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Downregulation of collagen XI during late postnatal corneal
development is followed by upregulation after injury
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ABSTRACT
Collagen XI plays a role in nucleating collagen fibrils and in controlling
fibril diameter. The aim of this research was to elucidate the role that
collagen XI plays in corneal fibrillogenesis during development and
following injury. The temporal and spatial expression of collagen XI
was evaluated in C57BL/6 wild-type mice. For wound-healing studies
in adult mice, stromal injuries were created using techniques that
avoid caustic chemicals. The temporal expression and spatial
localization of collagen XI was studied following injury in a Col11a1
inducible knockout mouse model. We found that collagen XI
expression occurs during early maturation and is upregulated after
stromal injury in areas of regeneration and remodeling. Abnormal
fibrillogenesis with new fibrils of heterogeneous size and shape
occurs after injury in a decreased collagen XI matrix. In conclusion,
collagen XI is expressed in the stroma during development and
following injury in adults, and is a regulator of collagen fibrillogenesis
in regenerating corneal tissue.
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INTRODUCTION
Loss of corneal stroma integrity caused by surgical procedures,
infections or trauma increases the risk of scar formation that can, in
turn, adversely affect corneal curvature, transparency and vision.
In the stroma, the unique structure and hierarchical organization of
the extracellular matrix is a major contributor to its clarity (Espana
and Birk, 2020; Hassell and Birk, 2010; Maurice, 1957; Meek
and Knupp, 2015). The stroma comprises 90% of the cornea and
consists of water, collagens and proteoglycans (Espana and Birk,
2020; Hassell and Birk, 2010; Maurice, 1957; Meek and Knupp,
2015).
The structural unit of the stroma is the collagen fibril. In the

cornea, collagens I and V are the main fibril-forming collagens.
Collagen I is the most abundant protein while collagen V,

α1(V)2α2(V)1 isoform, makes up 10–20% of fibril-forming
collagens (McLaughlin et al., 1989; Pöschl and von der Mark,
1980; Tseng et al., 1982). In the cornea, where the smallest-diameter
collagen fibrils in the body are assembled, collagen V is responsible
for controlling collagen fibril diameter at ∼25–35 nm (Espana and
Birk, 2020; Komai and Ushiki, 1991). These uniquely small fibrils
are essential for minimizing light scatter.

Collagen XI is a fibril-forming collagen found in collagen II-
containing tissues like cartilage, where it assembles with collagen II
to form heterotypic fibrils (Blaschke et al., 2000; Fichard et al.,
1995; Li et al., 1995). In the eye, collagens II and XI are known
components of the vitreous gel, but, to our knowledge, there are no
reports of collagen XI expression in the cornea (Mayne et al., 1993).

Collagens V and XI are fibril-forming collagens (Blaschke et al.,
2000; Fichard et al., 1995; Smith and Birk, 2012) that can be
considered different molecular forms of a single collagen type due
to their structural similarities (Fichard et al., 1995; Hoffman et al.,
2010; Smith and Birk, 2012). Collagens V and XI are characterized
by a large globular region of the terminal NC3 that projects outward
on the surface of the heterotypic fibril (Hoffman et al., 2010). This
N-terminal domain, in the case of collagen V, contains sulfated
tyrosine and is believed to regulate steric and/or electrostatic
interactions at the fibril surface and, ultimately, fibril size (Birk,
2001; Linsenmayer et al., 1993). In this study, we investigated the
expression of collagen XI in the corneal stroma during
development. We further explored the roles of α1(XI) collagen
chain in normally developed adult corneas after injury, using a
conditional-null mouse model with floxed Col11a1 alleles.

RESULTS
Collagen XI is only expressed in the immature stroma
To assess the role of collagen XI in corneal development, temporal
and spatial expression of collagen XI was examined at different
stages of life: immature (days 1–14), pre-adult (day 30) and adult
(days 90 and 160). Col11a1mRNA expression was measured in the
stroma using quantitative real-time PCR, and temporal changes in
expression were noticeable. Col11a1 mRNA was expressed at
immature stages (Fig. 1A), peaking at day 4. Therewas a statistically
significant trend demonstrating decreased Col11a1 mRNA
expression with tissue maturation (Cuzick’s test, P<0.0001).
Corneal collagen XI protein was also present in the stroma in
immature stages when analyzed using the Wes western system and
measuring the α1(XI) collagen chain (Fig. 1B,C). Collagen XI
protein was barely detectable in pre-adult tissue. There was a
statistically significant trend demonstrating decreased collagen XI
expression with tissue maturation. Once the temporal expression of
collagen XI had been determined, the patterns of spatial expression
were investigated using immunofluorescence microscopy (Fig. 2).
We found homogeneous collagen XI expression throughout the
cornea only during immature stages of development. Quantitation of
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pixel intensity in the obtained images suggested decreased collagen
XI expression with stromal maturation (Fig. S1). A statistically
significant trend was demonstrated showing decreased collagen XI
expression with tissue maturation (Cuzick’s test, P<0.0001). The
temporal and spatial expression patterns suggest a role for collagen
XI in regulating early corneal development.

Stromal healing occurs with re-expression of collagen XI in
the regenerated tissue
Stromal healing was assessed by evaluating deposition of new
matrix above the stromal injury bed that was labeled with
5-[(4,6-dichlorotriazin-2-yl)amino]fluorescein (DTAF) at the time
of surgery. The stromal injury model followed a previously
published T3 injury model (Cogswell et al., 2021). We created a
central partial thickness keratotomy followed by stromal
debridement on the sides of the keratotomy (Fig. 3A). When
analyzed 3 weeks post-injury, using fluorescence microscopy, areas
of surgical keratotomy and stromal debridement remained strongly
labeled with DTAF (Fig. 3C). Immunofluorescence microscopy of
histology sections showed the DTAF-labeled stromal bed in green
and absence of DTAF labeling in the newly regenerated stroma
in the keratotomy injury area (Fig. 4A) and debridement injury
area (Fig. 4B), demonstrating that new extracellular matrix had
formed and suggesting that new stromal tissue formation took
place. Immunofluorescence microscopy showed reactivity against
collagen XI in newly formed stromal matrix within areas of
keratotomy (Fig. 4C) and debridement injury (Fig. 4D).
Col11a1 mRNA expression measured in the stroma, following

injury, using quantitative real-time PCR confirmed re-expression of
collagen XI. Col11a1 mRNA upregulation was observed in the
early stages of injury and continued up to 6 weeks after injury

Fig. 1. Temporal expression of collagen XI in wild-type (WT) mice.
(A) Col11a1 mRNA expression was higher during stromal development and
decreased sharply after postnatal day (P)10. Circles, triangles and diamonds
represent sets of replicates. Each replicate consists of three to six individual
corneas from different animals. Relative Col11a1 levels normalized to β-actin
(Actb). (B) Collagen XI protein was present in the maturing stroma.
Representative image shows that collagen XI was present early in thematuring
stroma but declined after P10. Total protein was used as a protein loading
control. (C) Relative collagen XI protein quantitation normalized to total protein
(TP). The standard deviation was obtained by Wes analysis of three sets of
independent protein samples. Each set was obtained from pooling tissue from
three to 12 corneas from different animals. *P<0.05; ***P<0.005 (Cuzick’s test).

Fig. 2. Spatial expression of collagen XI in WT mice. Immunofluorescence
localization images showed expression of collagen XI restricted to stromal
maturation only (red) in the WT cornea. No corneal epithelial or endothelial
staining was noted. Negative controls showed no reactivity. Nuclei were
stained with DAPI (blue). Scale bar: 50 µm. Corneal tissue was obtained
from three to four animals per age. Epi, epithelium; Str, stroma; End,
endothelium.
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(Fig. 5). There was a significant decreasing trend in Col11a1
expression over time from day 1 to week 6 in the injured group
(Cuzick’s test, P=0.0264). However, no significant trend was
observed in the control group (P=0.1981). Taken together, these
findings demonstrate that collagen XI expression was recapitulated
in the regenerated stroma.

Inducible mouse model significantly decreases stromal
collagen XI synthesis
To evaluate whether efficient Cre excision was obtained after
induction with Tamoxifen (Tm), stromal tissue was obtained 3 weeks
after injury in three different groups of mice including a bi-transgenic
conditional RosaCre-ERT2/Cre-ERT2/Col11a1flox/flox mouse line that we
name I-Col11a1−/− induced with intraperitoneal Tm. A control group
of conditional RosaCre-ERT2/Cre-ERT2/Col11a1flox/flox mice was treated
with intraperitoneal vehicle (corn oil). A second wild-type (WT)

control group was also given intraperitoneal Tm. When injured
stromas were collected, they were divided into two regions: a central
injured (Inj) area, where injured tissue was located, and a remote area
(R) in the peripheral cornea, where no injury occurred (Fig. 3B,C).
Quantification ofCol11a1−/− expression was done using quantitative
PCR in the Inj and R sampled areas. This quantification demonstrated
a statistically significant decrease in Col11a1 expression in the
injured area of the induced mouse group compared to controls,
3 weeks after injury, and validated the inducible mouse model used in
this paper (Fig. 6A). Similarly, immunofluorescence assay
demonstrated decreased collagen XI synthesis only in the I-
Col11a1−/− group 3 weeks post-injury (Fig. 6B,C).

Collagen XI is a regulator of fibril morphology after injury
To further evaluate the function of collagen XI in corneal
fibrillogenesis, fibril morphology was assessed 6 weeks after

Fig. 3. Injury model and scar formation as well as DTAF labeling seen 3 weeks post-injury. (A) Surgical microscope image obtained after creating an injury.
Injury area delimitated by the white line is divided into the debridement area of the wound (D) and the keratotomy (K), delineated by asterisks. (B) Photographs
obtained 3 weeks after injury show the area of injury (Inj) and the remote area (R) that was not injured. (C) Corneal stroma DTAF labeling in the injured area is
demonstrated by fluorescence microscopy. Scale bars: 500 µm.

Fig. 4. Collagen XI re-expression
following injury as shown in
histology slides 3 weeks post-
injury. (A) DTAF-labeled stroma and
area of newly formed matrix after
keratotomy injury not labeled by
DTAF, demarcated by the white line
and marked with an asterisk.
(B) DTAF-labeled stroma and area of
newly formed matrix after
debridement injury not labeled by
DTAF and marked with asterisks.
(C,D) There is re-expression of
collagen XI in both types of injuries
(C, keratotomy; D, debridement)
shown in red. Scale bar: 50 µm.
Re-expression was noted in seven
different eyes in which injury was
created and tested. Epi, epithelium.
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stromal injury. Control groups showed formation of new fibrils of
similar size and shape to those in uninjured areas in the areas of stromal
remodeling and regeneration (Fig. 7A,B). The uninjured corneal
stroma was made of fibrils with diameter similar to that of controls,
with no significant difference in fibril diameter size or shape (Fig. 7C).
In contrast, in the I-Col11a1−/− group, in which fibril formation
occurred in a collagen XI-deficient matrix, newly formed fibrils were

of heterogeneous shape and size (Fig. 7D; see Fig. S2 for a comparison
of fibril diameter distributions). Overall, these findings suggest that
collagen XI plays a role in regulating fibrillogenesis after stromal
injury and that the regulatory roles of collagen XI are important in
determining lateral fibril growth after injury.

DISCUSSION
Stromal scars that increase the scattering of light and compromise
vision often require corneal transplantation. Understanding how
fibrillogenesis is regulated in stromal tissue after injury is an
important step towards reducing scar formation and re-attaining
corneal transparency. Understanding how specific matrix
components contribute to corneal transparency is an evolving area
of investigation with significant translational potential. In this study,
we demonstrate that collagen XI is expressed by the corneal
keratocyte during development and that re-expression of collagen
XI synthesis plays a major role in the regulation of stromal structure
after injury.

We consider the findings in this study to have three significant
translational research implications. First, we demonstrate that
collagen XI is expressed in the cornea during development, a
stage of active fibrillogenesis. This is a novel finding. Second, we
show that tissue regeneration occurs in the stroma during wound
healing and that collagen XI contributes to fibrillogenesis in this
new matrix. Third, we establish collagen XI as a regulator of fibril
assembly as demonstrated by abnormal fibril morphology following
injury in a decreased collagen XI matrix.

The unexpected finding that collagen XI, or at least a1(XI) chain,
is expressed in the cornea during corneal development is novel and

Fig. 5. Collagen XI mRNA expression is upregulated following injury.
Uninj, normal adult corneal stroma; Ctrl, contralateral uninjured stroma; Inj,
injured stroma. A significant trend for decreasing Col11a1 mRNA expression
over time was observed in the injured group (P=0.0264). Relative Col11a1
levels normalized to Actb. n=36. *P<0.05 (Cuzick’s test).

Fig. 6. An inducible mousemodel with decreased collagen XI expression following injury. (A)Col11a1mRNA expression was decreased significantly after
Tamoxifen (Tm) injection compared to a control group injected with intraperitoneal vehicle (corn oil). R, remote area; Inj, injured area. (B) Immunofluorescence
microscopy shows collagen XI (red) expression in the stroma at 3 weeks in control cornea. (C) Decreased to absent collagen XI expression is observed in the
injured model after induction with Tm. Tissue was procured 3 weeks after injury. Injury area demarcated by white lines and asterisks. Relative Col11a1 levels
normalized to Actb. n=10 per condition, experiments were performed three times. *P<0.05; **P<0.01 (one-tailed unpaired Student’s t-test). Scale bars: 50 µm.
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suggests that collagen XI can play a role as regulator of
fibrillogenesis. How collagen XI might regulate fibrillogenesis is
unknown. Clearly, more research is needed to explore the temporal
role that collagen XI plays in early stromal development and the
mechanism by which collagen XI could affect fibrillogenesis. We
speculate that collagen XI could regulate fibrillogenesis per se or by
forming V/XI hybrid molecules {[a1(XI)]2a2(V) and
a1(XI)a2(V)a3(XI)}, both of which contain the a1(XI) chain
(Smith and Birk, 2012). In other words, collagen XI could have
similar regulatory functions to collagen V. Our laboratory is
currently exploring the role of collagen XI in stromal development
using a cornea-specific keratocan-driven mouse model.
Does collagen XI play additional roles besides regulating fibril

spacing and diameter? Interestingly, collagen XI is highly expressed
in avascular tissues (i.e. cartilage, vitreous gel and now in the
cornea). One hypothesis proposes a functional role for collagen XI
in keeping the stroma avascular.
A second implication of this paper is that we demonstrated that

collagen XI re-expression occurs during fibrillogenesis after injury,
confirming previous reports that showed stromal regeneration in
rabbits even after excimer laser ablation (Cintron and Kublin, 1977;
Kivanany et al., 2018). Corneal stromal regeneration after corneal
injury is not supported by published studies. The entire field of laser
refractive surgery of the cornea is based on the dogma that laser
ablation of stromal tissue creates a predictable and permanent
change in corneal stromal shape without a clinically substantial scar

(Erie et al., 2002; Patel et al., 2007). It is not clear if stromal
regeneration occurs following all mechanisms of injury or if
regeneration only occurs in some mammals and not in humans.

Third, we have shown that re-expression of collagen XI is an
essential step regulating stromal fibrillogenesis after injury.
Microphotographs obtained from the regenerated stroma of WT
and control mice show collagen fibrils of normal size and shape. In
contrast, normal adult corneas from inducible mouse models in
which the expression of collagen XI was decreased at the time of
injury clearly display abnormal fibrillogenesis. In addition, this
occurs with collagen fibrils of different and irregular diameters.
These findings suggest that collagen XI plays a significant role in
the regulation of corneal fibrillogenesis including fibril size and
shape. It also establishes collagen XI as an important fibril nucleator
in the cornea.

Collagen XI is a topic of interest in oncology research. Collagen
XI was the most overexpressed gene product in solid cancers in a
meta-analysis of microarray data from multiple solid tumors (Kim
et al., 2010). It is considered a biomarker for poor clinical outcomes
in various solid tumors (Vázquez-Villa et al., 2015). Collagen XI is
highly expressed by activated stromal cells occurring within the
desmoplasmic reaction found in different solid tumors (Galván
et al., 2014; Vázquez-Villa et al., 2015). Interestingly, some authors
believe that collagen XI-expressing cancer-associated fibroblasts
originate from bone marrow and not from tissue-specific fibroblasts
(Galván et al., 2014). In vitro studies of bone marrow-expanded

Fig. 7. Collagen XI is a regulator of corneal fibrillogenesis 6 weeks after injury. (A) Microphotographs from control WT mice injected with intraperitoneal Tm
show typical small corneal fibrils of homogenous size in the injured area. (B) A second control group, RosaCre-ERT2/Cre-ERT2/Col11a1flox/flox mice, injected with
intraperitoneal oil show typical small corneal fibrils of homogenous size in the injured area. (C) Similarly, I-Col11a1−/−mice injected with intraperitoneal Tm show
typical small corneal fibrils of homogenous size in the uninjured area. (D) I-Col11a1−/− mice injected with intraperitoneal Tm show an abnormal group of
regenerated fibrils of different size and shape in the injured area. Insets show fibrils at higher magnification. Three to five corneas were studied per condition.
Scale bars: 200 nm.
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myofibroblasts and corneal-expanded myofibroblasts showed that
collagen XI is highly expressed by myofibroblasts derived from
bone marrow cells. In contrast, myofibroblasts phenotypically
converted from resident stromal keratocytes did not express
significant levels of collagen XI (Saikia et al., 2020). These are
interesting observations that could implicate bone marrow-derived
cells in modulating stromal fibrillogenesis (Wilson et al., 2021).
Further work is needed to evaluate whether the irregularly shaped
fibrils assembled in a collagen XI-deficient environment are
produced by stromal-resident cells or by bone marrow-derived
cells that home to the cornea after injury. The question of what type
of cells is synthesizing collagen XI is not inconsequential. Could
collagen XI be a marker for progenitor stromal cells or immature
keratocytes or keratocyte-derived myofibroblasts? Or is it possible
that a severe injury in the stroma sends signals for reinforcements
from bone marrow-derived cells? We are currently exploring the
role of collagen XI in scar formation and evaluating if bone marrow-
derived cells can synthesize collagen XI in vivo.
In conclusion, we show that collagen XI is expressed in the

cornea during development and that collagen XI expression is
recapitulated during wound healing. The role of collagen XI in
stromal function and regeneration needs further exploration.

MATERIALS AND METHODS
Animals
WT C57BL/6 mice were used for studies evaluating the expression of
collagen XI in development of the corneal stroma. The dissected whole
corneas from mice at postnatal day (P)4, P10, P30, P90 and P150 were
examined. To evaluate the function of collagen XI in stromal wound
healing, a conditional Col11a1flox/flox mouse model (Sun et al., 2020) was
bred with the knock-in Tm-inducible Cre (RosaCre-ERT2/Cre-ERT2) mouse
(Stock 008463, The Jackson Laboratory, Bar Harbor, ME) and generated a
bi-transgenic conditional RosaCre-ERT2/Cre-ERT2/Col11a1flox/flox mouse line
that we name I-Col11a1−/−when injected with intraperitoneal Tm. Excision
of Col11a1 sequences was then induced with Tm dissolved in corn oil
(Sigma-Aldrich, St Louis, MO), administered into the peritoneum of male I-
Col11a1−/− mice aged 60 days (100 mg/kg body weight), for a total of
3 days. A control group of RosaCre-ERT2/Cre-ERT2/Col11a1flox/flox mice was
injected with vehicle only (corn oil), and a second control group (WT mice)
was injected with intraperitoneal Tm dissolved in vehicle. Tm or control
corn oil vehicle treatments were given for two consecutive days prior to
surgery and a third injection was given the day of surgery. Pilot studies for
time and dose inhibition showed effectiveness of Col11a1 inhibition with
three doses of intraperitoneal Tm in 72 h. All mice were housed and treated
in accordance with the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health, Bethesda, MD).

Stromal injury model
Only left corneas were subjected to injury. All experiments conformed
to the use of Laboratory Animals and ARVO statement for the Use of
Animals in Ophthalmic and Vision Research and were approved by the
Institutional Animal Care and Use Committee of the University of South
Florida College of Medicine. I-Col11a1−/− and control groups were treated
for 3 days with Tm or vehicle. Animals were anesthetized with
intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/
kg). Under microscope visualization, a partial thickness keratotomy was
performed from limbus to limbus using a custom-made diamond blade with
a 70 µm guarded depth (Mastel, Rapid City, SD) followed by stromal
debridement as previously described using a diamond burr (Cogswell et al.,
2021). The stromal debridement was done on both sides of the keratotomy.
In a group of mice, DTAF (Sigma-Aldrich) was applied immediately to the
corneal surface after injury to evaluate deposition of new matrix because
DTAF labels collagen in the stromal residual bed and not in the regenerated
tissue (Jester et al., 1995; Kivanany et al., 2018). Eight mice per condition
were used.

RNA isolation and quantification of mRNA
Whole corneas were dissected fromWTmice at ages P4, P10, P30, P90 and
P150, and in a group of adult mice that underwent eye injury, 1 day, 1, 3 and
6 weeks after creating the injury as described above. In another group of
injured corneas, the tissue was separated into two regions: the area of injury
(Inj), where thewound was created, and the remote area (R), where no injury
existed. Isolated corneal tissues were incubated with Dispase II (Roche,
Indianapolis, IN) to remove the cornea epithelium. The stroma of corneawas
cut into small pieces, and total RNA was extracted using QIAzol Lysis
Reagent (Qiagen, Venlo, Limburg, The Netherlands) and an RNeasy
MinElute Cleanup Kit (Qiagen). Reverse transcription and quantitative real-
time PCR analysis was performed as described previously (Sun et al., 2020).
The following primer sequences were used: Col11a1 FW, GACCAGAA-
GACACACTGAAAGCA; Col11a1 RV, TCCATGCCATCTGAGTAGT-
CAAGA; Actb FW, AGATGACCCAGATCATGTTTGAGA; Actb RV,
CACAGCCTGGATGGCTACGT. Each sample was run in duplicate PCR
reaction, and statistical analysis was performed from three to six corneas of
different mice at each time point.

Quantitation of protein expression
Corneas fromWTmice at P1, P4, P10, P14, P30, P90 and P150were cut into
small pieces so that three to 12 corneas were pooled for protein extraction
using lysis buffer containing 50 mM Tris-HCl, pH 6.8, 1% SDS and fresh
added proteinase inhibitor cocktail (Thermo Fisher Scientific). After
agitation at 4°C overnight, the cornea lysate was dispersed by repeating
three cycles of vortexing for 30 s, boiling for 1 min and cooling on ice
briefly. Protein concentration was determined through a bicinchoninic acid
assay (Thermo Scientific Pierce). Collagen XI protein expression was
analyzed using a Wes (ProteinSimple, San Jose, CA) simple western system
following the manufacturer’s instructions, applying 12–230 kDa separation
module, anti-rabbit detection module and total protein detection module.
Briefly, samples diluted with 0.1× sample buffer (ProteinSimple) at a
concentration of 0.5 µg/µl were loaded and hybridized with anti-mouse
collagen XI antibody (1:50 dilution) (Sun et al., 2020). Total protein was
used as a loading control. Quantification by densitometry was performed
using the area of the targeted protein and normalized to total protein
amount, which was analyzed by loading an equal amount of protein to a
separate capillary cartridge and detected with theWes total protein detection
module. Data analyses were performed using the Compass Software
(ProteinSimple).

Immunofluorescence microscopy
Fresh eyes were harvested from C57BL/6 mice at ages P1, P4, P10, P30,
P90 and P150, and specimens collected 3–4 weeks after stromal injury.
They were then embedded in OCT medium frozen with isopentane
(Sigma-Aldrich) on dry ice. Corneal sections of 5–7 µm were blocked using
10% donkey serum (Sigma-Aldrich) and then pre-treated with testicular
hyaluronidase (EMD Millipore, Burlington, MA). Sections were incubated
with rabbit anti-mouse collagen XI antibody (1:100 dilution) (Sun et al.,
2020) for 1 h at room temperature. The secondary antibody was Alexa Fluor
568 donkey anti-rabbit IgG (Invitrogen, Carlsbad, CA) used at 1:200
dilution. DAPI Fluoromount-G® clear mounting solution (SouthernBiotech,
Birmingham, AL) with DAPI was used as a nuclear marker. DTAF-labeled
samples were also examined. Images were captured using a fluorescence
microscope (Leica DM5500B). Identical conditions and negative controls
were used to facilitate comparisons between samples. Images obtained from
the corneal stroma at different ages were analyzed using ImageJ (National
Institutes of Health). A mean pixel intensity value was obtained from
different images as an approximation of collagen XI expression (Sun et al.,
2021). Inferences in the differences in collagen XI expression during
development were quantified, and Cuzick’s test for temporal changes in
collagen XI expression was used.

Transmission electron microscopy
Eyes were enucleated 6 weeks after injury, and stromal morphology was
analyzed using transmission electron microscopy as previously described
(Sun et al., 2020). Briefly, at least three corneas per group were dissected
and fixed in 4% paraformaldehyde, 2.5% glutaraldehyde, 0.1 M sodium
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cacodylate, pH 7.4, with 8.0 mMCaCl2, post-fixed in 1% osmium tetroxide.
The corneas were dehydrated in a graded ethanol series, followed by
propylene oxide. The tissue samples were infiltrated and embedded in a
mixture of Embed 812, nadic methyl anhydride, dodecenyl succinic
anhydride and DMP-30 (ElectronMicroscopy Sciences, Hatfield, PA). Thin
sections (∼80 nm) were cut with a Leica ultramicrotome and post-stained
with 2% aqueous uranyl acetate and 1% phosphotungstic acid, pH 3.2. The
sections were examined at 80 kV with a JEOL 1400 transmission electron
microscope equipped with a Gatan Ultrascan US1000 2K digital camera.
Three to five mice per condition were used.

Fibril diameter distribution
Digital images were taken from non-overlapping regions in the remote and
injured stroma of I-Col11a1−/− mice injected with intraperitoneal Tm and
compared to an injured region of a control group, I-Col11a1+/+, at a
magnification of 60,000×. Images were randomly masked, and fibril
diameter and density were measured using ImageJ software. A region of
interest of appropriate size was chosen within each image in which fibrils
were perpendicular/cross-sectional to the viewing plane (Donovan et al.,
2021; Sun et al., 2020).

Statistical analysis
Prism version 9.1.2 (GraphPad, San Diego, CA) and Stata version 17
(StataCorp, College Station, TX) were used for all statistical analyses, and all
data are shown as means±s.d. Statistical analyses were done by the Research
Methodology and Biostatistics Core, Morsani College of Medicine,
University of South Florida, Tampa, FL. Statistical significance between
two conditions was evaluated by non-parametric, two-tailed Kruskal–Wallis
test. Trend analysis was performed using non-parametric Cuzick’s analysis.
Values with P<0.05 were considered statistically significant.
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