0) (20-nm gold particles) in the IFM of diabetic corneas. ABL, anterior banded layer of the DM. These results indicate
that AGE residues are localized specifically to the adhesive matrix proteins in the interfacial matrix of diabetic tissues.

ally, AFM data from our experiment indicated the pres-
ence of a mechanically stiffer apical face in diabetic tissues.
Interestingly, this finding corresponds to the CEC blebbing
and abnormally darkened aqueous-facing membrane that
we demonstrated in previously work performing transmis-
sion electron microscopy on DMEK graft tissues.* Clinical
implications for the changes observed at the apical face of
the corneal endothelium require additional investigation.
Limitations of this study relate to the categorization
of donor tissues by diabetes status and sample sizes of
donor tissues. A historical and retrospective methodology
was utilized to collect donor medical histories from the
review of eye banking and medical records at the time of
donor death. As such, we were unable to incorporate more
objective factors of diabetic disease such as duration and
hemoglobin Alc levels, and we did not account for the
impact of associated comorbidities such as hypertension
and obesity. Nonetheless, we utilized the same disease cate-
gory definitions as several other published investigations in

this area,>*> and our data will help provide an important

evidentiary basis and basic scientific context for forthcoming
prospective clinical trial data generated from the Diabetes
Endothelial Keratoplasty Study (ClinicalTrials.gov identifier
NCT05134480). Regarding quantitative AGE analysis in our
cell culture model, we did not perform a statistical analysis
for significant differences due to the intention to compare
groups on a qualitative basis using this model. Regarding
donor cornea assays, we were unable to compare endothe-
lial cell densities due to the limited number of corneas stud-
ied and wide variation among tissues. Additionally, we were
unable to perform immunohistochemistry or AFM testing on
tissues that underwent tears during graft preparation due to
sample destruction.

Taken altogether, our findings provide further evidence
that diabetes and hyperglycemia alter CEC ECM structure
and biochemical composition, including alterations in the
DM that lead to thickening and stiffening. Our analysis
indicates that abnormal ECM composition and physical
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Ficure 8. The DM and endothelium were markedly stiffer in diabetic versus control corneas as determined by atomic force microscopy. The
elastic modulus was measured in six diabetic and six age-matched control corneas and was significantly greater at 16.77 &+ 5.01 and 8.95
+ 4.07 kPa for the DM and 1.29 + 0.48 and 0.70 £ 0.31 kPa for the endothelium, respectively (P < 0.0001). Box plots depict the median
(solid line) and 25th and 75th percentiles, and whiskers show the 10th and 90th percentiles. Black circles indicate individual measurements.

properties observed in diabetic donor corneal tissue, includ-
ing the pathological accumulation of ECM proteins modi-
fied by nonenzymatic glycation at the DM-stroma inter-
face, are likely to contribute to failures in corneal graft
preparation that have been well documented with the use
of diabetic donor tissues, and they may be related to cell
functional abnormalities documented in prior studies.
However, it remains unclear whether this increase in tissue
stiffness is attributable to increased tissue thickness, altered
protein expression, or both. The results in this series lay the
foundation for clinically relevant future investigations into
the impact of diabetes on DMEK graft scrolling behavior and
the reversibility of diabetic posterior corneal alterations with
improvements in glycemic control. The results of our study
may also lead to the development of AGE accumulation in
the EDM as a useful biomarker for determining the impact
of diabetes on posterior corneal tissue.
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