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Abstract

Mast cells, sentinel immune cells, are most abundantly expressed in vascularized tissues that
interface the external environment, such as the skin and ocular surface. Our previous reports
have shown mast cells reside closely with vascular endothelial cells and mediate the pathogenic
angiogenic response. However, the contribution of mast cells and their underlying mechanisms
on lymphangiogenesis have not been fully deciphered. Using a murine model of inflammatory
corneal angiogenesis, we observed adjacent migration of activated mast cells with new lymph
vessel growth. Our /n vitro co-culture assays demonstrate that mast cells with high expression
of VEGF-D directly promote lymphatic endothelial cell tube formation and proliferation.
Moreover, our loss-of-function approach, using mast cell knockout mice and cromolyn-mediated
mast cell inhibition, showed mast cell deficiency suppresses the induction of inflammatory
lymphangiogenesis and VEGF-D expression at the ocular surface following corneal tissue
insult. Our findings suggest blockade of mast cells as a potential therapeutic strategy to inhibit
pathological lymphangiogenesis.
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Introduction

Mast cells, tissue-resident innate immune cells distributed throughout the body, are
particularly abundant in tissues interfacing the external environment, such as the skin
and mucosal surfaces [1, 2]. Anatomically localized in close proximity to vessels, mast
cells have been identified in nearly all vascularized organs, including the heart, lungs,
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gastrointestinal tract, and the brain [3—-6]. Despite its abundance in various tissues, mast cells
have historically been viewed as effectors of allergy, and only recently has it gained attention
for their role in physiological and pathological processes that are independent of the IgE-
mediated allergic immune responses. Indeed, mast cells have been shown to modulate innate
and adaptive immune responses by promoting the infiltration of inflammatory cells during
injury and allosensitzation [7-9].

Lymphangiogenesis, characterized by the generation of new lymphatic vessels from
pre-existing lymphatics, occurs during various physiological and pathological responses
[10]. In particular, lymphangiogenesis has been shown to play a critical role in tumor
metastasis and inflammatory diseases by facilitating immune cell trafficking [10, 11]. In
fact, clinicopathological studies have shown a significant correlation of lymphangiogenesis
and the production of lymphangiogenic factors with cancer progression [12]. Interestingly,
studies have observed a similar trend in correlation with mast cell density and tumor severity
[13-15]. However, the majority of the studies have been limited to mast cell-mediated
angiogenesis or observational clinical findings [16]. Despite the unique characteristics of
mast cells as major innate effector cells that reside closely to lymphatic vessels and release
preformed and de novo synthesized inflammatory and vasoactive mediators, the functional
implication and mechanism of mast cell-mediated lymphangiogenesis has not been fully
deciphered.

Our recent report demonstrated that ocular surface mast cells promote corneal angiogenesis
by secreting high levels of VEGF-A [17]. In this study, we conducted a series of experiments
to determine whether mast cells mediate inflammatory lymphangiogenesis using a well-
established model of inflammatory corneal lymphangiogenesis. Cornea, transparent in
nature and devoid of blood and lymphatic vessels at a naive state, serves as an ideal site

for angiogenic studies [18]. Lymph vessels and ocular surface mast cells, restricted to the
limbal area, grow and infiltrate towards the central cornea following an inflammatory insult
allowing close observation of lymphangiogenic in context to lymphatic-oriented mast cells.

In this study, we evaluated the expression of lymphangiogenic factors, particularly VEGF-D,
by mast cells and its interaction with endothelial cells to investigate whether mast cells
promote lymphangiogenesis. To delineate the direct contribution of mast cells, we utilized
mast cell-deficient cKit"-s" mice and pharmacological inhibition of mast cells in the setting
of inflammatory lymphangiogenesis at the ocular surface.

Materials and Methods

Animals

Six- to eight-week-old BALB/c mice, fully congenic cKit"s" mouse strain on a C57BL/6J
genetic background (Stock No: 012861), and sex and age-matched C57BL/6J mice as
controls were utilized for the described experiments (Jackson Laboratory, Bar Harbor, ME).
Littermates were used for each set of experiments. cKit"-s" mice were confirmed for their
deficiency in mast cells at the ocular surface and in the peritoneum. cKitWsh mice, unlike
other mast cell-deficient strains (cKit"-V) which exhibit basal neutropenia and macrocytic
anemia, have a comparable generation of total CD45" cells and myeloid cells in the bone
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marrow compared to wild type mice [9, 19]. The mice were housed in the Schepens Eye
Research Institute animal vivarium and treated according to the ARVO guidelines for Use of
Animals in Ophthalmic and Vision Research. All procedures were approved by the Animal
Care and Use Committee of Schepens Eye Research Institute (2020N000177).

Corneal lymphangiogenesis model

Corneal lymphangiogenesis was induced by placing a single intrastromal suture on
anesthetized mice, as previously described [20]. Suture placement induces growth of

new lymph and blood vessels and tissue inflammation and has been used as a model

of inflammatory corneal angiogenesis [21]. Briefly, a single figure-of-eight suture was
intrastromally placed on the nasal side of the cornea, 1.0 mm from the limbal area using 11.0
nylon sutures (MANI, Tochigi, Japan) (Fig. 1a). Following suture placement, a single line

of triple antibiotic ointment (MVetropolycin) was applied topically. To subside suture-induced
pain, buprenorphine was administered subcutaneously. Ocular surface tear wash (5 pL/wash)
was collected at 0, 1, 3, and 6h following suture placement to measure ocular surface mast
cell activation. Mice were assessed using a slit lamp biomicroscope on alternating days to
monitor angiogenesis. Mice were euthanized on day 7 when new blood vessels reached the
suture and their corneas (including the corneal limbus and conjunctiva) were harvested for
further analysis.

Mast cell inhibitor administration

Three microliters of 2% sodium cromolyn in PBS (Sigma-Aldrich Corp., St. Louis, MO,

USA) or control PBS were administered topically to sutured corneas at seven-time points
on the day of suture placement (=3, -1, 0, and 1, 3, 6 and 9h postoperatively). Thereafter,
topical treatment was administered 6 times a day (every 2 hours) for seven days.

Corneal tissue isolation and digestion

Single-cell suspensions were prepared from corneas, as previously described [22]. Briefly,
corneas were digested in RPMI media (Lonza, Walkersville, MD, USA) containing 4
mg/mL collagenase type IV (Sigma-Aldrich, St. Louis, MO) and 2 mg/mL DNase | (Roche,
Basel, Switzerland) for 45 minutes at 37°C. Following digestion, cells were filtered through
a 70-um cell strainer.

Cell culture assays

LAD?2 cells, derived from human mat cell leukemia [23], were kindly supplied by Drs.
Kirshenbaum and Metcalfe (NIAID, Bethesda, Maryland). LAD2, closely resembling
CD34"-derived primary human mast cells, were cultured in the presence of human stem cell
factor (SCF; 100 ng/ml) [23]. The culture media was changed once a week for 3 weeks after
thawing prior to utilizing them in the experiments. LAD2 cells were primed by incubating
the cells in 100 ng/ml of biotinylated human myeloma IgE overnight at 37°C. Thereafter,
LAD?2 cells were stimulated with 10 ng/ml of 1L-33 (Biolegend, CA, USA) for 3 hours at
37°C. The cells were harvested for co-culture assays and to measure VEGF-C and VEGF -D
levels using methods described below.
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Primary human dermal lymphatic microvascular endothelial cells (LECs) were cultured in
endothelial cell basal medium-2 (EGM-2MV media) supplemented with growth factors [5%
FBS, VEGF, FGF, EGF, IGF] at 37°C (Lonza, USA).

Tube formation assay

A Matrigel assay was set up in a flat-bottom 96-well plate in triplicates as previously
described [17]. In brief, matrigel basement membrane (Millipore, MA, USA) was plated
into each well (50 pl/well) and incubated for 1 hour at 37°C until adequate polymerization.
Next, 5103 LECs were cultured in basal media alone (negative control), with supplemented
growth factors [5% FBS, VEGF, FGF, EGF, IGF] (positive control) or with 5x103 LAD2
cells (stimulated with 10 ng/ml of 1L-33 for 3hrs) (1:1 ratio; 200 pl/well) on the matrigel
surface and was incubated at 37°C. Tube formation was observed for 12 hours, and
micrographs of co-cultures were captured using an inverted brightfield microscope (Leica
DMil, USA).

Proliferation assay

LEC proliferation was measured using the BrdU proliferation kit. Briefly, in a flat-bottom
96-well plate 5x103 LECs were cultured alone in EBM-2 basal medium (Lonza, USA)
(negative control), with growth factors [5% FBS, VEGF, FGF, EGF, IGF] (positive control)
or with 5x103 LAD?2 cells (stimulated with 10 ng/ml of 1L-33 for 3hrs) for 12 hours at 37°C.
BrdU label was added after 12 hours and cell cultures were incubated for an extra 12 hours
at 37°C. Subsequently, the culture plate was processed according to the manufacturer’s
protocol. A SpectraMax Plus 384 Microplate Reader (Molecular Devices, San Jose, CA,
USA) was used to measure absorbance at 450/550 nm.

Real-Time PCR

Corneas were harvested and lysed using the freeze-thaw method. In brief, corneas were
digested in Trizol and alternatively placed in dry ice and 37°C water bath. Corneal tissue
was mechanically lysed using a pellet pestle (Life Sciences) between every cycle. A

total of 7 freeze-thaw cycles were completed before preceding to RNA isolation. RNeasy
Micro Kits (Qiagen, Valencia, CA, USA) were used to isolate total RNA. Quantitative
real-time PCR was conducted using Tagman Universal PCR Mastermix and preformulated
primers for murine and human Vegfc (Mm00437313_m1; Hs00173626_m1), \egfd
(Mm00438965_m1; Hs01128659 m1), Wegfr3(Mm00433337_m1), and glyceraldehyde-3-
phosphate dehydrogenase (Gapah, Mm99999915 gl; Hs02786624 g1) in a Mastercycler
Realplex 2 (Eppendorf, Hamburg, Germany). The comparative threshold cycle method was
used to analyze the results, which were normalized to Ggpdh as an internal control.

Flow Cytometry

Single-cell suspensions were stained with fluorochrome-conjugated anti-CD45 (30-F11;
Rat 1gG2b k),), anti-CD11b (M1/70; Rat 1gG2b k), anti-cKit (2B8; Rat 1gG2b k), and
anti-FceR1 (MAR-1; Armenian Hamster IgG) antibodies or with their respective isotype
controls. All antibodies and isotype controls were purchased from Biolegend (San Diego,
CA, USA). LSR Il flow cytometer (BD Biosciences, San Jose, CA, USA) and Summit
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software (Dako Colorado, Inc., Fort Collins, CO, USA) were used to acquire and analyze the
stained cells.

Tryptase assays

Mast Cell Degranulation Assay Kits (Sigma-Aldrich) were used to quantify levels of
tryptase. Ocular surface tear wash were incubated with 0.1 mg/mL tosyl-gly-pro-lys-pNA
(substrate) for 3 hours at 37°C. A SpectraMax Plus 384 Microplate Reader (Molecular
Devices, San Jose, CA, USA) was used to quantify cleaved chromophore p-nitroaniline
(pNA) at 405 nm.

B-hexosaminidase assays

Levels of B-hexosaminidase enzyme were quantified using p-n-acetylglucosaminidase
assay kits (Sigma-Aldrich). The kit measures the level of 4-Nitrophenyl N-acetyl-p-d-
glucosaminide (NP-GIcNAc) hydrolysis. Ocular surface wash was incubated with 0.1
mg/mL NP-GIcNAc (substrate) for 1 hour at 37°C and was stopped with with 5 mg/mL
sodium carbonate. Absorbance at 405 nm was measured using SpectraMax Plus 384
Microplate Reader (Molecular Devices, San Jose, CA, USA). B-hexosaminidase levels were
estimated using the formula: U/mL = (A405sample — A405blank) x 0.05 x 0.3 x DF/A405
standard x time x volume of sample in milliliters.

Immunohistochemistry

Corneas with limbus were harvested and immunostained as previously described [24].
Briefly, cornea stroma was separated from the epithelial layer by incubating the cornea in
EDTA for 30 minutes at 37°C and thereafter was fixed using 4% paraformaldehyde. Tissues
were incubated at 4°C with LYVE-1 (Biolegend) overnight and stained with AlexaFluor488-
conjugated or Rhodamine-conjugated secondary antibodies for 2 hours at room temperature.
To stain for mast cells, the harvested cornea was fixed using 4% paraformaldehyde and was
subsequently incubated at 4°C with Texas red-conjugated Avidin (ThermoFisher), which
specifically binds to mast cells, for 6 hours [25]. Stained corneas were whole-mounted

on slides using VECTASHIELD mounting medium (Mector Laboratories) and visualized
using a confocal microscope (Leica TCS-SP5; Buffalo Grove, IL, USA). The area covered
by lymph vessel (LYVE1*) and the number of mast cells (Avidin™) were calculated using
ImageJ 1.52v software.

Statistical analysis

Unpaired two-tailed Student t-tests were used to compare means between two groups. The
significance level was set at p < 0.05. Data are presented as the mean + standard deviation.
The results shown are representative of at least three independent experiments.

Results

Activation of mast cells and lymphangiogenesis following corneal suture placement

To assess the distribution and activation of mast cells at the ocular surface in conjunction
with lymph vessels, we employed a model of inflammatory corneal angiogenesis by placing
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a single figure-of-eight intrastromal suture 1 mm from the limbus (Fig. 1a). Corneas were
harvested from naive and suture-placed Balb/c mice and immunostained with fluorochrome-
conjugated avidin and LYVE-1. Avidin staining, which specifically binds to heparin granules
of mast cells [25], showed mast cells juxtapose along the peripheral lymph vessels (Fig.

1b). Furthermore, intrastromal suture placement induced infiltration of mast cells into the
central cornea, alongside new lymph vessel growth (Fig. 1b). To confirm the centripetal
infiltration of mast cells into the cornea, which is devoid of mast cells in naive state, corneas
were harvested 6 hours post-suture placement, and single-cell suspensions were made for
flow cytometry analysis. Corneal cells were stained with fluorochrome-conjugated CD45,
CD11b, c-Kit, and FCeR1 monoclonal antibodies. As shown in immunohistochemistry,
increased frequencies of cKit™ FCeR1* mast cells were observed at the ocular surface
following suture placement (Fig. 1c). Increased levels of mast cell activation markers,
tryptase and p-hexosaminidase [26], in the ocular tear wash collected within 6 hours of
suture placement further confirmed upregulated activation of ocular surface mast cells
following suture placement (Fig. 1d). Next, to ascertain the underlying pathway of our
inflammatory model lymphangiogenesis, we harvested the corneas at 6 hours post-suture
placement and evaluated the expression of vascular endothelial growth factor C and D
(VEGF-C, VEGF-D) using real-time PCR. A significant increase in VEGF-D expression is
observed following suture placement, compared to naive controls (Fig. 1e). However, no
significant difference in expression of VEGF-C is observed following suture placement.
(Fig. 1e). Our data demonstrate concurrent infiltration of activated mast cells with
lymphangiogenesis, suggesting a potential role of mast cells in inflammatory lymph vessel
growth.

Mast cells promote lymphatic endothelial cell proliferation and tube formation

Given the increased frequencies and activation of ocular mast cells jointly with
lymphangiogenesis, we sought to determine whether mast cells directly promote lymph
vessel growth. Human primary lymphatic endothelial cells (LECs) were cultured in basal
media alone, with endothelial growth factors (5% FBS, VEGF, FGF, EGF, IGF), or with
LAD2 human mast cells (in basal media only) [23], for 24 hours. LECs were cultured

on a gel matrix, and tube formation was observed using brightfield microscopy (Fig. 1a).
LECs cultured in basal media alone did not show any tube formation; however, LECs
co-cultured with mast cells exhibited significantly higher tube formation, as assessed by
the multiple components of tube formation quantified using the ‘Angiogenesis Analyzer’
plugin in ImageJ 1.52s software (Fig. 1b). Moreover, LEC-mast cell co-cultures resulted
in a comparable number of branches, branch length and node formation as LECs cultured
with known growth factors (Fig 1b). To investigate the mechanism of mast cell-induced
lymphatic endothelial tube formation, we evaluated whether mast cells promote proliferation
of LECs. Our data demonstrate a significant increase in proliferation of LECs co-cultured
with mast cells, comparable to LECs cultured with growth factors (Fig. 2c). Given the
known pro-angiogenic function of VEGF-C and -D [27, 28], we specifically assessed

the expression of these factors by mast cells purified from the cultures. Of note, mast
cells selectively showed high expression of VEGF-D, similar to the observation of
increased VEGF-D expression in the inflammatory model of corneal lymphangiogenesis
(Fig. 1d). Taken together, these data suggest mast cells selectively secrete high levels of
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pro-lymphangiogenic factor VEGF-D and directly promote proliferation and tube formation
of lymphatic endothelial cells.

Mast cell deficiency abridges inflammatory corneal lymphangiogenesis

To confirm the direct role of mast cells in facilitating lymphatic endothelial cell proliferation
and tube formation, we employed the model of inflammatory corneal lymphangiogenesis

in mast cell-deficient (cKitWsh) and its respective wild type control (C57BL/6) mice. To
attest their deficiency in ocular surface mast cells, naive corneas of wild-type and cKit"-sh
mice were harvested and immunostained with fluorochrome-conjugated avidin. cKitV-sh
mice showed no mast cells at the ocular surface (Fig. 3a). Tear wash collected within

6 hours post-suture placement showed significant increase in mast cell activation marker
tryptase in wild-type mice, with no significant increase in cKitW=sh, further verifying the
absence of ocular surface mast cells in cKit"-s" mice. To assess the underlying pathway of
lymphangiogenesis in the absence of mast cell deficiency, expression of VEGF-D in corneas
harvested on day 7 post-suture placement was evaluated using real-time PCR. No significant
change in VEGF-D was observed in cKitVs" mice versus the significant upregulation

of VEGF-D expression in wild-type mice, suggesting VEGF-D expression at the ocular
surface following suture placement is largely induced by mast cells (Fig. 3c). Next, to
observe the difference in lymph vessel growth in the absence of mast cells, corneas were
harvested and immunostained with fluorochrome-conjugated LYVE-1. Area of lymph vessel
growth was quantified using ImageJ 1.52s software. cKit"-Sh mice showed significantly

less lymphangiogenesis compared to wild-type mice (Fig. 1d). Furthermore, harvested
corneas were lysed, and the expression of lymphatic endothelial cell-specific VEGFR3 [29]
was evaluated using real-time PCR. In line with the immunohistochemistry observation,
significantly less expression of VEGFR3 was observed in cKit"-s" mice compared with
wild-type mice. In fact, only a minimal increase in VEGFR3 expression was observed
following suture placement, relative to its naive control, in cKit"s" mice. Collectively, our
data suggest mast cells play a critical role in inflammatory corneal lymphangiogenesis by
regulating the VEGF-D-VEGFR3 axis.

Pharmacological blockade of mast cell activation suppresses inflammatory corneal
lymphangiogenesis

Finally, to assess whether pharmacological intervention to inhibit mast cell activation
prevents corneal lymphangiogenesis, sutured corneas were treated with cromolyn, a known
mast cell inhibitor [30]. Corneas were treated topically with 2% cromolyn six times a

day for seven days, as outlined in the experimental design (Fig. 4a). PBS served as a
control. To assess the efficacy of topical cromolyn treatment, tryptase was measured in

tear wash collected within 6 hours following intrastromal suture placement. Cromolyn
treatment significantly suppressed the upregulation of tryptase at the ocular surface post-
suture placement (Fig. 4b). Next, to evaluate the effect of pharmacological inhibition of
mast cells on pro-lymphangiogenic factor at the ocular surface, expression of VEGF-D was
quantified in corneas harvested post-suture placement using real-time PCR. Significantly
less expression of VEGF-D was observed in cromolyn-treated corneas compared to
PBS-treated corneas (Fig. 4c). To further confirm the effect of mast cell inhibition in
lymphangiogenesis, corneas were harvested on day 7 post-suture for immunohistochemistry
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analysis. Cromolyn-treated corneas showed significantly smaller area of lymph vessel
growth compared to PBS-treated controls as quantified by the ImageJ 1.52s software (Fig.
4d). Moreover, cromolyn treatment resulted in significantly less expression of VEGFR3 in
the corneas harvested on day 7 post-suture, further confirming the suppressive effect of
cromolyn in corneal lymphangiogenesis. Our data show that pharmacological blockade of
mast cell activation sufficiently prevents inflammatory corneal lymphangiogenesis.

Discussion

Mast cells, as sentinel innate immune cells, play a critical role in early immune response
primarily by secreting various pro-inflammatory factors [31]. Previous work by our
laboratory and others has demonstrated that mast cells secrete high levels of VEGF-A

and promote angiogenesis [17, 32], yet their direct effect on lymphangiogenesis and

its underlying pathway have not been explored. Here, using a murine cornea model of
inflammatory lymphangiogenesis in genetically modified mast cell knockout mice, and
human mast cells, we show that mast cells (i) primarily express pro-lymphangiogenic factor
VEGF-D, (ii) directly induce lymphatic endothelial cell proliferation and tube formation,
and (iii) promote inflammatory lymphangiogenesis in vivo.

Historically, mast cells have mainly been studied for their function in mediating the allergic
response and parasitic infection [33]. Recent research, however, has demonstrated that

mast cells exhibit a wide range of immunostimulatory functions that mediate both innate
and adaptative immunity, as well as chronic inflammatory conditions, including vascular
disease and cancer [34, 35]. Clinical studies have observed a positive correlation between
the number of mast cells and the extent of angiogenesis and lymphangiogenesis in various
carcinomas [36, 37]. However, research on mast cells in the regulation of lymphatic vessels
has largely been limited to its effect on lymphatic permeability and contractility or the tumor
microenvironment [38]. In the current study, we demonstrate that mast cells directly promote
pathological lymphangiogenesis at the ocular surface, expanding our current understanding
of the roles of mast cells in the regulation of lymphatic pathophysiology.

Lymphangiogenesis by facilitating immune cell trafficking plays a critical role in various
inflammatory disorders [39]. In the eye, a study has demonstrated that chronic allergic
microenvironment results in pathogenic corneal lymphangiogenesis, as evidenced by
increased expression of LYVE-1 following ovalbumin inoculation [40]. We and others
have observed that mast cells are localized in close proximity to lymph vessels [26].

This concurrence is observed along new lymph vessels as well, as demonstrated by the
co-infiltration of mast cells into the central cornea alongside the inflammatory lymph vessel
growth. Furthermore, we observed significant upregulation of mast cell activation markers,
tryptase, and 3-hexosaminidase, following suture-placement, suggesting a close association
with mast cell activation and corneal lymphangiogenesis. We confirmed this association

by utilizing a well-established murine model of inflammatory lymphangiogenesis, which
demonstrated significantly less lymph vessel growth in mast cell-deficient cKit"-sh mice
after induction of inflammatory lymphangiogenesis.
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VEGF-C and VEGF-D, members of the VEGF family, are known to promote
lymphangiogenesis by binding to their specific receptors VEGFR-2 and VEGFR-3,
respectively [40, 41]. Although they exhibit structural homology, VEGF-C and D differ in
their regulatory mechanisms, expression pattern, and receptor binding [41]. Several studies
have identified various vasoactive and inflammatory mediators known to regulate lymphatic
physiology [32, 40]; however, few studies have delineated the differential expression and
role of lymphangiogenic factors by mast cells. Interestingly, our data suggest that mast cells
specifically secrete higher levels of VEGF-D compared to VEGF-C. Mast cells co-cultured
with human lymphatic endothelial cells resulted in more tube formation and proliferation
of endothelial cells, similar to a previous finding performed with murine mast cell and
endothelial cell lines [44]. Our findings demonstrate that mast cells, secreting high levels
of VEGF-D, directly promote proliferation and tube formation of lymphatic endothelial
cells. In addition, we observe that mast cell-deficient cKit"'sh mice show no upregulation
of VEGF-D expression following suture placement compared to wild-type control mice,
denoting mast cells as a primary source of ocular surface VEGF-D during inflammatory
lymphangiogenesis. These findings, in conjunction with the significantly less inflammatory
lymph vessel growth in cKitW-s" mice, suggest that mast cells directly promote inflammatory
corneal lymphangiogenesis.

Finally, to assess whether pharmacological inhibition of ocular surface mast cell activation
prevents inflammatory lymphangiogenesis, suture corneas were topically treated with

2% cromolyn. Cromolyn sodium, widely used in the clinic for allergic conjunctivitis

[43], inhibits mast cell function by preventing degranulation through stabilizing the cell
membrane [44]. The topical treatment effectively curbs mast cell activation, as demonstrated
by suppression of tryptase levels at the ocular surface following treatment induction.
Moreover, our data show cromolyn treatment reduces upregulation of VEGF-D expression
and subsequent inflammatory lymphangiogenesis, replicating our observation in cKit%-sh
mice.

Conclusion

In conclusion, our data demonstrate that mast cells, which express higher levels of VEGF-D,
directly promote inflammatory lymph vessel growth. Moreover, inhibition of mast cell
function via genetic deletion and topical application of cromolyn prevents this inflammatory
response. These findings provide novel insights into ocular surface mast cells as a potential
therapeutic target for regulating inflammatory lymphangiogenesis.
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. Activation and infiltration of mast cells into the cornea during inflammatory
lymphangiogenesis

. Mast cells directly promote lymphatic endothelial cell proliferation and tube
formation

. Genetic deletion of mast cells abrogates pathological corneal
lymphangiogenesis

. Pharmacological blockade of mast cell activation suppresses inflammatory

lymphangiogenesis
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Fig. 1. Inflammatory model of corneal lymphangiogenesis and activation of mast cells
(a) Schematic drawing of the inflammatory model of corneal angiogenesis illustrating the

depth of the intrastromal suture placed 1.0 mm from the limbal vessel. (b) Representative
immunohistochemistry micrographs of mast cells infiltration (Avidin — Texas red) and
lymph vessel growth (LYVE-1 — AlexaFluor488) into the cornea on day 7 post-intrastromal
suture placement (Scale bar, 100 um). (c) Representative flow cytometric dot plots (left)
and cumulative bar chart (right) showing frequencies of cKit*FceR1* mast cells (gated on
CD45™ cells; fold change relative to naive controls) at the ocular surface following suture
placement. Corneas were harvested 6 hours following suture placement, and single-cell
suspensions were prepared for analysis. (d) Bar chart showing fold change in levels of mast
cell activation markers tryptase (left) and p-hexosaminidase (right) in ocular surface tear
wash collected at Oh, 1h, 3h, and 6h following suture placement (5 pl/wash). (€) Bar chart
depicting expression of VEGF-C and VEGF-D in the cornea 6 hours post-suture placement
compared to naive corneas, as quantified by real-time PCR. Representative data from three
independent experiments are shown, and each experiment consisted of 4 animals per group.
Co., Cornea; Conj., Conjunctiva. Data are represented as mean + SD (error bar). £test;
*p<0.05, **p < 0.01.
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Fig. 2. Mast cells express high levels of VEGF-D and promote proliferation and tube formation
of lymphatic endothelial cells
Primary human lymphatic endothelial cells were cultured alone in basal media, with growth

factor supplements (GFs) or with IgE coated human mast cells (hMCs) at 1:10 ratio
(LECs:hMCs) for 24 hours at 37°C. (a) Representative brightfield micrographs showing
tube formation of lymphatic endothelial cells of indicated co-cultures. (b) Bar chart showing
measures of tube formation (number of branches, total branch length, number of nodes) in
the indicated co-cultures at 8 hours. Tube formation was assessed using the ‘Angiogenesis
analyzer’ plugin in ImageJ 1.52s software. (¢) Cumulative bar chart showing proliferation of
lymphatic endothelial cells in the indicated co-cultures, measured using BrdU incorporation
assays. (d) Bar chart depicting expression of VEGF-C and VEGF-D by mast cells, as
quantified by real-time PCR. Representative data from four independent experiments are
shown. Data are represented as mean + SD (error bar). £test; *p<0.05, **p < 0.01, ***p<
0.001. BM, basal media; GFs, growth factors; hMCs, human mast cells.
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Fig. 3. Reduced lymphangiogenesis following suture placement in cKitW-sh/w-sh mice
(a) Representative immunohistochemistry micrographs of mast cell expression (avidin-Texas

red) at the ocular surface of wild type (C57BL/6) and cKit"-S" mice. (b) Bar chart showing
levels of mast cell activation marker tryptase (fold change) at ocular surface tear wash
collected at Oh, 1h, 3h, and 6h following suture placement (5 pl/wash) in wild-type and
cKitVsh mice. (c) Bar chart depicting expression of VEGF-D, relative to naive state, in

the cornea harvested on day 7 post-suture placement in wild type and cKit"-" mice, as
quantified by real-time PCR. (d) Representative immunohistochemistry micrographs (left)
of naive corneas and corneas harvested on day 7 post-suture placement and immunostained
with LYVE-1 (Rhodamine) (left; Scale bar, 100 pm). Cumulative bar chart (right) showing
lymph vessel area in corneas of wild-type and cKit"-s" mice, as quantified using ImageJ
1.52s software. (e) Bar chart showing VEGFR3 expression, relative to its naive baseline,

in corneas harvested on day 7 post-suture placement in wild type and cKit"-S" mice.
Representative data from two independent experiments are shown, and each experiment
consisted of n = 3 animals/group. Data are represented as mean + SD (error bar). #test; *p <
0.05, n.s.; not significant. Co., Cornea; Conj., Conjunctiva.
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Fig. 4. In vivo blockade of mast cell activation suppresses inflammatory corneal
lymphangiogenesis

(a) Schematic experimental design showing the time points of topical treatment
administration of PBS or 2% cromolyn (3 pl/treatment) to Balb/c mice. Topical treatment
was administered 3 h prior to suture placement and subsequently treated 6 times a day for

7 days. Corneas were harvested for immunohistochemistry and mRNA analysis on day 7
post-suture placement. (b) Bar chart showing levels of mast cell activation marker tryptase
in ocular surface tear wash collected at Oh, 1h, 3h, and 6h following suture placement
(5ul/wash) in PBS and cromolyn treated corneas. (c) Bar chart showing expression levels of
VEGF-D in PBS and cromolyn treated-corneas harvested on day 7 post-suture placement,
compared to naive controls, as quantified by real-time PCR. (d) Corneas were harvested on
day 7 when blood vessels reached the suture, as demonstrated by the slit-lamp micrographs
(left). Representative immunohistochemistry micrographs of PBS and cromolyn-treated
corneas immunostained with LYVE-1 (Rhodamine), compared to the naive cornea (Scale
bar, 100 um). Cumulative bar chart (right) showing lymph vessel area in PBS and cromolyn-
treated corneas, compared to naive controls, as quantified using ImageJ 1.52s software. (€)
Bar chart depicting expression of VEGFR3 in PBS and cromolyn-treated corneas harvested
on day 7 post-suture placement, compared to naive controls. Representative data from three
independent experiments are shown, and each experiment consisted of n = 4 animals/group.
Data are represented as mean = SD (error bar). #test; *p < 0.05, **p < 0.01. Co., Cornea;
Conj., Conjunctiva.
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