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Purposk. Pathologic conditions in the cornea, such as transplant rejection or trauma, can
lead to corneal neovascularization, creating a high-risk environment that may compro-
mise subsequent transplantation. This study aimed to evaluate the impact of different
types of corneal injury on hemangiogenesis (HA), lymphangiogenesis (LA) and immune
cell pattern in the cornea.

MerHops. We used five different corneal injury models, namely, incision injury, alkali
burn, suture placement, and low-risk keratoplasty, as well as high-risk keratoplasty and
naive corneas as control. One week after incision and 2 weeks after all other differ-
ent injuries, corneal HA and LA were quantified by morphometric analysis. In addi-
tion, immune cell patterns of the whole cornea and the recipient rim were analyzed
by immunohistochemistry. Immune cells in the draining lymph nodes (dLNs) were quan-
tified by flow cytometry.

Resurrs. Different types of corneal injury caused significantly different HA and LA
responses (both P < 0.0001). The infiltration of corneal macrophages, dendritic cells,
neutrophils, major histocompatibility complex (MHC) II'" cells, CD4" T cells, and CD8*
T cells varied significantly in different high-risk settings (all P < 0.0001). Both the expres-
sion of MHC II on macrophages (P = 0.0005) and the frequency of MHC II'" dendritic
cells (P = 0.0014) in the draining lymph nodes were significantly different across the
various high-risk scenarios.

Concrusions. Murine high-risk settings caused by different underlying pathologies vary
significantly in their (lymph)angiogenic and inflammatory cell patterns. Therefore,
anti(lymph)angiogenic or immunomodulatory strategies to prevent and/or treat immune
responses after subsequent corneal transplantation may need to be customized according
to their immune-vascular “signatures.”

Keywords: corneal transplantation, corneal injury, hemangiogenesis, lymphangiogenesis,
inflammatory cells, macrophages, immunohistochemistry

he cornea is the transparent windshield of the eye. It

is the optically most relevant refractive structure of the
eye.! The cornea’s transparency is essential for good vision
and is highly conserved in evolution.?® Different corneal
diseases can lead to loss of transparency and corneal trans-
plantation is the primary treatment for restoring vision. More
than 50,000 corneal transplantations are performed annually
in Europe, with more than 8000 transplants in Germany.
Whereas in industrialized countries, more and more trans-
plantations are lamellar, a large proportion of penetrating
keratoplasty are still performed worldwide.”> Although the
early outcomes of corneal allotransplantation are typically
excellent (90% at 1 year after surgery), the survival of pene-
trating corneal allografts after 15 years decreases to 55%.°
This rate is drastically decreased if the recipient cornea is
inflamed and vascularized and, therefore, represents a high-

risk situation.®
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Reasons for corneal inflammation and neovascularization
are manifold, including infection, physical trauma, chemical
burn, and graft rejection.”® Approximately 40% of the first
graft rejections, 68% of the second graft rejections, and 81%
of the third graft rejections occur in patients with a vascu-
larized recipient bed.’ Graft rejection rates are increased
because of immune memory, presensitization, and/or a fast
recognition by the host’s immune response.” Moreover,
the presence of active inflammation and infection during
surgery (“hot grafting”) considerably increases the risk of
corneal allograft rejection and graft failure owing to nonim-
munologic factors.”''® A majority of clinical studies have
shown that irreversible rejection is the most important cause
of corneal graft failure after transplantation.!!:!?

Presently, there is limited information about the recruit-
ment of immune cells, as well as the induction of heman-
giogenesis (HA) and lymphangiogenesis (LA) in different
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preoperative settings, leading to a subsequent high-risk
scenario in corneal transplantation. Therefore, this study
aimed to characterize a broad panel of commonly used
murine injury models leading to a high-risk setting with
respect to their immune cells, as well as hemangiogenic and
lymphangiogenic phenotypes.

MATERIAL AND METHODS
Animals and Anesthesia

Female BALB/c (Fig. 1A) and C57BL/6N mice (6-8 weeks
old) were purchased from Charles River Laboratories
(Sulzfeld, Germany). Surgical interventions were performed
after deep intraperitoneal anesthesia with 8 mg/kg Ketan-
est (Godecke AG, Karlsruhe, Germany) and 0.1 mL/kg
Rompun (Bayer, Leverkusen, Germany). The experiments
were approved by the State Agency for Nature, Environ-
ment and Consumer Protection NRW and are in line with the
guidelines of the ARVO Statement for the Use of Animals in
Ophthalmologic and Visual Research.

Incision Model

The incision model was performed as described before.® In
brief, one drop of atropine sulfate (1%, Ursapharm GmbH,
Saarbriicken, Germany) was administrated to induce mydri-
asis. The central cornea was marked with a 1.0-mm trephine
after full corneal penetration using a 30G needle and a sagit-
tal linear perforating incision with surgical micro scissors
(Fig. 1B).

Alkali Burn Model

The alkali burn model was performed as described before.'
In brief, a 2.0-mm filter disc soaked in 1 M NaOH was placed
on the central corneal surface for 30 seconds, and the eyes
were washed immediately with PBS for 2 minutes (Fig. 1C).

Suture Model

The suture model was performed as described before.'>~!7

In brief, three interrupted figure-of-eight sutures (11-0 nylon,
Serag-Wiessner, Naila, Germany) were placed in the cornea’s
stroma and left in place for 14 days. On day 14, the sutures
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were removed and animals were either sacrificed or used for
subsequent high-risk transplantation (Fig. 1D).

Low-Risk and High-Risk Keratoplasty (HR-KPL)
Model

Naive BALB/c mice served as low-risk recipients. For
the high-risk condition, sutures were placed as described
elsewhere in this article in BALB/c mice and removed
after 14 days before corneal transplantation. Keratoplasty
was performed as described previously.>!*!® Age-matched
C57BL/6 mice served as donors. Donor corneas (3 = 2 mm)
were excised by trephination, placed in the recipient’s bed
and secured with eight interrupted sutures (11-0 nylon,
Serag-Wiessner) (Figs. 1E, 1F). Seven days after transplan-
tation, sutures holding the corneal graft in place were
removed.

Immunohistochemistry and Morphological
Analysis of HA and LA in Corneal Whole-mounts

One week after incision injury and 2 weeks after alkali burn,
suture, low-risk/HR-KPL (#z = 5, naive corneas as control),
corneas were excised to quantify blood vessels (BVs)
and lymphatic vessels (LVs) as previously described.!®:1:20
Briefly, corneal whole-mounts were stained with CD31
(Table) for BVs and LYVE-1 (Table) for LVs. Subsequently,
sections were analyzed using fluorescence microscopy
(BX53, Olympus, Hamburg, Germany). Finally, as previ-
ously described, the percentages of BVs and LVs cover-
ing the cornea were evaluated using Cell’F (Olympus,
Germany).?1-#

Immune Cell Counting in Corneas

In each model, five eyeballs were used for cryosections (6
um). Sections were stained with antibodies against Ly6G,
F4/80, CD11c, major histocompatibility complex (MHC) II,
CD3, CD4, and CD8 (Table). Images were acquired using a
fluorescence microscope (BX53, Olympus). Areas covered
by positive cells were measured using Cell"F. Briefly, the
complete corneal border was outlined as the region of inter-
est, and stained cells were detected by setting a gray scale
value threshold, including the bright cells and excluding the
dark background. The percentage of the area covered by
stained cells in the region of interest was calculated.

Suture LR-KPL

HR-KPL

Images of murine corneas after different injury models leading to a “high-risk” recipient bed. Representative images of naive

cornea and five types of injury model at the injury day (A-F) and at the harvest day (G-L), (timepoint: 1 week after incision injury, 2 weeks

after alkali burn, suture, HR-KPL and LR-KPL).
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TasLe. List of Antibodies, Fluorochromes, Clones, Usages, and Manufacturers

Antibody Fluorochrome Clone Usage Manufacturer

Rat anti-mouse CD45 PE/Cy7 30-F11 FCM BioLegend

Rat anti-mouse F4/80 FITC BMS8 FCM BioLegend

Rat anti-mouse CD11b APC/Cy7 M1/70 FCM BioLegend

Hamster anti-mouse CD11c PE N418 FCM BioLegend

Rat anti-mouse I-A/I-E (MHC II) Pacific Blue M5/114.15.2 FCM BioLegend

Rat anti-mouse CD3 PE/Cy7 17A2 FCM BioLegend

Rat anti-mouse CD4 APC RM4-5 FCM eBioscience

Rat anti-mouse CD8 APC/Cy7 YTS156.7.7 FCM BioLegend

Rat anti-mouse CD16/CD32 N/A 2.4G2 Fc block BD Bioscience

Rat anti-mouse F4/80 N/A N/A IF Thermo Fisher Scientific
Hamster anti-mouse CD11c Alexa Fluor 647 N418 IF BioLegend

Rat anti-mouse Ly6G Alexa Fluor 647 1A8 IF BioLegend

Rat anti-mouse I-A/I-E (MHC II) Alexa Fluor 488 M5/114.15.2 IF BioLegend

Rabbit anti-mouse CD3 N/A N/A IF Abcam

Rat anti-mouse CD4 N/A GK1.5 IF Thermo Fisher Scientific
Rat anti-mouse CD8 N/A 5H10-1 IF BioLegend

Rat anti-mouse CD31 FITC 390 IF BD Bioscience

Rabbit anti-mouse LYVE-1 N/A N/A IF AngioBio

Goat anti-rabbit 1gG (H'L) Alexa Fluor 488 N/A IF Thermo Fisher Scientific
Goat anti-rabbit IgG (HL) Cy3 N/A IF Jackson ImmunoResearch
Goat anti-rat IgG (HTL) Alexa Fluor 555 N/A IF Thermo Fisher Scientific

APC, allophycocyanin; CD, cluster of differentiation; Cy, cyanine; FCM, flow cytometry; FITC, fluorescein isothiocyanate; IF, immunoflu-
orescence; LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; N/A, not applicable; PE, phycoerythrin.

Optical Coherence Tomography (OCT) and
Histological Analysis

To assess corneal thickness after injury, in vivo OCT of the
cornea was performed for each injury model at the respec-
tive endpoint using a custom-made OCT system (PR3-13A,
Thorlabs GmbH, Liibeck, Germany). In addition, paraffin
sections were stained with hematoxylin and eosin and PAS
staining.

Flow Cytometry

Ipsilateral submandibular lymph nodes were excised at the
indicated time points after injury to prepare a single-cell
suspension. After blocking with Fc block (Table), cells were
stained with antibodies against CD45, F4/80, CD11b, CD11c,
MHC II, CD3, CD4, and CDS8 (Table). Fluorescence minus
one and unstained cells were used as the gating controls.
Fluorescence was measured by a flow cytometer (Canto II,
BD Biosciences, Franklin Lakes, NJ, USA), and data were
analyzed using FlowJo (version 10.7.1, Ashland, OR, USA).

Statistical Analysis

One-way ANOVA with Turkey’s multiple comparisons was
used for statistical analyses. Data were shown as mean =+
standard deviation. A P value of less than 0.05 was consid-
ered statistically significant. Prism 8 version 8.2.1 (GraphPad
Software, San Diego, CA, USA) was used for all statistical
analyses and graphs.

RESULTS

Injury-Specific and Variable (Lymph)Angiogenic
Responses in the Cornea
Because corneal BVs and LVs are known risk factors for

corneal graft rejection,® we first compared the induc-
tion of corneal HA and LA among different injury models

(Figs. 1G-L). Here we found that different types of corneal
injury caused significantly different corneal hemangiogenic
and lymphangiogenic responses. The HR-KPL initiated the
highest HA response in the whole cornea including graft and
recipient, significantly higher than all other groups except
low-risk keratoplasty (LR-KPL). LR-KPL induced the second
most powerful angiogenic response, significantly higher
than alkali burn, incision, and naive eyes. Suture placement
evoked the third most powerful HA response, significantly
higher than alkali burn, incision, and naive eyes. Alkali
burn induced the fourth most powerful corneal neovascu-
larization, significantly higher than incision and naive eyes.
Interestingly, the incision model did not induce any HA
(Figs. 2A-F, 2M).

HR-KPL again provoked the highest response for LA,
significantly higher than all other groups. LR-KPL induced
the second highest lymphangiogenic response with a signif-
icant difference from all other groups except the alkali
burn. LA in the alkali burn model and suture model was
only significantly higher than in incision and naive eyes.
In contrast, a corneal incision in BALB/c mice provoked
not significantly more LA compared with naive corneas
(Figs. 2G-L, 2N).

Because we expected a higher angiogenic response in
the HR-KPL than in LR-KPL, we compared HA and LA in the
central cornea (@ = 2 mm, yellow dotted lines; Figs. 2A-L).
As shown in Figures 2M and 2N, both HA and LA were signif-
icantly increased in the center of HR-KPL compared with
LR-KPL (# = 5; BVs: P = 0.0116; LVs: P < 0.0001).

During keratoplasty, the central cornea of the recipient
is removed and replaced by donor tissue. Therefore, we
next analyzed the remaining peripheral recipient cornea
only (Figs. 2A-L) in all injury models. In this case, HR-KPL
also induced the significantly higher HA and LA responses
compared with all other groups with the exception of LR-
KPL. Interestingly, a similar percentage of BVs was shown
between LR-KPL and suture model whereas there was no
significant difference among LR-KPL, suture and alkali burn
eyes in the percentage of LVs (Figs. 2M-0O).
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Ficure 2. Different hemangiogenic and lymphangiogenic response patterns lead to a high-risk transplant recipient setting after different
corneal injuries. (A-L) Representative whole-mounts of the murine corneas. BVs were stained with CD31 (green, A-D) and LVs were stained
with LYVE-1 (red, G-L) (original magnification x 100; scale bar, 500 pm; total cornea, the area of white dotted lines; central cornea [@ = 2 mm],
the area of yellow lines; peripheral cornea, total cornea minus central cornea). (M, N) Percentage of BVs and LVs in total, central and
peripheral cornea at harvest day (n = 5; *statistically significant difference of all groups compared with naive. (O) Statistical results between
any two groups except naive. (Timepoint: 1 week after incision injury, 2 weeks after alkali burn, suture, HR-KPL and LR-KPL.) *P < 0.05;
#P < 0.01; **P < 0.001; ***P < 0.0001. ns, not significant.
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Ficure 3. Neutrophils and macrophages recruit into the cornea in different high-risk settings. (A, B) The percentage of Ly6G™ neutrophils
and F4/80" macrophages in total, central and peripheral corneas (n = 5; *statistically significant difference of all groups compared with
naive). (C) Statistical results between any two groups except naive. (Timepoint: 1 week after incision injury, 2 weeks after alkali burn, suture,
HR-KPL and LR-KPL.) *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001. ns, not significant.

Injury-Dependent Specific and Variable Immune
Cell Recruitment Pattern into the Cornea

BVs and LVs contribute to graft rejection by providing inva-
sion and evasion routes for innate and adaptive immune
cell populations. In this context, we analyzed the frequency
of corneal neutrophils, macrophages, dendritic cells (DCs),
MHC II" cells, and T cells in different high-risk settings at
the peak of corneal neovascularization (Supplementary Fig.
S1; n = 5; P < 0.0001).

Neutrophils are promptly recruited after corneal
injury.?>-2° Here, we show for the first time that Ly6G*
neutrophils can still be found in corneas 2 weeks after
HR-KPL and LR-KPL (Fig. 3A). Macrophages are the second

line of defense; they are also recruited in the first 24 hours
after injury!’® and remain up to 14 days after injury.?’
Although the incision trauma in BALB/c mice did not
feature an increased frequency of F4/80" macrophages
compared with the naive controls, all other injuries induced
significant recruitment of F4/80" macrophages, with the
highest frequency observed again in HR-KPL and LR-KPL
(Figs. 3B, 3C). DCs are resident in the normal corneal
stroma.?® Our laboratory has previously reported that DCs
play an key role in the initiation of the adaptive immune
response and in the induction of tolerance.?>?:3° Here,
we show that CD11c" DCs are only significantly increased
after corneal transplantation and suture placement, whereas
alkali burn induced some, but not statistically significant,
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FiGure 4. DCs and MHC II' cells recruit into the cornea in high-risk settings. (A, B) Percentage of CD11c™ DCs and MHC II" cells in total,
central and peripheral corneas (n = 5; *statistically significant difference of all groups compared with naive). (C) Statistical results between
any two groups except naive. (Timepoint: 1 week after incision injury, 2 weeks after alkali burn, suture, HR-KPL and LR-KPL.) *P < 0.05;

#*P < 0.01; **P < 0.001; ***P < 0.0001). ns, not significant.

recruitment of DCs. The perforating injury did not result in
a higher DCs frequency compared with the naive controls
(Fig. 4A). When analyzing the cells in our five injuries,
only corneas after HR-KPL and LR-KPL showed a significant
increased frequency of MHC II'" immune cells (Figs. 4B, 4C).
In corneas after HR-KPL and LR-KPL, a massive invasion
of CD3", CD4", and CD8" T cells was observed, whereas
in HR-KPL significantly more CD4" T cells were recruited
compared with LR-KPL (Supplementary Fig. S2).
Furthermore, we analyzed the immune cell frequency
separately in the peripheral and central cornea among
all the injury models. Here, HR-KPL and LR-KPL showed
the highest immune cell infiltration including neutrophils,
macrophages, DCs, MHC II* cells, CD3" T cells, and CD4" T
cells, as well as CD8" T cells in the periphery as well as in the

center (Figs. 3, 4, Supplementary Fig. S2). Suture placement
and alkali burn induced significantly higher macrophage
and DC recruitment in the periphery compared with the
naive eyes, whereas in the central cornea these changes
diminished (Figs. 4A, 4C). Incision did not induce any signif-
icant differences in the recruitment of any of the immune
cells compared with naive eyes in the periphery and the
center (Figs. 3, 4).

Injury-Dependent Immune Cell Activation in the
Draining Lymph Nodes (dLNs)

The dLNs reflect the immune status of the upstream tissue
and play an important role in graft survival. Therefore,
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Ficure 5. Disease-specific immune cell compositions in the dLNs after different corneal injuries lead to a high-risk corneal transplant setting.
(A) MFI of MHC II on CD451F4/80"CD11b* macrophages. (B) Frequency of MHC I cells in CD457F4/807CD11b™ macrophages. (C) MFI
of MHC II on CD457CD11ct DCs. (D) Frequency of MHC II * cells (in CD45TCD11ct DCs). (Timepoint: 1 week after incision injury, 2
weeks after alkali burn, suture, HR-KPL and LR-KPL.) n = 5; *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001. MFI, mean fluorescence

intensity.

we characterized the activated status of macrophages and
DCs, because they are within the first line of recruited cells
after transplantation and orchestrate the adaptive immune
response. Here we found that CD11b"F4/80" macrophages
were highly MHC II positive in transplantation models in
comparison to all other injury models without allogeneic
stimulus (Figs. 5A, 5B). Although the MHC II expression on
DCs in dLNs was not significantly increased, the frequency
of CD457CD11¢"MHC I DCs was significantly increased in
dLNs 2 weeks after HR-KPL as well as LR-KPL, in comparison
with naive and alkali burn corneas (Figs. 5C, 5D).

Corneal Tissue Damages in Different Injury
Models

In the representative central cornea of histological images
from hematoxylin and eosin staining (Figs. 6A-F) and PAS
staining (Figs. 6G-L), cell counts increased visually in HR-
KPL and LR-KPL groups. This finding correlated with the
significantly elevated influx of immune cells into the cornea

in these two groups, as shown in Figures 3 and 4 and Supple-
mentary Figure S2.

Corneal thickness is a further indicator of the inflamma-
tory status of the cornea. Using in vivo OCT (Figs. 6M-R),
we demonstrated that HR-KPL provoked the highest central
corneal thickness among all groups with a significant differ-
ence (n = 3, Fig. 6S). Interestingly, there was no signifi-
cant difference among all eyes in the mean thickness of the
peripheral cornea (# = 3, Fig. 6T).

DiscussioN

In this study, we report for the first time a comparative
profile of corneal hemangiogenic and lymphangiogenic as
well as corneal and dLNs immune cell response patterns
after different, clinically relevant murine corneal injury
models. These data point to the following facts: (1) There
are significant differences in hemangiogenic and lymphan-
giogenic responses between the different injury models (<7-
fold). This point is also true when comparing the central and
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Figure 6. Different morphologic damages of the cornea among different injury models. (A-R) Representative central cornea with hema-
toxylin and eosin staining and PAS staining (A-D and G-J, original magnification x400; scale bar, 50 pm; E, F, K, and L, original magnification
%x200; scale bar, 100 um), as well as the whole cornea OCT images (M-R, scale bar, 100 um). (S) HR-KPL has the highest central cornea
thickness (from OCT) among all the models (n = 3; **P < 0.01, **P < 0.001, ***P < 0.0001). (H) No significant differences were found in
the mean thickness of the peripheral cornea (z = 3). (Three rejected corneas in HR-KPL and one rejected cornea in LR-KPL). Timepoint:
1 week after incision injury, 2 weeks after alkali burn, suture, HR-KPL and LR-KPL.

peripheral cornea. In general, LR-KPL and HR-KPL caused
the most robust vascular response. (2) All disease models
studied here were characterized by a parallel ingrowth of
BVs and LVs into the cornea, except the incision model
which induced isolated LA. (3) Up to 10-fold changes in
immune cell densities after different injuries were observed.
(4) MHC IT" cells in dLNs varied up to three-fold, depending
on disease entity.

Pathologic corneal neovascularization was reported to
occur in 4.14% of ophthalmologic outpatients, of which 12%
presented with decreased visual acuity.’! Corneal neovas-
cularization can be caused by different underlying patholo-
gies? In inflammatory corneal neovascularization (e.g.,
owing to corneal suturing!® or after transplantation!’-37),
BVs are usually accompanied by clinically invisible LVs.??
In contrast, in other disease settings or models, the occur-
rence of the two vascularization types can be unrelated. In
the murine model of acute keratoconus, characterized by
the acute and massive fluid influx, we recently observed
isolated LA, which regressed quickly.” As expected in our

study, keratoplasty induced the highest amounts of BVs
and LVs in the whole cornea and the peripheral cornea
(Figs. 2M, 2N) compared with all other injuries. Compared
with incision and suture injuries, the degree of surgical
trauma in keratoplasty is evidently greater. The degree
of surgical trauma seems to be a significant mediator
for corneal hem(lymph)angiogenesis, similar to a previous
study in patients comparing different types of corneal trans-
plant surgery techniques including mechanical versus laser
trephination >*

After transplantation, antigen-presenting cells (APCs)
from the graft can immediately migrate to the regional lymph
nodes via LVs (i.e., the afferent arm), resulting in accelerated
allosensitization. In this context, T cells can be activated and
quickly return to the graft via preexisting BVs (i.e., the effer-
ent arm), leading to graft rejection.>~3® Although there was
no significant difference in the overall degree of BVs in the
whole cornea after HR-KPL and LR-KPL, significantly more
BVs and LVs invaded into the grafts in HR-KPL than in LR-
KPL (Figs. 2M, 2N), which here may contribute to the higher
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transplant rejection rate. A previous study used the inci-
sion model for C57BL/6N mice to mimic acute keratoconus.
Corneal incision injury caused significant LA and corneal
edema but not HA.? In this study, we confirmed these results
in the incision injury of BALB/c mice. Although it did not
provoke a significant difference in BVs and LVs compared
with naive corneas among all the six groups, when only
compared with the naive eyes, the incision model of BALB/c
mice initiated significantly more LVs.

It has been demonstrated that nearly all types of immune
cells reside in the healthy cornea, especially those control-
ling innate immunity.*-4! On the same note, our data exhib-
ited the presence of macrophages and DCs in the naive
corneas (Figs. 3, 4). A complex cascade of cellular infiltra-
tion into the cornea occurs after corneal inflammation or
injury.#>~% Subsequently, the infiltrating immune cells can
secret different proinflammatory cytokines and chemokines,
leading to the recruitment of more immune cells, as well as
ingrowth of corneal BVs and LVs, which aim either to facil-
itate the healing or promote tissue damage (immune ampli-
fication cascade). 742434647 Macrophages and neutrophils
are the two central cell populations that initiate the innate
immune response with various functions, including the
secretion of cytokines and lipid signaling molecules to coor-
dinate the behavior of other immune cells.®® After corneal
injury, neutrophils are usually the first cells to infiltrate
the cornea. They migrate into the corneal stroma in two
waves after corneal epithelial wounding.*® It was shown
that neutrophils were present on donor endothelium after
penetrating and lamellar keratoplasty in rabbits® and in
mice.”® Neutrophils play an important role in graft rejec-
tion and are involved in acute cellular and chronic rejec-
tion.>! Our data show that only after HR-KPL and LR-KPL
did a significant invasion of neutrophils take place, whereas
after nonallospecific inflammation like suture placement or
alkali burn, the neutrophil frequency was not significantly
increased compared with controls. Moreover, this increase
was limited to the peripheral cornea. The reason for this
local limitation has to be analyzed in further studies.

Shortly after neutrophil recruitment, macrophages reach
the corneal graft. Macrophages play a prominent role in
inducing inflammatory corneal LA'® and can present anti-
gens to T cells emigrating from the vessels at the corneal
limbus.”! In our study, all types of injury significantly
recruited the incidence of macrophages into the peripheral
and central cornea, with the exception of the incision model.
In the HR-KPL and LR-KPL models, which also comprise the
greatest degree of corneal HA and LA, the greatest level of
macrophage infiltration was observed, increasing the risk for
allogeneic immune rejection.

An even more important immune cell subset for immune-
mediated graft rejection is DCs. They are well-known central
mediators of immune responses®*> and play a key role in
corneal graft rejection.’®> Whereas our data showed that
suture placement as well as HR-KPL and LR-KPL induced a
robust, all-over invasion of DCs into the cornea, the alkali
burn and incision models did not significantly increase
their incidence. In contrast, DC recruitment was significantly
increased in the peripheral cornea after suture placement
and alkali burn compared with the controls. These data point
out that DCs may be a valid target to improve high-risk graft
survival, even after mild alkali burns.

In adaptive immunity, allospecific T cells are activated by
APCs providing the proper peptide-MHC complex. Rejected
corneal transplants from both humans and animals show
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mixed inflammatory infiltrates including both CD4" and
CD8* T cells.”*® Previous studies in CD8 knockout and
perforin knockout mice have demonstrated that CD8" T
cells play a secondary role in the rejection of corneal allo-
grafts.’”->® It was shown that delayed-type hypersensitivity,
a CD4" T-cell-dependent immune response, and corneal
transplant rejection in mice are highly correlated.”®
Whereas in keratoconus patients a significant increase of
y8-T cells on the ocular surface was shown,! the presence
of CD4" or CD8" T cells was not yet reported. In addi-
tion, the recruitment of CD4" or CD8" T cells for the alkali
burn and suture placement models was not yet reported.
This finding is also reflected in our data, where only in the
keratoplasty models CD3"CD4"/CD8" cells occur. Interest-
ingly, CD4" T cells were significantly less recruited in LR-
KPL in total as well as in the central and peripheral cornea.
The CD8" T-cell frequency was generally lower and did not
change between high- and low-risk settings, except in the
center. It was shown that corneal grafts placed in eyes with
a low-risk rejection hardly induce direct alloreactive CD4"
or CD8" T cells,®” whereas grafts placed in high-risk beds
strongly induce direct alloreactive CD41 and CD8* T effector
cells.®> Here, we show for the first time a direct, quantitative
comparison of corneal CD4" and CD8" T cells in the cornea
after HR-KPL and LR-KPL.

Moreover, it is well-known that lymph nodes play
a crucial role in corneal alloimmunization and graft
rejection.’+*> We showed in this study that activated
macrophages and DCs expressing MHC II were significantly
increased in HR-KPL and LR-KPL (Figs. 5A, 5D). In the dLNs,
activation of T cells requires first signal stimulation, that
is, MHC II expressed by APCs.®® In the allogeneic kerato-
plasty model, much more activated APCs could cause a more
intense adaptive immune response.

HR-KPL and LR-KPL induced considerably more
neutrophil, macrophage, DCs, MHC II" cell, and T-cell
cornea invasion compared with than all other groups.
Moreover, HR-KPL has significantly more corneal MHC IT*
cells and CD4" T cells than LR-KPL. An increase in activated
APCs and CD4"' T cells, which are closely associated with
the immune response to corneal transplantation, explain
the cellular mechanisms underlying the high rejection rate
in high-risk corneal transplants.

In this study, we only compared the corneal neovascular-
ization and immune cell infiltration at one time point after
different corneal injuries. Corneal BVs, LVs, and immune
cells presumably change over time after the initial insult.®’
Moreover, the difference in molecular response pattern and
the local cytokine milieu in different injury models leading to
high-risk settings is also a direction for our future research;
it will validate these differences in human tissue samples.
Nevertheless, in this study, we demonstrate for the first time
significant variation in the immune cell composition both
in the recipient bed and the lymphoid organs in various
high-risk settings. This is of high clinical relevance because
patients currently receive similar therapies mainly consisting
of the application of corticosteroids.®® These disease-specific
neovascularization and immune cells pattern (“signatures”)
may have a different impact on immune responses after
subsequent transplantation. Thus, they will establish more
personalized treatment algorithms for high-risk patients
depending on their individual preexisting pathologies in the
future.

In conclusion, different types of corneal injury cause
different types and degrees of neovascularization and
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immune cell infiltration. These novel hemangiogenic and
lymphangiogenic and immune cell signatures will have to
be studied further with respect to their impact on subse-
quent high-risk corneal graft survival. Our results will help
to pave the way toward more disease-specific and person-
alized anti(lymph)angiogenic and immunomodulatory treat-
ment strategies to promote high-risk corneal graft survival
in the future.®7°
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