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Abstract

Purpose: To investigate the role of neutrophil extracellular traps (NETs) and NET-associated
proteins in the pathogenesis of 0GVVHD and whether dismantling of NETs with heparin reduces
those changes.

Methods: Ocular surface washings from oGVHD patients and healthy subjects were analyzed.
Isolated peripheral blood human neutrophils were stimulated to generate NETs and heparinized
NETs. We performed /n vitro experiments using cell lines (corneal epithelial, conjunctival
fibroblast, meibomian gland (MG) epithelial and T cells), and /n vivo experiments using murine
models, and compared the effects of NETS, heparinized NETs, NET-associated proteins and
neutralizing antibodies to NET-associated proteins.

Results: Neutrophils, exfoliated epithelial cells, NETs and NET-associated proteins (extracellular
DNA, Neutrophil Elastase, Myeloperoxidase, Oncostatin M (OSM), Neutrophil gelatinase-
associated lipocalin (NGAL) and LIGHT/TNFSF14) are present in ocular surface washings
(OSW) and mucocellular aggregates (MCA). Eyes with high number of neutrophils in OSW have
more severe signs and symptoms of o0GVHD. NETs (and OSM) cause epitheliopathy in murine
corneas. NETs (and LIGHT/TNFSF14) increase proliferation of T cells. NETs (and NGAL)
inhibit proliferation and differentiation of MG epithelial cells. NETs enhance proliferation and
myofibroblast transformation of conjunctival fibroblasts. Sub-anticoagulant dose Heparin (100
IU/mL) dismantles NETs and reduces epithelial, fibroblast, T cell and MG cell changes induced
by NETSs.
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Conclusion: NETs and NET-associated proteins contribute to the pathological changes of
0oGVHD (corneal epitheliopathy, conjunctival cicatrization, ocular surface inflammation and
meibomian gland disease). Our data points to the potential of NET-associated proteins (OSM or
LIGHT/TNFSF14) to serve as biomarkers and NET-dismantling biologics (heparin eye drops) as
treatment for oGVHD.

Introduction

Chronic graft-versus-host disease (GVHD) is a complication occurring in 30 to 70% of
patients following allogeneic hematopoietic stem cell transplantation (HSCT).! The
immunopathophysiology of chronic GVHD is complex,? and involves both adaptive and
innate immune pathways that initiate and perpetuate fibrosis in multiple organ systems.1-3
Chronic ocular GVHD (0GVHD) occurs in approximately 50% patients after HSCT, with
observed incidences ranging from 33% to 89.5%.4-8 On average, the clinical presentation of
0GVHD occurs 9 months after HSCT, however, disease may present as soon as 7 months or
as late as 18 months following transplantation.8:® Ocular GVHD is a “distinctive’
manifestation of chronic GVHD, that is, 0GVHD is not considered sufficient in isolation to
establish an unequivocal diagnosis of systemic chronic GVHD.!

Ocular GVHD is a severe ocular surface disease with signs and symptoms resembling those
seen in immunologic disorders such as Sjogren’s syndrome.*10-13 Ocular GVHD presents
as a combination of clinical signs and symptoms, some of them unique, that include: (i)
symptoms of ocular discomfort!# (pain/sore eyes, photophobia and burning sensation).
Ocular pain scores reported by 0GVHD patients are comparable in magnitude to those
reported by patients with ocular chemical burns, and pain can severely impact their quality
of life.1* After bone marrow transplantation, 60% patients are unable to work.1® (ii) tear
deficiency and its consequences (corneal and conjunctival epitheliopathy); (iii) Eyelid
disease (Meibomian gland atrophy,16-19 Lid margin telangiectasia and keratinization); (iv)
ocular surface cicatrization?, 2! (conjunctival subepithelial fibrosis, fornix foreshortening
and symblepheron formation); (v) Superior limbic keratoconjunctivitis (SLK)22; and (vi)
active ocular surface inflammation (mucocellular aggregates, tear fluid debris and ocular
redness). It is important that o0GVHD is not viewed as solely a form of tear deficient dry eye
as this over-simplified understanding fosters inadequate treatment of this disabling
condition. Recognizing that oGVHD has sufficiently different pathophysiology and
management than dry eye disease, the FDA recently allowed orphan drug designation for
developing therapies that specifically treat ocular GVHD.

New onset ocular sicca (after HSCT) documented by low Schirmer’s test with a mean value
of <5 mm at 5 minutes or a new onset keratoconjunctivitis sicca by slit lamp exam with
mean Schirmer’s test values of 6 to 10 mm is sufficient to diagnose 0GVHD for the purpose
of treatment®-23, If baseline evaluations are not available to determine whether signs are
‘new onset’, the International Chronic Ocular GVHD Consensus Group diagnostic criteria
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can be used to diagnhose 0GVHD 24 25, Four subjective and objective variables are measured
and scored: OSDI, Schirmer’s score without anesthesia, corneal staining, and conjunctival
injection. In a majority of patients, 0GVHD follows systemic GVHD, however, it can also
precede or develop independently of systemic disease in a minority of patients.® New onset
or progressive ocular GVHD is generally not regarded as an indication for systemic
immunosuppression therapy, therefore, the mainstay of ocular therapy is topical lubricant
and antiinflammatory eye drops. To date there are no FDA-approved drugs to treat o0GVHD,
therefore, it represents an unmet medical need.

The pathophysiology of the 0GVHD involves inflammation and fibrosis resulting from
dysregulated innate and adaptive immunity. While the contribution of antigen presenting
cellsand T cells (adaptive immune system) in the pathophysiology of the oGVHD are
relatively well established 26, the role of neutrophils (innate immune system) is still being
explored. It is well recognized that neutrophils are the first lines of defense against infection
and are closely involved in the initiation of inflammatory responses. 27 However,
accumulating data shows that neutrophils also have important biological functions in both
innate and adaptive immunities, far beyond cytotoxicity against pathogens. 28 The
importance of neutrophils in the pathogenesis of autoimmune rheumatic diseases, such as
systemic lupus erythematosus2® and rheumatoid arthritis30, is being increasingly recognized.
31 A proinflammatory role for neutrophils in the pathogenesis of systemic GVHD has been
described for acute but not chronic GVHD.32-34 Neutrophils contribute to inflammatory
innate immune responses that facilitate and enhance adaptive donor T cell immune
responses stimulated by recipient alloantigens, and may amplify tissue damage caused by
conditioning regimens. In contrast to systemic GVHD where neutrophil role has been
described only in acute disease, the presence and role of neutrophils has been described in
‘chronic’ oGVHD. In a pre-clinical murine model of chronic oGVVHD, neutrophils form a
significant component of the intracorneal infiltrate.3> Marked abundance of neutrophil
elastase has been reported in tears of chronic 0GVHD patients,3¢ which is indirect evidence
of neutrophilic activity. Neutrophils have been found in impression cytology specimens from
the ocular surfaces of patients with chronic oGVHD.37 The number of neutrophils at the
upper palpebral conjunctiva in chronic oGVHD patients show moderate positive correlation
with the clinical manifestations and inflammatory status of the ocular surface.3” Neutrophils
may act as a biomarker for monitoring disease activity, progressive fibrosis, and response to
therapy in other ocular cicatrizing diseases as well, such as ocular mucous membrane
pemphigoid (0MMP).38 In oMMP, eyes with high number of conjunctival neutrophils have
greater degrees of conjunctival fibrosis compared to those without neutrophils.

Our laboratory was the first to discover that numerous neutrophils are present on the ocular
surfaces of severe tear-deficient dry eye disease patients (Sjogren’s syndrome, chronic
0GVHD, non-Sjogren’s DED and ocular cicatricial pemphigoid) and to observe that these
neutrophils release nuclear chromatin complexes as a type of biologic “spider’s web” 3940
These extracellular DNA (eDNA) webs are termed neutrophil extracellular traps (NETS).
41,42 NETs/eDNA accumulate on the ocular surface of DED patients either because of
increased formation (due to hyperosmolarity)*3 and/or reduced clearance (due to tear
deficiency and consequent nuclease deficiency).3° Our data suggests that eDNA production
and clearance mechanisms are dysregulated in tear deficient dry eyes. Abnormal regulation
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of NETSs (excessive formation of NETs (NETosis) and deficient nucleases) has been
suggested to play a role in other inflammatory conditions as well (e.g. in the pathogenesis of
dermatomyositis and polymyositis).*4 Elevated levels of NETs or their biomarkers are
associated with several autoimmune diseases.*>46 We hypothesize that excessive
accumulation NETs and NET-associated proteins over the ocular surface contributes to
development of ocular GVHD. Here we perform complementary /n vitroand in vivo
experiments to provide evidence that NETs can produce the pathological changes
characteristic of chronic ocular GVHD. We also provide a method to dismantle NETSs that
may have therapeutic potential.

Materials and methods

Study approval was obtained from the Institutional Review Board of the University of
Ilinois at Chicago (UIC). Informed consent was obtained from all participants after the
nature and possible consequences of the study were explained. Research was conducted in
accordance with the tenets of the Declaration of Helsinki. Ocular GVHD diagnosis was
based on the Chronic Ocular GVHD consensus scoring algorithm.24 The parameters for
diagnosis included: (i) symptoms of ocular discomfort as measured by the Ocular Surface
Disease Index (OSDI) score. The OSDI is a questionnaire that provides assessment of the
symptoms of ocular irritation consistent with dry eye disease and their impact on vision-
related functioning. The overall OSDI score defined the ocular surface as normal (0-12
points) or as having mild (13-22 points), moderate (23-32 points), or severe (33-100 points)
disease?”49 (ii) Tear secretion as measured by Schirmer | test (without anesthesia over 5
minutes). Schirmer | measurement <5 mm/5min is considered severe tear fluid deficiency;
(iii) Corneal staining score as measured by Lissamine Green dye staining using National Eye
Institute (NEI) grading scale.5° The dye (5 uL of 1% solution) was applied to each eye and a
slit lamp was used to observe corneal staining (16X magnification, high illumination with a
diffuser). The NEI scale relies on a chart that divides the cornea into five sections and
assigns a value from 0 (absent) to 3 (severe) to each section, based on the density of punctate
keratitis, for a maximum of 15 points; and (iv) conjunctival injection measured using the
validated bulbar redness (VBR) grading scale. VBR has 10 reference images with increasing
bulbar redness. The scale starts at grade 10 and has 10-point steps between reference images
(score of minimum 10 to maximum 100).51 Patients diagnosed with definite 0GVHD (score
of =8 without systemic GVHD and =6 with systemic GVHD) were enrolled in the study.
Healthy patients were age-matched volunteers without history of DED. Matrix
metalloproteinase 9 (MMP-9) test was performed using the InflammabDry kit (RPS
Diagnostics, Sarasota, FL). A negative test was scored as 0. A positive test was scored as 1.0
(faint positive), 2.0 (positive) or 3.0 (strong positive). Tear fluid osmolarity was measured
using the TearLab Osmolarity Test (TearLab, San Diego, CA) according to the
manufacturer’s instructions and exact measurements (in mOsm/L units) were used for
analysis. Bulbar redness (BR) and noninvasive tear breakup time (NITBUT) was measured
using Keratograph 5M (Oculus, Inc., Arlington, WA) and the instrument-derived automated
measurements were used for analyses.52 During bulbar redness measurement, the image of
exposed bulbar conjunctiva is scanned and analyzed by Keratograph 5M (R-scan), and the
system generates the BR score automatically using a scale of 0.0-4.0 in 0.1 steps, based on
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the area percentage ratio between blood vessels (red) and the rest of the scanned bulbar
conjunctiva (white).53 Noninvasive tear breakup time (NITBUT) is the time (in seconds) it
takes for distortions to appear in the image of concentric Placido rings that are reflected on
the patient’s cornea by the Keratograph. Two types of NITBUT are measured by the
Keratograph 5M: (i) NITBUT-first is the time at which the first distortion of Placido rings
occurs; and (ii) NITBUT-average is the average time of first breakup incidents in different
locations in a corneal diameter of 8 mm. We also recorded the ‘stare time’ which is
displayed on the Keratograph screen as the time between blinks, that is, the duration of time
the patient was able to keep the eyes open without blinking. Meibomian Gland imaging was
performed using LipiView Il Ocular Surface Interferometer (TearScience, Morrisville, NC).
Meibomian gland dropout was graded using a 0 to 4 scale based on the area of Meibomian
gland loss (0, 0%; 1, <25%; 2, 25%-50%; 3, 51%—75%; and 4, >75%). The score was
recorded as “meiboscale” for each eye.54:55 Lipid layer thickness (LLT) was an instrument-
derived automated measurement (scale 0-100 nanometers).

Ocular surface washings (OSW) collection and analysis:

At the slit lamp, 50 pL of artificial tears (Preservative Free Refresh Optive Sensitive,
Allergan, Irvine, CA) was instilled into the inferior fornix of the eye with a pipette
(Eppendorf North America, Hauppauge, NY) while using fingers to support the bottom and
top eyelid to keep the eye open and the patient was instructed to perform ductions in all
directions. After approximately 1 minute, OSW were collected from the inferior fornix with
10 uL glass microcapillary tubes (Microcaps®, Drummond Scientific, Broomall, PA) and
transferred to PCR tubes at 4°C and transported to the laboratory for analysis. The eDNA
concentration in 2 uL OSW was measured using the Qubit® 3.0 Fluorometer (Life
Technologies, Eugene, OR, #Q33216) and the Qubit® dsDNA High Sensitivity Assay Kits
(Life Technologies, Eugene, OR, #Q32854) according to the manufacturer’s instructions.
The value of eDNA was expressed as mean = standard error of the mean (SEM, pg/mL). For
eDNA size analysis, OSW were placed in a 96-well assay plate, and loaded into the FEMTO
pulse (Advanced Analytical Technologies, Inc, lowa). The size of eDNA was analyzed by
Prosize software. For Live/dead cell analysis in OSW, Acridine orange/propidium iodide
staining was performed and loaded into a Cellometer® cell-counting chamber (Nexcelom
Bioscience, Lawrence, MA, #SD100). The number of live and dead cells were counted and
cell viability calculated. For protein measurement, 2 uL of OSW was mixed with 2 pL
normal saline and 2 pL of this solution was applied to the Direct Detect Assay-free card
(Millipore Corporation, Billerica, MA) and read using the Direct Detect Infrared
Spectrometer. The Spectrometer measures the amount of proteins in the solution with a
protein calibration curve devised using serial dilutions of Bovine Serum Albumin (7% BSA,
SRM 927e, National Institute of Standards & Technology, Gaithersburg, MD) in 1:1 solution
of Refresh Optive and normal saline. Protein amount (mg/mL) was determined after
correcting for dilution. A 1:1 solution of Refresh Optive and normal saline was used as a
reference (blank).

Staining of OSW and mucocellular aggregates (MCA):

An EZ single Cytofunnel (Thermo Scientific, Kalamazoo, MI) was assembled with a
cytoslide (Thermo Scientific) and10 uL of OSW was loaded into the assembled Cytofunnel.
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In order to achieve a monolayer of cell deposition on the cytoslide, the sample was
centrifuged using Cytospin 4 (Thermo Scientific). After centrifugation, the slide was air
dried for 5 min and then fixed with a 4% paraformaldehyde (PFA) solution for 20 min, and
stored in 1X PBS at 4°C for further staining. MCA were collected from patients’ eyes using
sterile jeweler’s forceps and transferred to a PCR tube containing Refresh Optive, and stored
in an ice box at 4°C. Fresh MCA samples were embedded in Tissue-Tek® OCT compound
(Sakura Finetek, Torrance, CA, #4583) and flash frozen. Frozen sections were cut at 10 um
thickness using cryostat (Thermo Scientific, CryoStar NX50), air dried, then fixed with 4%
PFA for 20 min. Immunofluorescent staining: The OSW and MCA samples were
permeabilized with 0.025% Triton X-100 (Fisher Scientific, #BP151-100), and blocked with
freshly prepared 10% Donkey serum with 1% Bovine Serum Albumin (Gemini Bio-
Products, #700-100P) for 2 hours. After blocking, the following primary antibodies were
applied, and left overnight at 4°C: mouse monoclonal anti-human neutrophil elastase (NE)
(1:100, Dako, Clone NP57, #M0752):56:57 rabbit polyclonal to histone H3 (1:100, citrulline
R2+R8+R17, 1:100, Abcam, #ab5103):;8:59 rabbit polyclonal Keratin-14 (1:1000,
BioLegend, #905301, Covance #PRB-155P);%0:61 rabbit polyclonal anti-human
Myeloperoxidase (MPO) (1:100, Abcam, #ab45977);62:63 rabbit monoclonal anti-human
CD3 (1:100, Abcam, #ab16669);54.65 rabbit polyclonal anti-Oncostatin M (LifeSpan
Biosciences, #L.S-C104796); rabbit polyclonal NGAL (1:100, Abcam, #ab63929);%6.67 and
rabbit polyclonal LIGHT/TNFSF14 (1:100, LifeSpan Biosciences, #L.S-C118682). Isotype
controls were used as negative controls. The specificities of the primary antibodies used in
these experiments have previously been validated.3% 96-67 Slides were then washed gently
on a shaker three times for 10 min each with 1X PBS. After washing, the slides were
incubated at room temperature for 1 hour with the following secondary antibodies (diluted
1:1000 in 1% BSA solution in 1X PBS): Alexa Fluor 594 Donkey anti-mouse IgG (Jackson
ImmunoResearch Lab, #715-585-150); Alexa Fluor 488 Goat anti-rabbit 1gG (Jackson
ImmunoResearch Lab, #111-546-003); Alexa Fluor 488 Donkey anti-rabbit 1gG (Jackson
ImmunoResearch Lab, #711-546-152). Slides were washed twice with 1X PBS for 10 min
each, air dried, and counterstained with ProLong™ Gold antifade reagent with DAPI
(Invitrogen, #P36931). Images were captured using a Zeiss LSM 710 confocal microscope at
100X magnification and analyzed with the Zeiss LSM Image Software. Sytox Green
staining: OSW and MCA were stained on a chamber glass slide (Millipore, #PEZGS0416)
with a mixture of 1 uM Sytox Green stain and Hoechst 33342 stain (1:2000,
FisherScientific, Pittsburgh, PA, #33342) diluted in 1X PBS, and immediately imaged with a
Zeiss Axiocam 506 fluorescence microscope under 20X magnification. Hematoxylin and
Eosin (H&E) Staining: Slides with OSW and MCA were stained with hematoxylin (H-3401;
Vector Labs, Burlingame, CA), rinsed in acidified ethanol, dipped in bluing solution, and
counterstained with eosin (Thermo Scientific, Waltham, MA). Slides were examined using
an upright Axioscope 100 microscope (Carl Zeiss Meditec GmbH, Hamburg, Germany),
imaged under 100X mag using a Zeiss MRc color camera, and analyzed using Zeiss
Axiovision.

Experimental NETosis:

Peripheral blood was collected from patients via venipuncture in vacutainer tubes containing
sodium heparin (BD Biosciences). Neutrophils were isolated by immunomagnetic depletion
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of non-target cells using MACSxpress beads (MACSxpress neutrophil isolation kit, Miltenyi
Biotech). The residual erythrocytes were removed using MACSXxpress erythrocyte depletion
kit (Miltenyi Biotec). Isolated neutrophils were resuspended in serum free phenol red free
RPMI-1640 medium (GIBCO). The purity of neutrophils was evaluated by flow cytometry
using CD15-PE (Clone: VIMCS6; Miltenyi Biotec) and CD16-APC (clone: VEP13; Miltenyi
Biotec) antibodies. Isolated Neutrophils (0.5 x 108 cells/well in a 24-well plate, Falcon)
were stimulated with 1 nM PMA for 8 hours at 37°C in a tissue culture incubator supplied
with 5% CO> in order to generate NETs. After 8 hours, NETs were detached by shaking at
500 rpm for 5 min with a microplate shaker (“NETs” condition). In a parallel experiment,
unstimulated neutrophils were incubated at 37°C in RPMI medium for 8 hours as a control
(“No NETs” condition). RPMI medium alone served as an additional control (“RPMI”
condition). The supernatant from all conditions was collected with a sterile 1 mL pipette and
filtered through a 1 um PES membrane filter (Millipore, #SLHO033RS) to remove cells and
cellular debris. After measuring eDNA concentration (ug/mL) using Qubit 3.0 Fluorometer,
all specimen were aliquoted, and stored at —80°C for further assays.

Cytokine abundance in OSW and NETSs:

The amount of cytokines in OSW from patients (Healthy, none 0GVHD, and definite
0GVHD) and supernatant of experimental NETosis conditions (NETs, No NETs, RPMI
conditions) were measured using bead-based immunoassays in FLEXMAP 3D system
(Luminex, Millipore). Sample volumes of 5 pL of OSW or 25 L of various experimental
NETosis conditions were loaded into a 96-well assay plate. Analytes were selected from
following Milliplex human cytokine kits: (i) Human Cytokine/Chemokine Panel I (Cat. No.
HCYTOMAG-60K); (ii) Human Sepsis Panel 3 (Cat. No. HSP3MAG-63K); and (iii) Human
CVD Panel 1 (Cat. No. HCVD1MAG-67K). Assay was performed according to the
manufacturer’s instructions. The data was analyzed by MILLIPLEX® Analyst 5.1 software.
The absolute concentrations of the samples were determined by construction of a standard
curve for each anylate. The results were expressed as mean £ SEM (pg/mL).

Dismantling NETs:

Human neutrophils (0.5 x 106 cells/mL) or MCA were plated on a chamber glass slide
(Millipore), and stimulated with 1 nM PMA for 8 hours at 37°C. A separate group of human
neutrophils was plated on another chamber glass slide, and stimulated with 1 nM PMA for 7
hours at 37°C and then heparin (100 1U/mL) for 1 hour at 37°C. Both were stained with a
mixture of 1 uM Sytox Green stain and Hoechst 33342 stain (1:2000, FisherScientific,
Pittsburgh, PA) diluted in 1X PBS, and immediately imaged with a Zeiss Axiocam 506
fluorescence microscope under 20X magnification.

Assay for NET protein-associated DNA fragments for intact NETs:

Using the cell death Detection ELISA kit (Roche, IN) the following steps were completed
over three days, as described in previous papers.®8 On the first day, a 96-well ELISA
microplate was coated with either MPO antibodies (1:2,000, Abcam, Ab9535) to measure
MPO-DNA complexes or NE (1:2,000, Dako, M0752) antibodies to measure NE-DNA
complexes, and incubated overnight at 4°C. On the second day, this plate was washed three
times with a washing buffer, according to the manufacturer’s instructions, and 100 pL of
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blocking solution was added in each well for 2 hours at room temperature. The ELISA
microplate was washed three times with the washing buffer. 100 uL of human NETs and 100
pL of OSW (10 pL + 90 pL of RPMI) were added to separate wells on the same plate, and
incubated for 5 min at room temperature. After incubation, 1 uL of DNase | (Thermo Fisher,
#ENO0525) was added to each well for 15 min at room temperature. DNA digestion was
stopped by adding 1 pL of 0.5 M EDTA (Thermo Fisher, #R1021), and followed by
overnight incubation at 4°C. On the third day, the ELISA microplate was washed three times
with a washing buffer, and a secondary anti-DNA-POD (HRP-conjugated anti-DNA Ab,
1:1000; Roche, #1154467501, IN, USA) was added in each well for 2 hours at room
temperature. After three more washes, 100 pL of ABTS substrate (Roche, #1154467501)
was added to each well and incubated for 5 min at room temperature. Optical density for
each well was measured at a wavelength of 405 nm.

Kinetic NETosis assay:

NETosis was quantified from freshly isolated human neutrophils using a Sytox Green plate
reader assay, as described in previous papers.59:70 Using a robotic pipetting system,
epMotion5075 (Eppendorf North America, Hauppauge, NY, USA), 20,000 cells per well
were seeded in a 384-well black, flat, clear-bottom plate (Corning, #3762). The same robotic
pipetting system was used to then add 1 uM Sytox Green, a cell impermeable nucleic acid
stain, to each well. The plate was split up into 3 groups with 6 wells per group: (i) human
neutrophils with 1 nM PMA,; (ii) human neutrophils with 1 nM PMA with Heparin (100 1U/
mL); (iii) human neutrophils with Heparin (100 IU/mL). The plate was loaded into Cytation
5 plate reader (BioTek-U.S., Winooski, VT, USA), set at 37°C and supplied with 5% CO»,
with a filter setting of 485 nm (excitation) / 527 nm (emission). Kinetic fluorescence
intensity was measured every 20 min over 12 hours and analyzed with Gen5 software.

Human corneal epithelial cell culture and wound scratch assay:

SV40-Adeno vector transformed human cornea epithelial cells (HCE-T) (RIKEN Cell Bank
RCB2280, Tsukuba, Japan) was used for epithelial wound scratch assay (provided by
Deepak Shukla, PhD, University of Illinois at Chicago, Chicago, IL). Cells were grown in
DMEM medium (GIBCO) and supplemented with both 10% FBS (Invitrogen) and 1%
antibiotic and antimycotic solution, which contains 10,000 units/mL of penicillin, 10,000
ug/mL of streptomycin, and 25 pg/mL of Amphotericin B (Thermo Fisher Scientific). This
was then incubated at 37°C in a tissue culture incubator supplied with 5% CO». A day
before wound scratch, 30,000 cells/well were seeded in a 96-well ImageLock plate (Essen
Bioscience) and allowed to grow 18 hours in order to attain monolayer confluence. Wound
scratch (700-800 pm wide) was made with an IncuCyte 96-pin wound maker (Essen
Bioscience). After scratching, cells were washed twice with 100 pL of phenol red free
RPMI-1640 medium and 200 pL conditioned media were added to separate wells. For
determining heparin cytotoxicity, wound-scratched HCE-T cells were incubated at 37°C for
30 hours in serum-free RPMI medium with the following: (i) Heparin 100 IU/mL; (ii)
Heparin 1,000 1U/mL; and (iii) Heparin 10,000 1U/mL. For determining the effect of NETs
on epithelial healing, the following conditions were used: (i) RPMI medium; (ii) 0.5X No
NETS (unstimulated neutrophils); (iii) 0.5X NETSs (stimulated with 1 nM PMA); and (iv)
0.5X NETs + Heparin (100 IU/mL). Heparin sodium (20,000 1U/mL) was obtained from
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Sagent pharmaceuticals (NDC #25021-404-01), and diluted with RPMI to the
concentrations used. Plates were incubated at 37°C for 30 hours in IncuCyte Zoom live cell
analysis system (Essen Bioscience), which captured images every 6 hours. The relative
wound density (%) was determined for 30 hours with IncuCyte Zoom software. This metric
relies on measuring the spatial cell density in the wound area relative to the spatial cell
density outside of the wound area at every time point. It is designed to be 0% at time zero
and 100% when the cell density inside the wound is equal to the cell density outside the
initial wound. It does not rely on finding cell boundaries. For each condition, six technical
replicates were performed in three independent experiments. Cytotoxicity of human corneal
epithelial cells was determined by LDH (lactate dehydrogenase) cytotoxicity assay (Thermo
Scientific, #88954). Cell culture supernatants were collected from the wound-scratch
experiments and 50 pL of supernatant was mixed with 50 pL of reaction mix, according to
the manufacturer’s instructions, in a 96-well flat bottom plate, and incubated at room
temperature for 30 min. The optical density absorbance at wavelengths (490-680 nm) was
measured with a Cytation5 plate reader. In parallel experiments, the effect of heparin on cell
proliferation in wound scratched human corneal epithelial cells was determined by Celltiter
96 Aqueous one reagent Nonradioactive Cell Proliferation assay kit (Promega, #G3580).
The CellTiter 96® AQueous One Solution Reagent contains a tetrazolium compound [3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt; MTS] and an electron coupling reagent (phenazine ethosulfate; PES). After 30
hours incubation of wound-scratched human corneal epithelial cells with different doses of
heparin, 20 uL of cell titer reagent was added to each well and incubated at 37°C in a cell
culture incubator for 2 hours. The optical density absorbance was read at 490 nm using a
Cytation5 plate reader.

Immunofluorescence staining of EMT markers:

HCE-T (50,000 cells/well) were plated in a glass-bottom 24-well plate (Mat Tek, Part
#P24G-0-13-F) and allowed to grow for 18 hours at 37°C in a tissue culture incubator. The
scratch wound was made with a 1 mL sterile pipette tip. Cells were incubated at 37°C for 30
hours with either No NETSs (1X) or NETs 1X. After 30 hours, cells were fixed with ice-cold
100% methanol for 20 min. Cells were washed thrice with 1X PBST (PBS buffer with
0.001% Triton X-100) and blocked with 2.5% donkey serum and 1% BSA diluted in 1X
PBS for 2 hours. The following primary antibodies were applied, and incubated overnight at
4°C: (i) mouse alpha-smooth muscle actin (a-SMA; 1:500, Sigma-Aldrich, #A2547); (ii)
mouse CTGF (1:50, Santa Cruz Biotechnology, #sc-365970); (iii) rabbit Vimentin (1:500,
Abcam, #ab92547); and (iv) rabbit B-Catenin (1:500, Cell Signaling, #C2206). The primary
antibodies were removed, and the cells were washed once with a washing buffer. Isotype
controls were used as negative controls. Appropriate fluorescence conjugated secondary
antibodies were added and incubated for 1 hour at room temperature (Alexa Fluor 488 anti-
rabbit, #711-545-152, Alexa Fluor 488 anti-mouse, #115-545-146, Alexa Fluor 594 anti-
mouse, #715-585-150 Jackson ImmunoResearch Laboratories, Inc.). Finally, the cells were
stained with DAPI for 5 min at room temperature. Images were captured with an LSM 710
Zeiss confocal microscope at 63X magnification.
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Western blot assay for EMT markers:

HCE-T (200,000 cells/well) were plated in a 4-well chamber slide (Millipore,
#PEZGS0416), and incubated for 30 hours at 37°C for the following experimental groups:
(i) RPMI; (ii) No NETSs; (iii) NETs; and (iv) NETs + Heparin (100 1U/mL). After
incubation, the medium was removed and cells were lysed with 100 uL of RIPA-buffer for 5
min on ice, then cells were scraped and collected in an e-tube. The collected supernatant was
centrifuged at 5000 rpm for 10 min at 4°C to extract protein from cells. The protein
concentration was determined by the Bradford protein assay using the Bio-Rad protein assay
kit (Bio-Rad, #5000002). 500 ng of total protein was added per lane and then loaded in
ProteinSimple (ProteinSimple, Santa Clare, CA, U.S.A.) The following primary antibodies
were used: (i) a-SMA (1:100, Novus, NBP2-33006), (ii) p-Catenin (1:1000, Abcam,
ab119801), (iii) CCN2 (1:50, Santa Cruz, sc-365970); (iv) E-Cadherin (5 ug/mL, R&D
systems, MAB1838), and (5) Vimentin (1:100, Novus, NBP1-92687). ProteinSimple
capillary electrophoresis immunoassay was performed according to the manufacturer’s
instructions. Data analyses were performed using the Compass software (ProteinSimple) on
Wes™.

Human conjunctival fibroblast cell culture and wound scratch assay:

Primary human conjunctival fibroblast cells were obtained from ScienCell Research
Laboratories (# 6570) and cultivated in fibroblast medium (ScienCell, # 2301). For all the
experiments, cell culture passages 2—7 were used. In a 96-well ImageL ock plate, 15,000
cells/well were plated and allowed to grow for 18 hours at 37°C in a tissue culture incubator
supplied with 5% CO,. Wound scratch was made as described previously for epithelial cells,
and 200 pL of each of the following conditioned media were added: (i) RPMI medium; (ii)
0.5X NETs; (iii) 0.5X NETs + heparin (100 1U/mL); and (iv) heparin (100 IU/mL)
supplemented with 1% FBS in RPMI medium. Images were captured every 6 hours with
IncuCyte zoom system. The relative wound density (%) was determined for 30 hours with
IncuCyte Zoom software. For each condition, six technical replicates were performed in
three independent experiments.

Sircol collagen assay:

Total soluble collagen in cell culture supernatants were measured using a Sircol collagen
assay kit (Accurate Chemical Inc., #CLRS1000). Briefly, 100 pL of (i) supernatants
collected from human conjunctival fibroblast cell cultures from conditions described above;
(ii) blanks; and (iii) standards were each mixed with 1 mL of Sircol collagen dye reagent in
a 1.5 mL microcentrifuge tube. The tubes were incubated at room temperature for 30 min,
and then centrifuged at 12,000 rpm for 10 min. The supernatant was discarded carefully and
the pellet was washed with 750 pL of ice-cold 1X acid-salt wash reagent by centrifugation.
The pellet was dissolved in 250 uL of alkali reagent, and 200 puL of the resulting product was
transferred to a flat bottom 96-well plate. The absorbance was read at 555 nm with
Cytation5 plate reader. The concentration of collagen was calculated using a standard curve.
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Ki67 staining for cell proliferation:

Cells (80,000 cells/well) were plated in a 4-well chamber glass slide (Millipore,
#PEZGS0416), and incubated at 37°C for 30 hours with the following experimental groups:
(i) RPMI; (ii) NETS; (iii) NETs+Heparin 100 IU/mL; and (iv) Heparin 100 IU/mL. After
incubation, cells were fixed with ice-cold 100% methanol for 20 min. Cells were washed
twice with 1X PBST (PBS buffer with 0.001% Triton X-100) and blocked with 2.5% donkey
serum and 1% BSA diluted in 1X PBS for 2 hours. Cells were incubated with the primary
antibody, Ki67 (1:500, Abcam, #ab16667) for overnight at 4°C. After washing, the
secondary antibody, Alexa Fluor 488 anti-rabbit (1:1000, Jackson ImmunoResearch
Laboratories, #711-545-152), was added and incubated for 1 hour at room temperature,
followed by staining with DAPI. Images were captured with an LSM 710 Zeiss confocal
microscope at 63X magnification. Ki67/DAPI ratio data analysis was processed using
MetaMorph software (Molecular Devices, Version 7.8.13.0).

Western blot assay for alpha-smooth muscle actin (a-SMA) abundance:

After 30 hours incubation with all experimental conditions as described above, cell lysates
of human conjunctival fibroblast cells were prepared. The denatured protein samples,
blocking reagent, primary antibody, a-SMA (1:100, Novus, NBP2-33006), HRP-conjugated
secondary antibody and chemiluminescent substrate were pipetted into designated wells in
an assay plate. ProteinSimple capillary electrophoresis Western immunoassay
(ProteinSimple, Santa Clare, CA, U.S.A.) was performed according to the ProteinSimple
user manual. Data analyses were performed using the Compass software (ProteinSimple) on
Wes™.,

Collagen gel contraction assay:

Collagen gels were made using the CytoSelect 24-well cell contraction assay kit (floating
matrix model, Cell Biolabs, Inc, #CBA-5020) according to the manufacturer’s instruction.
Briefly, 2 parts of human conjunctival fibroblast cells were mixed with 8 parts of cold
collagen gel working solution. For each replicate, 0.5 mL of cell-collagen mixture was cast
into each well, and incubated at 37°C with 5% CO,, for 1 hour to facilitate collagen
polymerization. After collagen polymerization, 1 mL of the following medium were added
to the collagen gel lattice: (i) fresh RPMI medium; (ii) 1X NETSs; (iii) 1X NETSs + heparin
(100 1U/mL); and (iv) heparin (100 IU/mL) and further incubated for 24 hours. Gels were
imaged immediately at time zero and again after 24 hours. The ability of conjunctival
fibroblast cells to contract the floating gels was measured by quantifying the area of gels by
ImageJ software. The percent of contraction was calculated by the following formula:
contraction % = (Initial surface area of gel — Final surface area of gel / Initial surface area of
gel) x 100.

Western blot assay for a-SMA abundance:

After 24 h incubation, the collagen gel lattices were collected and lysed with RIPA buffer.
The primary antibody, a-SMA (1:100, Novus, NBP2-33006), was added to the wells.
ProteinSimple capillary electrophoresis Western immunoassay (ProteinSimple, Santa Clare,
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CA, U.S.A.) was performed according to the ProteinSimple user manual. Data analyses were
performed using the Compass software (ProteinSimple) on Wes™.

In vivo experiments for corneal epitheliopathy and corneal wound healing

Animals:

All animal experiments were conducted according to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Animal protocol was approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of Illinois at
Chicago. ThyI-YFP (B6.Cg-Tg( 7hyZ-YFP)16Jrs/J) transgenic adult mice at the age of 8-12
weeks were purchased from Jackson Laboratory (Bar Harbor, ME), and all animal
experiments were performed based on the protocol. For /n vivo experiments, mice were
anesthetized with intraperitoneal injections of ketamine (90 mg/kg; Phoenix Scientific, St.
Joseph, MO) and xylazine (20 mg/kg; Phoenix Scientific). For terminal experiments, mice
were sacrificed according to the IACUC protocol. 7AyZ-YFP mice were used so that in
addition to corneal epitheliopathy and barrier dysfunction (with fluorescein staining), the
effects on corneal nerves and cornea trafficking myeloid cells can be simultaneously
observed, as described previously.”:72 In order to investigate the effects of experimental
interventions on corneal nerves and trafficking myeloid cells, sequential /n vivo
Stereofluorescent Microscopy was performed using a fluorescence stereoscope
(StereoLumar V.12, Carl Zeiss, GmbH, Hamburg, Germany) equipped with a digital camera
(Axiocam MRm) and Axiovision 4.0 software as described previously.”1:72 An anesthetized
ThyI-YFP mouse was placed on the stereoscope stage. 7 uL of proparacaine (0.5%, Bausch
&Lomb, Tampa, FL) was applied to the mouse cornea for 3 min, and the pupil was
constricted with 5 uL of 0.01% carbachol (Miostat, Alcon, Fort Worth, TX) for 5 min /n
vivo. Z-stack images were obtained at 5 um intervals and compacted into one maximum
intensity projection image after alignment using Zeiss Axiovision software.

Isolation and induction of mouse NETosis:

Mouse neutrophils were isolated from bone marrow cells. Bone marrow cells were flushed
out from femurs and tibiae by a 21-gauge needle fitted to a 1 mL syringe filled with RPMI
medium containing 10% FBS. Cells were centrifuged and erythrocytes were eliminated after
lysing with erythrocyte lysis buffer. The EasySep mouse neutrophil enrichment kit
(STEMCELL Technologies, #19762) was used to isolate the neutrophils from bone marrow
cells by negative selection. Non-target cells were removed with biotinylated antibodies,
which were directed against non-neutrophils. Remaining cells were labeled with tetrameric
antibody complexes and separated using an immuno-magnetic column-free magnet
(STEMCELL Technologies, #18000). To induce mouse NETSs, 0.5 x 10° neutrophils were
plated in 0.5 mL RPMI medium mixed with 50 nM PMA for 5 hours in 24-well plates
(Falcon, #353047). The NETSs were collected and, using a syringe, filtered through 1 pm
PES filters (Whatman, #6780-2510).

Corneal epitheliopathy experiments:

Mice were anesthetized with intraperitoneal injections of ketamine (90 mg/kg; Phoenix
Scientific, St. Joseph, MO) and xylazine (20 mg/kg; Phoenix Scientific). 10 pL of
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conditioned medium were applied on surface of the cornea for 40 min (supplementary figure
1). For determining the effect of NETS, the following groups were used (n=5/group): (i) no
NETs; (ii) NETs; and (iii) NETs + Heparin (100 IU/mL). This experiment was performed
three times for determining reproducibility. For determining the effect of Oncostatin, the
following groups were used (n=6/group): (i) NETSs; (ii) NETs + Heparin (100 1U/mL); (iii)
NETSs + mouse OSM Neutralizing Antibody (NAb) (1 pg/mL, R&D systems #AF-495-NA);
(iv) recombinant mouse OSM (5 ng/ mL, R&D systems #495-M0-025); (v) recombinant
mouse OSM protein (5 ng/mL) + Heparin (100 1U/mL); and (vi) recombinant mouse OSM
protein (5 ng/mL) + mouse OSM NAb (1 pg/mL). This experiment was performed two times
for determining reproducibility. In both experiments, after 40 minutes of application, the
conditioned medium was removed, and 10 uL of 0.2% fluorescein was applied on the cornea
for 1 min and washed two times with 1X PBS. The fluorescein staining was examined and
imaged with a slit lamp (Haag Streit, Bern, Switzerland) every day for 6 or 7 days using 40X
magnification and cobalt blue light with yellow barrier filter. Fluorescein staining was
graded for each replicate from each group, using National Eye Institute (NEI) grading
system (Grade 0-3 depending upon density of punctate staining) in four quadrants (nasal,
temporal, inferior, superior). Maximum staining equals 12. Mice were sacrificed after day 6
or 7 and corneas were excised from each replicate from each group, lysates were prepared
and assayed for IP-10, IL-1pB, IL-6 (EMD Millipore) using bead based immunoassays
(Luminex). The concentrations of cytokines in pg/mL were normalized to total protein and
expressed as pg/ug of protein.

Corneal Epithelial Wound Healing experiments:

ThyI-YFP mice at the age of 10-12 weeks were used for corneal epithelial wound healing
experiment using the repetitive injury mouse model as described previously.”3 Mice were
anesthetized, the center of the cornea was demarcated by a 2 mm diameter biopsy punch
(Kai Industries, Seki, Japan), and corneal epithelium in this area was removed with a rust
ring remover (Alger Equipment Co., Inc., Lago Vista, TX) under a ZEISS S5 microscope
(Zeiss C, Overckochen, Germany). For repetitive injury, at 24, 48, and 72 hours after the
initial wounding, the same 2 mm diameter wound was created centered on the corneal apex.
After wounding, the epithelial defect was examined using 10 uL of 0.2% fluorescein and
imaged with a slit lamp (Haag Streit) every day for 3 days using 40X magnification and
cobalt blue light with yellow barrier filter. After imaging, 10 UL of conditioned media were
applied on surface of the cornea for 40 min (supplementary figure 1). For determining the
effect of NETS, the following groups were used (n=5/group): (i) RPMI; (ii) No NETs; (iii)
NETS; and (iv) NETs + Heparin (100 IU/mL). This experiment was performed two times for
determining reproducibility. After 40 minutes, the conditioned medium was removed, and
the corneas were covered with Ophthalmic Ointment (Akorn, Lake Forest, IL). The
fluorescein stained epithelial wound area was measured in the photographs with AxioVision
software (Carl Zeiss). The corneal epithelial defect at each time point was calculated as a
percent of the day 0 epithelial defect size.

Meibomian gland epithelial (MGE) cell experiments:

Immortalized human meibomian gland epithelial cells was a generous gift from Dr. David
Sullivan (Harvard Medical School, Boston, MA). MG epithelial cells were used for
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differentiation and proliferation experiments using culture conditions as described
previously.’47°

MGE cell differentiation experiments:

Cells were plated at 70% confluence (40,000 cells/well) in keratinocyte serum free medium
(KSFM; Thermo Fisher, #17005042) in a 4-well glass slide (Millipore, #PEZGS0416), and
allowed to grow for 18 hours in a tissue culture incubator at 37°C supplied with 5% CO2.
For meibomian gland epithelial cell differentiation experiments, the medium was removed
and replaced with Differentiation F12 Medium (DFM) that comprised Dulbecco’s Eagle
medium and Ham’s F12 (GIBCO mix, #11320033) supplemented with 10% fetal bovine
serum in 10 ng/mL human EGF (R&D Biosystems, #236-EG). For investigating the effect of
NETSs on meibomian gland differentiation, cells were incubated with the following
conditioned medium for 8 days in a tissue culture incubator at 37°C supplied with 5% CO2:
(i) Keratinocyte serum free medium (KSFM); (ii) Differentiation F12 Medium (DFM); (iii)
DFM + 10X concentrated NETs+ 1gG (5 pg/mL, R&D Biosystems, MABQO06); (iv) DFM

+ 10X concentrated NETSs that had been incubated with NGAL antibody (5 pg/mL, R&D
Biosystems, #MAB1757) for 1 hour; (v) DFM + 10X NETSs that had been incubated with
heparin (100 1U/mL) for 1 hour; (vi) DFM + recombinant NGAL (80 ng/mL, R&D
Biosystems, #1757-LC); (vii) DFM + recombinant NGAL protein (80 ng/mL) that had been
incubated with heparin (100 IU/mL) for 1 hour; and (viii) DFM + recombinant NGAL
protein that had been incubated with NGAL antibody 5 pg/mL for 1 hour. Cells were then
fixed with 4% PFA for 20 min and washed thrice with 1X PBS. Cells were stained with
LipidTOX green neutral lipid stain in 1X PBS (1:800, Thermo Fisher Scientific, # H34475)
for 30 min. The nuclei were counterstained with Hoechst 33342 in 1X PBS (1:2000) for 5
min. Images were captured with a Zeiss Axio Vert fluorescence microscope at 40X
magnification. The fluorescence intensity was quantified using ImageJ software (http://
imagej.nih.gov/ij/).

MG epithelial cell proliferation experiments:

Meibomian Gland (MG) cells were plated at a seeding density of 5,000 cells/well in a 96-
well plate (Falcon, #353075), and allowed to grow for 3 days at 37°C in an incubator
supplied with 5% CO2 in: (1) KSFM, (2) KSFM with NETs + 1gG (5 pg/mL), (3) KSFM
with NETs + NGAL neutralizing antibody (NAb) (5 pg/mL), (4) KSFM with NETs +
heparin (100 1U/mL), (5) KSFM with recombinant NGAL (80 ng/mL), (6) KSFM with
recombinant NGAL (80 ng/mL) + NGAL NADb (5 ug/mL), and (7) KSFM with recombinant
NGAL (80 ng/mL) + heparin (100 IU/mL). Cell proliferation was assessed by measuring the
cellular DNA content via fluorescent dye binding kit (CyQuant ® NF Cell Proliferation
Assay, #C35006, Invitrogen). After 72 hours of incubation, the supernatant was removed
with a pipette and 100 pL of 1X CyQuant dye binding solution was added into each well.
The plates were then incubated at 37°C for 1 hour. The fluorescence intensity for these
samples was measured with excitation wavelength of 485 nm and emission wavelength of
530 nm by Cytation5 plate reader and analyzed by Gen5 software.
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Mixed lymphocyte reaction (MLR):

The one-way allogeneic MLR procedure has been described previously.5® Peripheral blood
was collected by venipuncture in BD vacutainer sodium heparin tubes from two unrelated
healthy subjects. Pan-T cells were isolated by immunomagnetic depletion of non-target cells
using MACSxpress beads (MACSxpress Human Pan-T cell isolation kit, Miltenyi Biotech)
according to the manufacturer’s instruction. The residual erythrocytes were removed using
MACSxpress erythrocyte depletion kit (Miltenyi Biotec). Peripheral Blood Mononuclear
Cells (PBMCs) were isolated by immunomagnetic depletion of non-target cells using
MACSxpress beads (MACSxpress Human PBMC isolation kit, Miltenyi Biotech) according
to the manufacturer’s instruction. Isolated PBMCs were resuspended in 3 mL of serum free
phenol red free RPMI-1640 medium (GIBCO). Non-irradiated T cell (responder cells - R)
and irradiated PBMC (stimulator cells - S; irradiation dose: 3000 rad) were suspended in
10% AB (Corning, MT35060CI) prepared in RPMI and plated (1x10° cells/well each; 1:1
ratio) in sterile 96-well plates (Corning) for 2 days at 37°C. For determining the effect of
NETs on T cell proliferation and MLR, the following groups were used: (i) R, (ii) R +
NETs, (iii) R + S (MLR condition), (iv) R + S + NETS, (v) R + S + NETSs + Heparin (100
IU/mL); and (vi) R + S + Heparin (100 1U/mL). For determining the effect of LIGHT/
TNFSF14 on T cell proliferation and MLR, the following groups were used: (i) R, (ii)) R +
recombinant LIGHT/TNFSF14 (100 ng/mL, R&D Biosystems), (iii) R + S, (iv) R + S +
NETS; and (v) R + S + NETs + LIGHT/TNFSF14 neutralizing antibody (NAb) (10 ng/ml,
R&D Biosystems). Cell proliferation was determined using a CyQUANT cell proliferation
assay kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. After
48 hours of incubation, the supernatant was removed with a pipette and 100 pL of 1X dye
binding solution was added into each well. The plates were then incubated at 37°C for 1
hour. The fluorescence intensity for these samples was measured with excitation wavelength
of 485 nm and emission wavelength of 530 nm by Cytation5 plate reader and analyzed by
Genb5 software.

Statistical analysis

Based on their subject group as “healthy”, “none” oGVHD, and “definite” o0GVHD, the
clinical measurements (OSDI, Schirmer’s I, corneal staining, conjunctival staining, bulbar
redness, o0GVHD composite score, MMP 9, tear breakup first, tear breakup average,
meiboscale, average LLT, and osmolarity) and OSW measurements (eDNA, tear neutrophils,
and cytokines) were combined for each group. Using SPSS 24.0 software (IBM, Armonk,
NY), a one-way analysis of variance (ANOVA) was performed to determine the statistical
difference among “healthy”, “none” oGVHD, and “definite” oGVHD for all clinical
measurements, as well as eDNA and number of neutrophils in total number of cells. When
significant (p<0.05) differences were found, post-hoc paired comparisons with Tukey
correction were conducted to explore the meaning of such differences by controlling family-
wise Type 1 error. The level of significance was set at a=0.05 for post-hoc analysis as well.
In vitro cell culture data and /7 vivo murine experiment data were similarly analyzed. The
outliers were excluded before performing statistical significance analysis. The relationship
between eDNA and number of neutrophils in total number of cells within the “definite”
oGVHD group was investigated through a correlation analysis by computing Pearson’s
correlation coefficient.
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RESULTS

Clinical signs and symptoms — Mucocellular Aggregates (MCA).

In order to investigate the role of NETS in pathogenesis of 0GVHD, we enrolled age
matched patients with definite oGVHD (n=30), none o0GVHD (n=18) and healthy subjects
(n=20), and performed a detailed clinical ophthalmological examination and laboratory
investigation on ocular surface washings. As compared to none c0GVHD and healthy
subjects, definite 0GVHD patients had significantly greater symptoms (OSDI score), lower
Schirmer’s | value, greater conjunctival and corneal staining and greater bulbar redness, and
thus had a significantly higher composite score (Clinical data are shown in Table 1). The
presence of mucocellular aggregates (Fig 1, A1, A2) was also significantly greater in
definite o0GVHD patients (80%) as compared to none 0GVHD (16%) and healthy subjects
(0%). The mucocellular aggregates (MCA) were present as translucent sheets over the ocular
surface or whitish strands in the inferior conjunctival sac or fornix, becoming visible on
pulling down the lower eyelid. We collected these MCA using Jewelers forceps and
examined them microscopically. Hematoxylin & Eosin staining showed numerous
neutrophils, extracellular DNA (eDNA) strands and few epithelial cells (Fig 1, A3).
Immunofluorescence staining showed co-localization of neutrophil elastase (Fig 1, B1),
CitH3 (Fig 1, B2) and DAPI nuclear staining (Fig 1, B3) in the extracellular strands, thus
confirming them to be NETs (Fig 1, B4), as described previously.”8.77 Co-localization of
neutrophil elastase (Fig 1, C1), myeloperoxidase (Fig 1, C2) and DAPI nuclear staining (Fig
1, C3) further confirmed that the extracellular strands in MCA are NETs (Fig 1, C4). In an
0oGVHD patient, MCAs were adhered to the cornea (Fig 1, D1). We applied a filter paper to
lift the MCA from the cornea (Fig 1, D2). H&E staining of the filter paper showed presence
of neutrophils, eDNA strands and epithelial cells (Fig 1, D3). Immunofluorescence staining
showed co-localization of CitH3 (Fig 1, E1), NE (Fig 1, E2) and DAPI nuclear staining (Fig
1, E3) in the extracellular strands, thus confirming that MCAs contain NETs (Fig 1, E4).

Neutrophil Extracellular Traps (NETs) and NET-associated proteins on the ocular surface
of oGVHD patients.

Next, we investigated whether NETSs are present in the tear film by performing a washing of
the ocular surface and examining the ocular surface washings (Fig 2, Al). 50 pL volume of
artificial tear was instilled in inferior conjunctival sac and washings collected after one
minute (all data shown represents mean £ SEM). The recovered volume was similar in
definite o0GVHD (34.29 £ 1.14 pL) and none oGVVHD (38.00 £ 0.80 pL; p=0.24) patients. In
healthy subjects recovered volume was significantly greater (43.72 + 2.05 yL; p<0.05). The
protein content of ocular surface washings was similar in definite o0GVHD (2.24 + 0.40 mg/
mL), none oGVHD (1.85 + 0.40 mg/mL) and healthy subjects (1.70 + 0.20 mg/mL; p=0.53
between groups). In parallel /n vitro experiments, we isolated human neutrophils from
peripheral venous blood of healthy subjects and stimulated them with PMA to produce
NETs (experimental NETosis). We compared the cytology and cytokine profile in ocular
surface washings with experimental NETosis to uncover similarities. Cytospin preparations
of ocular surface washings showed presence of numerous neutrophils, extracellular DNA
and few epithelial cells (Fig 2, A2). The size of neutrophils in ocular surface washings was
significantly larger in definite o0GVHD patients (13.01 + 0.05 um, p<0.05) as compared to
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healthy subjects (11.39 + 0.21 um). PMA activated NETosing neutrophils also had
significantly increased size (16.46 + 0.11 um; p<0.05) as compared to naive peripheral
venous blood neutrophils (11.82 + 0.07 pm) (Fig 2, B2). Sytox Green staining of cytopsin
preparations showed numerous extracellular strands in ocular surface washings (Fig 2, A3)
that were similar in appearance to Sytox green stained extracellular strands seen in
experimental NETosis (Fig 2, B3). Immunofluorescence staining showed co-localization of
neutrophil elastase (Fig 2, A4 and B4), MPO (Fig 2, A5 and B5) and DAPI nuclear stain
(Fig 2, A6 and B6) in the extracellular strands in ocular surface washings as well as in
experimental NETosis (Fig 2, A7 and B7), thus confirming them to be NETSs. Extracellular
DNA amount was significantly greater in ocular surface washings of definite cGVHD
patients (2.37 + 0.25 pg/mL; p<0.05) as compared to none o0GVHD (0.83 + 0.06 pug/mL) and
healthy subjects (0.78 + 0.04 pg/mL) (Fig 2, A8). Similarly, supernatants of PMA stimulated
neutrophils had significantly greater eDNA (NETSs, 0.38 £ 0.05 pug/mL; p<0.05) as compared
to unstimulated neutrophils (No NETSs, 0.10 £ 0.02 ug/mL) cultured for eight hours and
culture media (RPMI, 0.03 £ 0.00 pug/mL) (Fig 2, B8). Although eDNA levels are commonly
used as surrogates of NET release, presence of eDNA is not specific for demonstrating
NETs because eDNA levels can be raised in necrosis also. Therefore, we used specific
methods of NET quantification to definitively demonstrate the presence of NETs.”8.79 MPO-
DNA complexes were significantly greater in ocular surface washings of definite o0GVHD
patients (0.532 £ 0.201; optical density (OD) at 450 nm; p<0.05) as compared to none
0GVHD (0.063 £ 0.013) and healthy subjects (0.034 + 0.003) (Fig 2, A9). NE-DNA
complexes were also significantly greater in ocular surface washings of definite o0GVHD
patients (0.554 + 0.082; p<0.05) as compared to none oGVHD (0.084 + 0.017) and healthy
subjects (0.079 + 0.036) (Fig 2, A10). Similarly, supernatants of PMA stimulated
neutrophils had significantly greater MPO-DNA complexes (NETSs, 0.208 + 0.085; p<0.05)
as compared to unstimulated neutrophils (No NETSs, 0.068 + 0.013) cultured for eight hours
and culture media (RPMI, 0.007 + 0.001) (Fig 2, B9). Supernatants of PMA stimulated
neutrophils also had significantly greater NE-DNA (NETS, 0.112 + 0.019; p<0.05) as
compared to unstimulated neutrophils (No NETSs, 0.002 + 0.001) cultured for eight hours
and culture media (RPMI, 0.031 + 0.034) (Fig 2, B10). We also determined the DNA
fragment size using electropherogram tracings generated with an automated pulsed-field
electrophoresis instrument. The DNA fragment size in ocular surface washings of healthy
subjects and none 0GVHD patients was smaller (approximately 950 bp) as compared to
definite o0GVHD patients (approximately 6,500 bp) (Fig 2, A11). In addition, definite
0GVHD patients had smaller quantities of low (500 bp) and high (80,000 bp) molecular
weight fragments. NETs had fragment size of approximately 5,000 bp, which matches DNA
fragment size of oGVHD patients (Fig 2, B11).

Ocular surface washings of definite 0GVHD patients had significantly higher levels of
several cytokines as compared to none 0GVHD patients and healthy subjects. These
cytokines were: (i) neutrophil elastase (Fig 2, A12); (ii) myeloperoxidase (Fig 2, A13); (iii)
IL-8 (Fig 2, A14); (iv) Oncostatin M (Fig 2, A15); (v) LIGHT/TNFSF14 (Fig 2, A16); (vi)
TNFa (Fig 2, A17); and (vii) BDNF (data not shown). Similarly, levels of these cytokines
(Fig 2, B12-B16), except TNFa (Fig. 2, B17), were significantly higher in supernatants of
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PMA stimulated neutrophils (NETS) as compared to unstimulated neutrophils (No NETS)
and culture media (RPMI).

These complementary experiments demonstrate that NETs and their molecular components
are present in ocular surface washings, as evidenced by similar findings generated during
experimental NETosis.

Tear fluid neutrophils and severity of ocular surface disease.

The neutrophil numbers in ocular surface washings of definite 0GVHD (2.16x10°

+ 5.48x10%; p<0.05) were significantly higher as compared to none oGVHD (1.10x104

+ 3.61x103) and healthy subjects (6.06x103 + 2.35x108) (Fig 2, C1). In ocular surface
washings of definite ocular GVHD patients, we observed a moderately strong correlation
(Pearson correlation, r = 0.797; p<0.05) between neutrophil numbers and amount of eDNA
(Fig 2, C2). We divided definite o0GVHD patients into two groups based on whether ocular
surface washings showed relative excess of epithelial cells (N<E, Fig 2, C3) or excess of
neutrophils (N>E, Fig 2, C4), and compared their clinical findings. We found that definite
0GVHD patients who had an excess of neutrophils (N>E) in the ocular washings had
significantly more severe clinical findings ((higher OSDI score (Fig 2, C5), higher bulbar
redness (Fig 2, C6), and higher composite score (Fig 2, C7)) as well as higher eDNA amount
(Fig 2, C8) in ocular surface washings as compared to definite 0GVHD patients who had an
excess of epithelial cells (N<E). In addition to more severe clinical findings, these patients
(N>E) also had significantly higher protein (3.17 £ 0.54 mg/mL; p<0.05) content in ocular
surface washings as compared to N<E patients (0.48 = 0.22 mg/mL). These findings suggest
that N>E eyes are more inflamed as compared to N<E eyes and the higher amount of protein
in N>E eyes is likely to be NET-associated proteins given the severely compromised
lacrimal gland function in these patients.

Heparin use as a NET-dismantling drug

Having established that NETSs are present on the ocular surface of 0GVHD patients and are
associated with more severe disease in these patients, we performed experiments to
determine whether NETs can produce pathological changes that are seen in 0GVHD patients
and whether dismantling of NETs reduces those pathological changes.

We selected heparin as our target compound to investigate the effect of NETs dismantling
because it possesses the highest negative charge density of any known biological
macromolecule,80 thus it can strip positively charged histones from the DNA backbone of
NETSs to destabilize them. We isolated peripheral blood human neutrophils, cultured them in
plate wells (Fig 3, Al) and stimulated them with 1 nM PMA to generate adherent NETSs (Fig
3, A2). Incubation of adherent NETs with sub-anticoagulant dose of heparin (100 IU/mL)
dismantled NETS as evidenced by the loss of Sytox green stained extracellular DNA strands
(Fig 3, A3). Furthermore, the supernatant had increased eDNA after heparin incubation
suggesting detachment of adherent NETs (1.96 + 0.01 ug/mL; p<0.05; Fig 3, A4). Next, we
detached the adherent NETs by shaking the cultured plates and incubated the non-adherent
NETs with either Heparin or RPMI culture and determined the level of NET protein-
associated DNA fragments (which represent intact NETS). The levels of histone-associated
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DNA fragments was significantly decreased after heparin incubation (0.06 £ 0.01; p<0.05;
Fig 3, A5) as compared to RPMI incubation (0.25 + 0.03) suggesting dismantling of NETSs.
Dismantling of NETs was further confirmed using assays to detect MPO-DNA complexes
(Fig 3, A6) and NE-DNA complexes (Fig 3, A7). Both, MPO-DNA complexes and NE-
DNA complexes (which represent intact NETs) were significantly reduced after heparin
incubation. Similarly, we found that heparin 100 1U/mL dose dismantles NETs in MCA
collected from oGVHD patients (Fig 3, B1-B4) and reduces histone-associated DNA
fragments in supernatant (0.06 £ 0.00; Fig 3, B9). RPMI culture media was unable to
dismantle NETs in MCA (Fig 3, B5-B8). To determine whether heparin can dismantle NETs
in a clinical setting, we treated a patient who had adherent MCA surrounding the optic of a
Boston keratoprosthesis with heparin eye drops (100 IU/mL) three times a day (Fig 3, B10,
arrow points to whitish adherent MCA). After 4 weeks of heparin treatment the adherent
MCA were much reduced (Fig 3, B11).

We cultured immortalized corneal epithelial cells, created scratch wounds and incubated
them in presence of increasing doses of heparin to determine the non-toxic dose (Fig 3, C1-
C4). Sub-anticoagulant dose of heparin (100 1U/mL) did not delay epithelial wound closure
(Fig 3, C6) whereas anticoagulant doses of heparin (1,000 IU/mL and 10,000 1U/mL)
showed significant dose dependent delay in epithelial wound closure (Fig 3, C7 and C8).
Relative wound density (RWD, %) after 30 hours incubation was similar in heparin 100
IU/mL (87.21 £ 2.18%; p=0.99) and RPMI culture media (88.56 + 1.57%) (Fig 3, C9 and
C10). Compared to RPMI culture media, RWD was significantly lower with heparin 1,000
IU/mL (63.17 £ 3.60%; p<0.05) and 10,000 1U/mL (3.72 + 3.62%; p<0.05). In parallel
experiments, MTS assay was performed to determine cell proliferation. Heparin (100
IU/mL) increased cell proliferation as compared to RPMI control, whereas Heparin (1,000
IU/mL and 10,000 1U/mL) significantly reduced cell proliferation (Fig 3, C11). LDH assay
was performed using supernatant to determine cytotoxicity (Fig 3, C12). Heparin (100
IU/mL) caused no cytotoxicity as compared to RPMI culture media whereas significant
cytotoxicity was observed with heparin 1,000 IU/mL and 10,000 1U/mL (Fig 3, C11). In
kinetic assay of experimental NETosis (isolated peripheral blood neutrophils stimulated with
1 nM PMA) heparin 100 1U/mL did not affect NETosis (Fig 3, C12). These experiments
establish that sub-anticoagulant dose of heparin (100 1U/mL) effectively dismantles NETs
without causing toxicity to corneal epithelial cells, thus we used this dose in all subsequent
experiments.

NET-induced corneal and conjunctival epitheliopathy.

Since corneal (Fig 4, Al) and conjunctival (Fig 4, A2) epitheliopathy and persistent corneal
epithelial defects (Fig 4, A3) are present with significantly greater frequency in definite
0GVHD patients as compared to none oGVHD and healthy subjects (Fig 4, A4 and A5), we
used /n vitroand in vivo models to determine the effect of NETs on corneal epithelium. We
cultured immortalized corneal epithelial cells, created scratch wounds and incubated them in
presence of RPMI culture media, unstimulated neutrophils (No NETS), naive NETs and
heparinized NETSs (Fig 4, B1-B4). As compared to RPMI control (Fig 4, B5) and no NETs
(Fig 4, B6) significant delay in epithelial wound closure was seen with naive NETSs (Fig 4,
B7) but not with heparinized NETs (Fig 4, B8). Relative wound density (%) after 30 hours
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incubation was similar in RPMI culture media (90.88 + 1.50%; p>0.05), No NETSs (89.48
+ 2.75%), and heparinized NETs (89.24 + 1.97%). Compared to RPMI culture media,
relative wound density was significantly lower with naive NETs (34.96 + 2.58%; p<0.05)
(Fig 4, B9).

In naive NETS group the epithelial cells at the scratch wound margin were elongated spindle
shaped resembling fibroblasts (Fig 4, B10 inset). In this group, immunofluorescent staining
showed findings that are typically seen in epithelial mesenchymal transition (EMT). These
NET-induced EMT changes include: (i) increased expression of alpha smooth muscle actin
(Fig 4, C26), CCN2 (Fig 4, C32) and Vimentin (Fig 4, C35), and (ii) nuclear translocation of
beta Catenin (Fig 4, C29). Western blot analysis of cell lysates (Fig 4, D1) showed increased
abundance of alpha smooth muscle actin (Fig 4, D2), CCN2 (Fig 4, D3), Vimentin (Fig 4,
D4) and reduced abundance of E-cadherin protein (Fig 4, D5). Taken together these findings
are suggestive of epithelial mesenchymal transition (EMT) induced by NETSs.

Next, we performed experiments in a murine model to determine whether NETS can cause
corneal epitheliopathy /n vivo (Fig 10). We applied supernatant from unstimulated
neutrophils (No NETSs), PMA-stimulated neutrophils (naive NETs) and heparinized NETS to
naive murine corneas for seven consecutive days (40 minutes per topical application per
day) (Fig 5, A1-A6). Significantly greater corneal fluorescein staining was observed at Day
7 following application of naive NETSs (6.00 £ 0.55; p<0.05; Fig 5, A5) as compared to No
NETs (1.80 £ 0.37; Fig 5, A4) and heparinized NETSs (1.60 + 0.24; Fig 5, A6) (Data shown
in Fig 5, A7). At Day 7, corneas were excised and abundance of inflammatory cytokines
(IP-10 and IL-1B) were determined in lysates. Corneas exposed to naive NETs had
significantly higher abundance of IP-10 (Fig 5, A8) and IL-1p (Fig 5, A9) as compared to
RPMI culture media, No NETs and heparinized NETs. Next, we performed experiments to
determine whether NETSs can delay epithelial wound healing /n vivo. We created an
epithelial defect in murine corneas and applied supernatant from unstimulated neutrophils
(No NETSs), PMA-stimulated neutrophils (naive NETS) and heparinized NETSs (Fig 5, B1-
B4). The percent epithelial defect area remaining at Day 3 was significantly greater
following application of naive NETs (83.02 + 10.65; p<0.05; Fig 5, B15) as compared to No
NETS (23.07 = 14.49; Fig 5, B14) and heparinized NETs (10.96 + 6.85; Fig 5, B16) (Data
shown in Fig 5, B17).

Next, we investigated the molecular component of NETs that may cause epitheliopathy.
Because oncostatin M (OSM) levels were significantly higher in ocular surface washings of
definite o0GVHD patients (Fig 2, A15) and OSM was present in abundance in experimental
NETs (Fig 2, B15), and because OSM is known to cause epithelial barrier dysfunction,81 we
elected to investigate whether this NET component causes corneal epitheliopathy.
Immunofluorescent staining showed that OSM was present in abundance in MCA (Fig 6,
A1-A5) and ocular surface washings ((1.60+0.24; Fig. 5, A6)) collected from definite
0GVHD patients. OSM is a heparin binding protein, therefore incubation with heparin or
Neutralizing antibody (NAb) reduced recombinant OSM protein levels (Fig 6, B1). In
murine NETs, OSM is present in great abundance (614.67 + 95.73 pg/mL) and it’s levels are
significantly reduced in heparinized NETs (19.95 £ 0.00 pg/mL; Fig 5, B2).
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First, we investigated whether reducing OSM levels in naive NETSs using heparin or OSM
NAb reduces NETs induced epitheliopathy in murine corneas. We applied naive NETS,
heparinized NETs and OSM NADb incubated NETS to naive murine corneas for five
consecutive days (Fig 6, C1-C3). Significantly greater corneal fluorescein staining was
observed at Day 5 following application of NETs (7.20 £ 0.97; p<0.05; Fig 6, C4) as
compared to heparinized NETs (0.80 £ 0.49; Fig 6, C5) and OSM NAb incubated NETs
(0.40 + 0.24; Fig 6, C6) (Data shown in Fig 6, C7). At Day 5, corneas were excised and
abundance of inflammatory cytokines (IL-1p, IL-6 and IP-10) were determined in lysates.
Corneas exposed to NETs had significantly higher abundance of these inflammatory
cytokines as compared to heparinized NETs and OSM NAb incubated NETs (Fig 6, C8-
C10).

Second, we investigated whether OSM recombinant protein can produce epitheliopathy
similar to NETs and whether reducing OSM levels using heparin or OSM NADb reduces that
effect. Significantly greater corneal fluorescein staining was observed at Day 5 following
application of OSM (8.75 + 0.48; p<0.05; Fig 6, D4) as compared to OSM incubated with
heparin (1.20 = 0.20; Fig 6, D5) and OSM incubated with OSM NAb (0.80 + 0.37; Fig 6,
D6) (Data shown in Fig 6, D7). Corneas exposed to OSM had significantly higher
abundance of inflammatory cytokines (IL-1p, IL-6 and IP-10) as compared to heparinized
NETs and OSM NAb incubated NETSs (Fig 6, D8-D10).

Taken together these complementary experiments suggest that NETs cause corneal
epitheliopathy possibly due to presence of OSM and NET/OSM-induced epitheliopathy can
be prevented (or possibly treated) with heparin. Therefore, we treated a patient with
“Definite” oGVHD who had corneal and conjunctival epitheliopathy (Fig 6, E1 and E2) with
heparin eye drop (100 IU/mL) three times a day for four weeks. We observed a significant
reduction in corneal and conjunctival epitheliopathy (Fig 6, E3 and E4).

NET-induced corneal and conjunctival fibrosis.

Conjunctival subepithelial fibrosis (CSEF, Fig 7, Al), fornix foreshortening (Fig 7, A2), and
symblepheron formation (Fig 7, A3), are present with significantly greater frequency in
definite o0GVHD patients. CSEF is present in significantly greater number of o0GVHD
patients (50.57 £+ 5.39%; p<0.05) as compared to none 0GVHD (7.69 + 4.32%) and healthy
subjects (0.00 £ 0.00%) (Fig 7, A4). Therefore, we used /in vitroand in vivo models to
determine the effect of NETs on conjunctival fibroblasts. We cultured primary human
conjunctival fibroblasts, created scratch wounds and incubated them in presence of RPMI
culture media, naive NETS, heparinized NETs and RPMI culture media with heparin (Fig 7,
B1-B4). Heparinized NETSs (44.15 + 2.31%; p<0.05; Fig 7, B7) and RPMI culture media
with heparin (46.97 £ 1.80%; Fig 7, B8) significantly reduced relative wound density at 24
hours as compared to RPMI (82.70 £ 2.46%; Fig 7, B5) and naive NETS (86.04 + 2.67%;
Fig 7, B6) (Data shown in Fig 7, B9). Collagen | amount was assayed in supernatants.
Collagen I amount was significantly less in supernatants of heparinized NETs (49.18 + 2.85
pg/mL) and RPMI culture media with heparin (9.08 + 2.11 pg/mL) as compared to naive
NETs (65.72 + 2.86 pg/mL) (Fig 7, B10). Immunofluorescence staining was performed 24
hours after scratch wound to determine the abundance of myofibroblasts. Significantly
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greater myofibroblasts (positive staining for a-smooth muscle actin) were present in cultures
incubated with naive NETSs (Fig 7, C4-C6) as compared to heparinized NETs (Fig 7, C7-C9)
and RPMI culture media with heparin (Fig 7, C10-C12) (Data shown in Fig 7, C13).
Western blot analysis also confirmed increased abundance of a-SMA after incubation with
naive NETSs (Fig 7, C14 and C15). Ki67 staining showed that fibroblast proliferation was
significantly reduced in heparinized NETs (0.71 £ 0.10; Fig 7, D3) and RPMI culture media
with heparin (0.36 £ 0.02; Fig 7, D4) as compared to naive NETs (1.01 + 0.10; p<0.05; Fig
7, D3) ( Data shown in Fig 7, D5). We also investigated whether NETs can contract collagen
matrices loaded with conjunctival fibroblasts (collagen contraction assay). After 24 hours
incubation, significantly greater gel contraction was noticed in naive NETSs (61.20 + 3.46%;
p<0.05; Fig 7, E6) as compared to heparinized NETs (25.44 + 2.78%; Fig 7, E7) and RPMI
culture media with heparin (24.72 + 2.14%); Fig 7, E8). Western analysis also confirmed
significantly increased abundance of a-SMA after incubation of collagen matrices with
NETs (Fig 7, E10 and E11).

Taken together, these complementary experiments suggest that NETs cause conjunctival
fibroblast proliferation and differentiation and may contribute to conjunctival fibrosis.
Heparin inhibits NET-induced profibrotic actions.

NET-induced immunoproliferation.

T cell activation and proliferation are well recognized to play an important role in chronic
GVHD pathophysiology. Therefore, we investigated whether NETs can affect proliferation
of cultured T cell and proliferation in a mixed lymphocytic reaction (MLR). First, we
immunostained MCA with CD3 antibody to demonstrate the presence of T cells. CD3
positive T cells were seen in 42% of 12 MCAs examined (Fig 8, A2-A5). NETSs significantly
increased proliferation of T cells (Fig 8, B). We performed a MLR using lymphocytes and
PBMCs from two different healthy subjects to simulate an alloreaction. NETs significantly
increased proliferation in MLR (6.73x10° + 4.99x10% RFU; p<0.05) whereas addition of
heparinized NETS resulted in significantly lower MLR proliferation (5.15x10° + 3.72x10*
RFU) (Fig 8, B). Addition of heparin (100 1U/mL) without NETSs also resulted in
significantly lower proliferation in MLR (4.17x10° + 2.23x10* RFU; p<0.05). Next, we
investigated the molecular component of NETS that may have caused MLR proliferation.
Because LIGHT/TNFSF14 levels were significantly higher in ocular surface washings of
definite o0GVHD patients (Fig 2, A16) and LIGHT/TNFSF14 was present in abundance in
experimental NETSs (Fig 2, B16), and because LIGHT/TNFSF14 is known to cause T cell
proliferation82, we elected to investigate whether this NET-associated protein causes
immunoproliferation. First, we immunostained MCA with LIGHT/TNFSF14 antibody and
demonstrated the presence of LIGHT/TNFSF14 protein in neutrophil cytoplasm and
extracellularly (Fig 8, C2-C5). Next, we investigated the effect of LIGHT/TNFSF14 protein
on T cell proliferation. LIGHT/TNFSF14 protein caused significantly increased proliferation
of T cells (Fig 8, D). Compared to MLR proliferation induced by NETs only (6.73%10°

+ 4.99x10% RFU), when NETs and LIGHT/TNFSF14 NAb were added to MLR,
proliferation was significantly reduced (4.44x10° + 5.01x10* RFU; p<0.05) (Fig 8, D).
Taken together these data show that NETSs increase proliferation of T cells whereas heparin
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reduces T cell proliferation, and LIGHT/TNFSF14 protein may contribute to NET-induced
immunoproliferation.

NET-induced Meibomian gland disease (MGD).

Meibomian gland disease is a conspicuous feature of 0GVHD. As compared to normal
meibomian gland (Fig 9, Al), patients with oGVHD have extensive atrophy or truncation of
meibomian glands (Fig 9, A2). Meiboscale in oGVHD patients is significantly greater (2.07
+ 0.19; p<0.05) as compared to healthy subjects or patient with none o0GVHD (Fig 9, A3).
Because NGAL levels were significantly higher in ocular surface washings of definite
0GVHD patients (2212.00 + 430.71 pg/mL; p<0.05) (Fig 9, B1) and NGAL was present in
abundance in experimental NETs (9475.34 + 1052.84 pg/mL; p<0.05) (Fig 9, B2), and
because NGAL is known to cause sebaceous gland atrophy,3 we elected to investigate
whether this NET-associated protein effects meibomian gland differentiation and
proliferation. We immunostained MCA with NGAL antibody and demonstrated the presence
of NGAL protein in neutrophil cytoplasm and extracellularly (Fig 9, C2-C5). To determine
the effect of NETs on meibomian glands, immortalized meibomian gland epithelial cells
were cultured and differentiated. Lipid accumulation was detected using LipidTOX staining.
The fluorescence intensity of LipidTox Green neutral lipid stain was significantly higher in
differentiation medium (DFM) (24.92 + 1.21 A.U; p<0.05; Fig 9, D2) as compared to
Keratinocyte serum free medium (KSFM) (6.93 + 0.57 A.U; Fig 9, D1). Addition of NETSs
to DFM medium significantly decreased the accumulation of lipids (7.60 + 0.85 A.U;
p<0.05; Fig 9, D3). In contrast, addition of heparinized NETs to DFM medium did not
reduce accumulation of lipids (33.98 + 2.18 A.U; Fig 9, D5). The reduction in lipid
accumulation with NETs was reduced with addition of NGAL NAb (21.21 + 0.83 A.U; Fig
9, D4). Similar to NETS, addition of INGAL to DFM medium significantly decreased the
accumulation of lipids (10.88 + 0.35 A.U; Fig 9, D6). The reduction of lipid accumulation
with rINGAL was reduced with addition of NGAL NAb (17.82 £ 0.43 A.U; Fig 9, D7) and
heparin (15.66 + 1.72 A.U; Fig 9, D8) (Data shown in graph, Fig 9, D9).

Next, we investigated the effect of NGAL on proliferation of human MG cells. As compared
to control KSFM medium (5.52x10° + 3.11x10 RFU), addition of NETs to KSFM medium
significantly reduces meibomian gland proliferation (1.72x105 + 1.58x10* RFU; p<0.05)
(Fig 9, D10). The reduction of MG cell proliferation with NETs was abrogated with addition
of NGAL NAb (6.98x10° + 6.18x10% RFU) and heparin (8.25x10° + 2.56x10* RFU).
Similar to NETSs, addition INGAL to KSFM medium significantly decreased MG cell
proliferation (Fig 9, D6). The reduction of MG cell proliferation with INGAL was abrogated
with addition of NGAL NAb and heparin.

Taken together these data show that NETs or recombinant NGAL significantly reduce MG
cell proliferation and differentiation whereas addition of heparin or NGAL NAb abrogates
this reduction, suggesting that NGAL (a NET-associated protein) may cause MG cell
dysfunction which can be reduced with heparin.
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Discussion

Using a combination of /n vitroand in vivo model systems and multiple complementary
experiments we have profiled the potential of NETS to cause ocular surface pathology in
0GVHD patients. We found that NETs are present in abundance in mucocellular aggregates
(MCA) and ocular surface washings of o0GVHD patients. MCA are generally presumed to be
mucoid material, but in fact, they contain neutrophils, NETs, eDNA and exfoliated
conjunctival/corneal epithelial cells and are a clinical sign of active inflammation. Ocular
surface washings in oGVHD patients have high levels of neutrophil elastase,
myeloperoxidase, IL-8, TNFa, BDNF, Oncostatin M, NGAL and LIGHT/TNFSF14. These
proteins and cytokines are also secreted by neutrophils during NETosis. NETs and NET-
associated proteins contribute to the pathological changes of 0GVHD in the following ways:
(i) Corneal epitheliopathy. In cultured corneal epithelial cells, NETs delay closure of scratch
wounds and induce EMT. In murine corneas, NETSs cause epitheliopathy and delay epithelial
wound healing. OSM, a molecular component of NETS, contributes to epitheliopathy; (ii)
Conjunctival cicatrization. NETSs increase proliferation of cultured conjunctival fibroblasts,
induce a robust myofibroblast transformation and cause contraction of collagen matrices;
(iii) Ocular surface inflammation. Neutrophils and NETS are present in abundance in MCA
and ocular surface washings of 0GVHD patients. 0GVVHD patients who have excess of
neutrophils relative to epithelial cells in ocular surface washings have greater disease
severity. IL-8, a NET-associated protein, may contribute to neutrophil chemotaxis to the
ocular surface. NETSs also increase proliferation of T cells in an allogenic mixed
lymphocytic reaction. LIGHT/TNFSF14, a NET-associated protein, contributes to T cell
activation and proliferation over the ocular surface; and (iv) Meibomian gland (MG) disease.
NETSs significantly reduce MG cell proliferation and differentiation. NGAL, a NET-
associated protein, also contributes to Meibomian gland disease.

Taken together these data suggest that NETs contribute to corneal epitheliopathy (via OSM),
conjunctival cicatrization, meibomian gland disease (via NGAL) and ocular surface
inflammation (via IL-8 and LIGHT/TNFSF14). We also investigated the effect of
dismantling NETSs on these pathological processes and found that sub-anticoagulant dose of
heparin reduces NET-induced epitheliopathy, cicatrization, meibomian gland disease and
inflammation. These data point to the therapeutic potential of strategies that dismantle
NETSs, such as DNase | or sub anticoagulant dose heparin eye drops to treat 0GVHD.
Specific inhibitors of NET-associated proteins may also have therapeutic potential. Our data
also point to the potential clinical utility of NET-associated proteins, particularly eDNA,
NGAL, OSM and LIGHT/TNFSF14, as biomarkers that may be useful in discriminating
etiology of DED. Our data also shows that eDNA amount and number of cells in ocular
surface washings are significantly higher in oGVHD patients. These analyses may also have
the potential to serve as biomarkers. Currently, DED clinical tests classify individuals in
their correct group (Sjogren’s syndrome or o0GVHD) in only 40% cases even when all
clinical tests are combined.84

While we used clinical signs and symptoms to diagnose ocular GVHD using the Chronic
Ocular GVHD consensus scoring algorithm, we also investigated emerging in-office
diagnostic modalities. Our data shows that bulbar redness, non-invasive tear break up time,
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meibomian gland dropout and lipid layer thickness measurements are significantly worse in
ocular GVHD patients (Table 1). These measurements may have the potential to serve as
efficacy end points in clinical trials. We were unable to detect changes in tear fluid
osmolarity among oGVHD patients. This may be secondary to insufficient tear fluid
sampling due to severe tear deficiency in oGVHD patients. In this study, we applied
lissamine green dye to the ocular surface to discriminate between vital (unstained) and
irreversibly damaged cells (punctate staining).85:86 We did not perform fluorescein staining
because lissamine green staining gives similar information regarding corneal epitheliopathy
as fluorescein staining and it is easier to visualize compared to fluorescein staining, without
the need of cobalt blue or yellow barrier filters. Fluorescein staining does give additional
information regarding disruption of apical epithelial cell tight junctions. When tight
junctions are disrupted, fluorescein enters the intercellular space and the staining spreads
beyond the diseased epithelial cell.8” The practical clinical relevance of knowing epithelial
barrier disruption information (provided by fluorescein staining) in addition to corneal
epitheliopathy information (provided by lissamine green staining) as it relates to diagnosis
and treatment of dry eye is unclear.

We have previously reported the presence of neutrophils, extracellular DNA (eDNA) and
NETSs on the ocular surface of 0GVHD patients as well as increased TLR9 and MyD88 gene
expression in the conjunctival exfoliated material from these patients.39 Since neutrophil
recruitment is linked inextricably to TLR9-MyD88 signaling in dead or dying cells,88:89 we
had hypothesized that eDNA may stimulate TLR9-MyD88 signaling in desquamated ocular
surface cells to recruit neutrophils to the precorneal tear film of DED patients. Once
recruited to the ocular surface, neutrophils can form NETS in the precorneal tear film. Other
mechanisms of neutrophil recruitment to the ocular surface likely include complement
activation and local autoantibodies. Several lines of evidence supports this autoimmune
mechanism. The central role of alternative complement pathway is well established in
rheumatoid arthritis, asthma and macular degeneration,C and there is evidence that the
complement system is involved in dry-eye autoantibody-mediated induction of ocular
surface inflammation.®? Passive transfer of serum from dry-eye mice to nude recipient mice
results in neutrophil recruitment to the ocular surface and tissue damage that is dependent on
complement activation suggesting that autoantibodies in dry eye disease contribute to
neutrophil recruitment to the ocular surface.2 Data from these adoptive transfer experiments
support the hypothesis that autoantibodies present in the dry-eye—specific serum, are
sufficient to mediate inflammation-induced dry eye, and demonstrate that recruitment of
neutrophils is a prominent feature of dry-eye—specific autoantibody-mediated disease.
Additionally, the presence of autoantibodies in the serum of mice with experimental dry eye
implicates autoreactive B cells in disease pathologies. Autoreactive B cells are implicated in
human autoimmune diseases¥2-94 such as, Sjogren’s syndrome® and chronic GVHD.% In
chronic GVHD, overexpression of the B-cell activation factor (BAFF) or B-cell receptor
(BCR) hyper-responsiveness may account for T-cell- independent activation of autoreactive
B cells (without requiring additional antigen stimulation)®”:%8 resulting in alloantibodies that
develop 4 to 9 months after HSCT.9° The presence of alloantibodies correlates significantly
with clinical chronic GVHD development. The incidence of ocular GVHD also peaks at 9
months after HSCT, therefore, these non-T cell mechanisms may be operational in ocular
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GVHD as well. B-cell infiltration has been reported in the periductal areas of the lacrimal
gland in patients with chronic ocular GVHD.100 There are two important conclusion from
the foregoing data: (i) The possibility that a mechanism exists (alloantibodies from
autoreactive B cells) that drives neutrophils to the ocular surface of 0GVHD patients,
therefore the presence of neutrophils on the ocular surface of 0GVHD patients is not just due
to inflammation-induced egress from eye vasculature; and (ii) The implication that agents
that primarily inhibit T cells (calcineurin inhibitors like cyclosporine) will not abrogate
neutrophil trafficking to the ocular surface of 0GVHD patients, nor reduce the neutrophil
associated tissue damage mechanisms (neutrophil extracellular traps) given the B-cell
alloantibody dependent mechanism. Furthermore, in contrast to DED where T cells in
regional lymph nodes are activated by antigen presenting cells that migrate from the ocular
surface, in chronic GVHD different mechanisms contribute to T cell activation. It has been
shown that proinflammatory autoreactive T cells are present in chronic GVHD. It is possible
that, as in the skin,101there is eye-selective migration of autoreactive T cells induced by
interferon (IFN)-y- inducible chemokines because IFN-y has been shown to be elevated in
tear fluid of 0GVHD patients!02 and we have found high levels of CXCL10 in ocular surface
washings from these patients (data not shown). The eye-selective effector T cell recruitment
in autoreactive GVHD is unlikely to be inhibited by topically applied cyclosporine because
it does not inhibit T cell migration. Indeed, the use of cyclosporine 0.05% eye drops has
been shown to be ineffective in preventing ocular GVHD in a published prospective
randomized clinical triall% and in another unpublished clinical trial (ClinicalTrials.gov
Identifier: ). Therefore, novel strategies that target activation, expansion, survival and
antibody production of B-cells, autoreactive T cells or strategies that directly target
neutrophils and NETs may have beneficial therapeutic effects in chronic ocular GVHD.104

Ocular surface washings of definite 0GVVHD patients had significantly higher levels of
several cytokines (neutrophil elastase, myeloperoxidase, IL-8, TNFa, BDNF, Oncostatin M,
NGAL and LIGHT/TNFSF14) as compared to none oGVHD patients and healthy subjects.
Similarly, levels of these cytokines were significantly higher in supernatants of PMA
stimulated neutrophils (NETS) as compared to unstimulated neutrophils (No NETS). Levels
of LIGHT/TNFSF14 found in ocular surface washings and NETosis was comparable at 400
pg/mL and 680 pg/mL respectively. OSM was found at 15 pg/mL from ocular surface
washings of individuals with definite o0GVHD. This is comparable to the amount of OSM
found in NETs (21 pg/mL). These data suggests that NETs may be the source of these
cytokines. In contrast, high levels of TNF-a were found in ocular surface washings of
individuals with definite 0GVHD, but not in NETSs. This confirms that neutrophils and NETs
are not the source of TNF-a found on the ocular surface. While the presence of some
cytokines (neutrophil elastase, myeloperoxidase, 1L-8 and TNFa.) in the tears has been
previously reported,36:37.105.106 the presence of Oncostatin M, NGAL, BDNF and LIGHT/
TNFSF14 is a novel finding and may be clinically relevant as one or more of these NET-
associated proteins may serve as a potential biomarker in oGVHD, therefore these will be
discussed in more details.

Ocul Surf. Author manuscript; available in PMC 2020 July 01.


http://ClinicalTrials.gov

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

An et al.

Page 27

Oncostatin M (OSM):

The corneal epithelium serves as the principal barrier to fluid and pathogens, a function
performed through production of tight junctions, and constant repopulation through
differentiation and maturation of dividing cells in its basal cell layer.197 Corneal barrier
disruption, clinically diagnosed by fluorescein staining of the cornea, develops by protease-
mediated lysis of epithelial tight junctions, leading to accelerated cell death; desquamation;
an irregular, poorly lubricated cornea surface; and exposure and sensitization of epithelial
nociceptors.108 OSM, a member of the IL-6 family of cytokines, has been shown to play a
role in epithelial barrier dysfunction in patients with mucosal diseases.81:19% Qur data
showed that OSM levels were significantly higher in ocular surface washings of definite
0GVHD patients and OSM was present in abundance in experimental NETS, suggesting that
OSM source is neutrophils. This data is in line with previous reports that also show
neutrophils to be the major population of cells expressing OSM.110 Our data showed that
OSM caused epitheliopathy in murine corneas as evidenced by increased fluorescein
staining. We also showed that OSM-induced epitheliopathy was prevented with heparin. Our
data is in line with previous studies in cultured bronchial and nasal epithelium that have
demonstrated significant loss of barrier function and disorganization of tight junction
structure with OSM stimulation.8! Taken together, our data suggests that OSM may be
mediating corneal epithelial barrier dysfunction, potentially contributing to the chronic
inflammatory state of ocular GVHD through increased exposure of the corneal tissue to
environmental factors including pathogens, allergens, and pollutants. Since the effects of
OSM on epithelial barrier function have been shown to be reversible,81:109 inhibition of
OSM using heparin eye drops may be beneficial to treat loss of barrier function.

Neutrophil gelatinase-associated lipocalin (NGAL):

Our clinical data shows that patients with oGVHD have significant meibomian gland
atrophy. This clinical finding is in line with other published reports. Our laboratory data
shows that naive NETS inhibit proliferation and differentiation of cultured meibomian gland
epithelial cells and that these pathological effects are circumvented with heparinized NETSs.
We also identified that NETs contain abundant NGAL protein and this protein is present in
abundant amounts on the ocular surface of 0GVHD patients. NGAL is a multifunctional 25-
kDa extracellular protein in the lipocalin superfamily. Like heparin, NGAL neutralizing
antibodies also abrogated NET-induced pathological effects on meibomian gland epithelial
cells. Recombinant NGAL protein mimicked the pathological effects of NETs on
meibomian gland epithelial cells. Given our findings, it is reasonable to posit that NGAL
may contribute to meibomian gland disease in oGVHD patients. Several lines of evidence in
the published literature also support a pathophysiological role for NGAL in sebaceous/
meibomian gland disease. It is known that 13-cis retinoic acid (13-cis RA; also known as
isotretinoin) reduces sebaceous lipid production and induces apoptosis in cells cultured from
human sebaceous glands.83 Transcriptional profiling indicates that lipocalin 2 is among the
genes most highly upregulated by 13-cis RA. The apoptotic effect of 13-cis RA on the
cultured human sebaceous gland cells is mediated, at least in part, by the expression of
Lipocalin 2 (Lcn2). Lipocalin 2 (Lcn2) encodes NGAL. Recombinant NGAL also induces
apoptosis in sebaceous gland cells.83 Further evidence of the link between sebaceous gland
atrophy and NGAL is provided by the Stearoyl-CoA desaturase (SCD1) null (SCD1-/-)
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mice. These mice have atrophic sebaceous and meibomian glands.10? Since there is a robust
27.7-fold elevation of Lcn2 in the skin of mice with skin-specific deletion SCD1, it is
possible that the primary disturbance in the skin of SCD1-/- mice is increased expression of
Lcn2 leading to sebocyte dysfunction and sebaceous gland hypoplasia.112 In vitro inhibition
of SCD activity with the small molecule A939572 causes a 9-fold upregulation of LCN2
mRNA and protein. Since meibomian glands are a modified type of sebaceous glands,113
they too are targets of isotretinoin toxicity. Isotretinoin causes meibomian gland disease,
characterized by glandular atrophy and reduced secretions.}14 Exposure to 13-cis RA
inhibits cell proliferation, increases cell death, and promotes inflammatory mediator and
protease expression in cultured meibomian gland epithelial cells.}15 There is a 9-fold
increase in NGAL gene expression in 13-cis RA- treated human meibomian gland epithelial
cells as compared to vehicle-treated, suggesting a possible role for NGAL in causing
meibomian gland disease. These data suggest that NGAL protein component of NETs may
play a role in meibomian disease in oGVHD patients. In addition to its potential pathological
actions on Meibomian glands, NGAL may also contribute to eyelid margin pathology seen
in ocular GVHD. Keratinization of the eyelid margin, squamous metaplasia and lichenoid
changes are seen in ocular GVHD patients. Since NGAL has been suggested to play a role in
epithelial differentiation pathways and being a marker for dysregulated keratinocyte
differentiation in human skin,116 it is possible that NGAL contributes to keratinization of the
eyelid margin and conjunctiva in oGVHD patients.

LIGHT (TNFSF14):

LIGHT/TNFSF14 is a secreted protein of the TNF superfamily. It is also known as tumor
necrosis factor superfamily member 14 (TNFSF14) and the acronym ‘LIGHT’ stands for
“Homologous to lymphotoxin, exhibits inducible expression and competes with HSV
glycoprotein D for binding to herpesvirus entry mediator, a receptor expressed on T
lymphocytes”. LIGHT/TNFSF14 is primarily produced by cells with an immunological role,
and has been identified as a T cell co-stimulatory cytokine.82: 117120 | |GHT/TNFSF14
constitutive expression on T-lymphocytes causes activation and expansion of these cells
favoring the development of autoimmune disease.82:121 Qur data shows that LIGHT/
TNFSF14 levels are significantly higher in ocular surface washings of definite o0GVHD
patients and LIGHT/TNFSF14 is present in abundance in experimental NETS, suggesting
that LIGHT/TNFSF14 is derived from neutrophils during NETosis in patients with
inflammatory ocular surface disease. This is in line with published reports showing
expression of LIGHT/TNFSF14 in neutrophils from peripheral blood and bone marrow of
patients with inflammatory bone disease.}22 However, to the best of our knowledge, we are
the first to show expression of LIGHT/TNFSF14 from neutrophils during NETosis. Our data
showed that NETs (which constitutively contain LIGHT/TNFSF14) or recombinant LIGHT/
TNFSF14 increase T cell proliferation whereas addition of heparin or LIGHT/TNFSF14
neutralizing antibodies prevents LIGHT/TNFSF14-induced proliferation. Since activation,
proliferation and trafficking of donor T cells to target organs and tissues are critical steps in
the pathogenesis of GVHD,123 our data suggests that LIGHT/TNFSF14 may contribute to T
cell proliferation over the ocular surface in patients with oGVHD and suppression of this
immunoproliferation with heparin eye drops or an antagonist of LIGHT/TNFSF14 may be
therapeutically beneficial. It has been previously shown that administration of an antagonist
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of LIGHT/TNFSF14 interaction with its receptors attenuated the course of graft-versus-host
reaction.124 Blockade of LIGHT/TNFSF14 interaction with its receptors slowed T cell
proliferation and decreased the frequency of precursor alloreactive T cells, reducing T cell
differentiation toward effector T cells. These results expose the relevance of LIGHT/
TNFSF14 for the potential therapeutic control of the allogeneic immune responses mediated
by alloreactive T cells. 125126

The immunopathophysiology of chronic GVHD involves multiple, distinct interactions
among alloreactive T and B cells and innate immune populations including neutrophils that
culminate in the initiation and propagation of profibrotic pathways.? Fibrosis effects several
organs in chronic GVHD, including ocular tissues. Conjunctival subepithelial fibrosis
(CSEF), also referred to as subtarsal fibrosis, is present in 50% patients with ocular GVHD
but is absent in all none-GVHD moderate or severe dry eye disease patients.2® Stromal
fibroblasts are actively involved in the pathogenic process of chronic ocular GVHD in the
lacrimal gland by producing excessive extracellular matrix components. There is an increase
in activated stromal fibroblasts (resident host cells or donor bone marrow derived fibrocytes)
and excessive fibrosis in the lacrimal glands of patients with chronic GVHD.100.127
Epithelial mesenchymal transition (EMT) may be partially responsible for the conjunctival
and lacrimal gland fibrosis found in patients with chronic GVHD.128 Our data shows that
NETSs cause EMT, fibroblast proliferation, myofibroblast transformation and collagen
contraction, therefore contributes to ocular cicatricial changes seen in o0GVHD. NGAL, a
NET-associated protein, is known to promote EMT.12° The mechanisms involved in the
development of subtarsal fibrosis in ocular GVHD have not fully been defined. Because
transforming growth factor beta (TGF-) is known to cause fibrosis, we analyzed the levels
TGF-B in ocular surface washings and NETs. TGFB1, TGFB2, TGFB3 were not detected in
NETSs and their levels were similar in ocular surface washings of healthy subjects and
0GVHD patients, therefore we were unable to establish a role for TGF-B in fibrosis in
0oGVHD patients (data not shown). Several lines of evidence have confirmed profibrotic
actions of NETs. NETs induce activation of lung fibroblasts (LFs) and differentiation into
myofibroblast (MF) phenotype together with increased connective tissue growth factor
expression and collagen production.130 NETs are present in close proximity to alpha-smooth
muscle actin (a-SMA)-expressing fibroblasts in biopsies from patients with fibrotic
interstitial lung disease or from skin scar tissue. NET production increases in old age and
increased NETSs induces cardiac fibrosis.13%: 132 The data suggest that NETs promote age-
related organ fibrosis and dysfunction. It is possible that one or more NET-associated
proteins may contribute to fibrosis in 0GVHD patients. Neutrophil elastase, a NET-
associated protein, has been shown to induce fibroblast proliferation and myofibroblast
differentiation in a TGF-B-independent fashion.133 Fibrogenic consequences of neutrophil
elastase activity have been reported in the inflamed lung.134

Sub-anticoagulant dose of heparin:

Our data shows that sub-anticoagulant dose of heparin (100 1U/ml) dismantles NETs and
prevents NET induced epithelial, fibroblast and alloreactive effects. Heparin is a highly
sulfated glycosaminoglycan that has the highest negative charge density of any known
biological molecule, therefore, a direct interaction with positively charged molecules like
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histones may be the basis of its biological actions.13%:136 Heparin displaces core histones
from chromatin and induces transition of protein-complexed DNA to protein-free DNA137
leading to destabilization of NETs.138.139 |n addition, heparin-histone interactions partially
unfolds the nucleosome, thereby increasing chromatin access for more efficient DNase |
digestion,140.141 thus providing a rationale for using heparin and DNase | as a combination
therapy for achieving robust clearance of NETs from the ocular surface. Other proteins that
are inhibited due to electrostatic interactions with heparin include neutrophil elastase (NE)
and cathepsin G, both highly basic proteins.142 Extracellular DNA also binds to NE. In
0GVHD abundant amounts of eDNA is present on the ocular surface. It has been shown that
eDNA outcompetes heparin for binding to NE, rendering nonexistent the inhibitory activity
of heparin.143 DNase degrades DNA into smaller chains liberating bound NE for subsequent
inhibition by heparins to yield an anti-inflammatory effect, thus providing another rationale
for using heparin and DNase | as a combination therapy.

Our data makes a case for investigating the therapeutic potential of subanticoagulant dose
heparin in ocular GVHD. In addition to dismantling NETSs, low dose heparin has
independent antifibrotic, immunosuppressive and anti-inflammatory actions. Furthermore,
sub-anticoagulant dose heparin (100 IU/mL) is non-toxic to the corneal epithelium but
anticoagulant doses (1000 1U/mL) exhibit cytotoxicity. Different heparin concentrations
affect distinct biological mechanisms,144 therefore, the beneficial actions that we observed
with subanticoagulant dose heparin may not occur with higher doses. The therapeutic
window is narrow for sub-anticoagulant heparin’s effects on autoimmunity and graft
rejection. A doubled dose results in loss of therapeutic benefit.14> Antifibrotic action of
heparin has been investigated on preventing surgical adhesions in two rat models of adhesion
formation (cecal abrasion model and avascular mesenteric knot model). For example, sub-
anticoagulant doses of heparin (0.02 mg) markedly inhibit adjuvant arthritis whereas higher
doses (0.04 mg) have no effect. Antifibrotic and immunomodulating actions of
subanticoagulant dose heparin have been described.146:147 Topical application of tiny doses
of heparin (30 1U/ml) in combination with carboxymethylcellulose 4% significantly reduced
adhesion formation whereas higher doses of heparin (160 1U/ml) caused increased bleeding.
148 At a dose of 100 1U/ml or more, heparin is profoundly toxic to lymphocytes. At lower
concentrations, heparin suppresses lymphocyte transformation in the absence of
morphological signs of toxicity.14” Heparin possibly suppresses antigen detection. Heparin,
the most highly negatively charged molecule known, increases the negative charge of
already high negative charge of lymphocytes, thus creating an energy barrier that impedes
ability of lymphocytes to make contact with alloantigens. Heparin inhibits the proliferation
of T-and B-lymphocytes in vitro.148 Low dose subcutaneous heparin cell mediated immune
response and immunosuppressive effects of heparin are unrelated to its anticoagulant
activity.149.150 Oral heparin also prolongs survival of skin allografts. It has also been shown
that low dose heparin alters trafficking of T lymphocytes, blocking their expression of
heparanase, an enzyme that digests the extracellular matrix.14%151 |_ow dose heparin (100
1U/0.1 ml) inhibits neutrophil infiltration in the nasal mucosa in antigen-induced allergic
inflammation. 152

Recent evidence suggests that heparanase is a driver of viral pathogenesis in the cornea and
may also play a role in other inflammatory disorders of the cornea.1®3.154 Heparin is known
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to inhibit heparanase, 144155 therefore, this mechanism may also contribute towards
antiinflammatory action of heparin in ocular surface diseases. Other mechanisms that
contribute to anti-inflammatory actions of heparin include robust inhibition of alternate
complement pathway activity and weaker inhibition of classical pathway.1%¢ Heparin
inhibition of alternate complement pathway is relevant in the context of NETs because
several lines of evidence show that NETSs activate the alternate complement system, thereby
initiating an inflammatory amplification cascade.157:158 Complement factor B (Bb) and
properdin, two important components in the alternative complement pathway, are present on
NETs.157 The concentration of complement cascade terminal products (C3a, C5a and
SC5b-9) that are generated by intact NETs are significantly reduced when NETS are
degraded by DNase 1,157 suggesting that dismantling of NETs by heparin will also reduce
complement system activity.

While there are no published reports on the use of sub-anticoagulant dose of heparin as eye
drops, there are several reports of Heparin use clinically in anticoagulant doses (>500 1U/ml)
as eye drops. Heparin eye drops have been used to treat patients with ligneous conjunctivitis
(5,000 1U/ml 6 times a day for 5 years),159: 160 paraquat-induced ocular injury,61 posterior
capsular opacification (heparin 5% ~ 5,000 1U/ml tid for 3 months)162 and amiodarone-
induced vortex keratopathy (1,300 1U/mL tid for 3 months).163 Heparin added into the
infusion fluid has been used to reduce postoperative inflammation in patients with
Diabetes®4 and in pediatric eyes undergoing cataract surgery with IOL implantation.165-167
Given that heparin have been used topically and intraocularly in several settings, the use of
subanticoagulant dose heparin as eye drops to treat 0GVHD is likely to be safe. We have
performed a placebo-controlled, randomized clinical trial to compare the safety and efficacy
of DNase eye drops 0.1% four times a day for 8 weeks severe tear deficient dry eye patients,
including 0GVHD patients.168 DNase eye drops reduced the severity of signs and symptoms
in these patients. This clinical trial provides support to our hypothesis that clearing NETs
from the ocular surface has beneficial effects. In addition to clearing the NETs (like DNase),
heparin has additional antifibrotic and immunosuppressive actions that make it an attractive
therapeutic drug. Heparin eye drops may be beneficial in other cicatricial ocular surface
diseases, such as Stevens-Johnson syndrome and ocular mucous membrane pemphigoid.

Heparin has the potential to cause corneal stromal hemorrhage as has been reported with
subconjunctival injection of low-molecular-weight heparin-taurocholate 7.169 Although
topical heparin is absorbed poorly across healthy tissues with intact barrier function,
absorption in inflamed tissues with disrupted barrier function is possible. It has been shown
that disruption of the stratum corneum skin barrier dramatically increases transdermal
permeability of heparin (~14 folds),170:171 therefore barrier function perturbation, as occurs
in oGVHD, dry eye and other inflammatory ocular surface diseases may allow heparin to
permeate to subconjunctival tissues and cause a hemorrhage. This possible risk needs to be
evaluated in a controlled clinical trial. Heparin use may be more impactful if started earlier
in disease course (prophylactically) and it will likely not regenerate damaged lacrimal and
meibomian glands.

In conclusion, our data shows that NETs and NET-associated proteins have the potential to
cause ocular surface pathology in 0GVHD patients. Our data makes a case for investigating
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the potential of novel biomarkers (eDNA, OSM, NGAL and LIGHT/TNFSF14) and
therapies (DNase I, sub-anticoagulant dose heparin and antagonists of OSM, NGAL and
LIGHT/TNFSF14) in managing oGVHD.
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B2: citH3 *

Figure 1. Immunofluorescent staining of mucocellular aggregates (MCA) in oGVHD patients to
demonstrate the presence of NETS.

(Al & A2) Clinical photographs of oGVHD patients showing translucent and whitish MCAs
on the ocular surface (arrows). (A3) Hematoxylin and Eosin (H&E) staining of MCA shows
numerous neutrophils, surface epithelial cells and extracellular DNA strands. (B1-B4)
Confocal immunofluorescent staining of MCA showing co-localization of neutrophil
elastase (NE) (B1, red), Citrulline H3 (B2, citH3, green) and DAPI nuclear staining (B3,
blue) in extracellular strands (B4, arrows) confirming that these extracellular strands are
NETSs. Confocal immunofluorescent staining of MCA showing co-localization of NE (C1,
red), myeloperoxidase (C2, green) and DAPI nuclear stain (C3, blue) in extracellular strands
(C4, white arrows) further confirming that these extracellular strands are NETs. (D1-E4):
Analysis of a MCA adhered to the cornea of an oGVHD patient. (D1) Clinical photograph
of an oGVHD patient showing MCAs adhered to the cornea. (D2) Clinical photograph of the
same patient after application of a filter paper to the cornea to lift the MCA. (D3) H&E
staining of the filter paper shows that MCA comprises of neutrophils, surface epithelial cells
and extracellular DNA strands. (E1-E4) Confocal immunofluorescent staining of the MCA
shows co-localization of citH3 (E1, red), NE (E2, green) and DAPI nuclear staining (E3,
blue) in extracellular strands (E4, white arrows) confirming that these extracellular strands
within the MCA are NETS.
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Figure 2. Presence of NETs and their molecular components in ocular surface washings of
0GVHD patients and comparison with experimentally induced NETSs.

(Al): Clinical photograph showing ocular surface of an oGVHD patient. (A2): H&E
staining shows numerous enlarged neutrophils and surface epithelial cells from ocular
surface washings of an oGVHD patient. (A3): Sytox Green staining shows extracellular
strands in ocular surface washings of a definite 0GVHD patient. Confocal
immunofluorescent staining of ocular surface washings of an oGVHD patient shows co-
localization of NE (A4, red), MPO (A5, green) and DAPI nuclear stain (A, blue) in
extracellular strands (A7, merged image) confirming presence of NETSs. (A8): Boxplot
shows level of eDNA from healthy subjects (n=40 eyes), none 0GVHD (n=35 eyes) and
definite o0GVHD patients (n=55 eyes). (A9 & A10): Graphs showing the level of MPO-DNA
complex (A9) and NE-DNA complex (A10) measured by ELISA from ocular surface
washings of healthy subjects (n=10 eyes), none 0GVHD (n=10 eyes) and definite o0GVHD
(n=10 eyes) patients. (A11): Representative FEMTO pulse capillary electrophoresis data
showing the size of eDNA from ocular surface washings of healthy subjects, none 0GVHD
and definite o0GVHD patients. A12-A17: Graphs showing the amount of NE (A12), MPO
(Al13), IL-8 (A14), OSM (A15), LIGHT (A16) and TNFa (A17) measured by Luminex from
ocular surface washings of healthy subjects, none 0GVHD, and definite 0GVHD patients.
(B1): H&E staining shows multi-lobed nucleus of intact isolated human neutrophils from
peripheral venous blood. (B2): H&E staining shows enlarged neutrophils from human
peripheral blood after stimulation with 1 nM PMA. (B3): Sytox Green staining shows
extracellular DNA strands from human peripheral neutrophils stimulated with 1 nM PMA.
(B4-B7): Confocal immunofluorescent staining of PMA activated human neutrophils from
peripheral venous blood shows co-localization of NE (B4, red), MPO (B5, green) and DAPI
(B6, blue) in extracellular strands (B7, merged image) confirming them to be NETSs. (B8):
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Boxplot shows level of eDNA in supernatant from RPMI culture media alone (n=9),
unstimulated neutrophils (no NETs, n=10) and neutrophils stimulated with PMA to induce
NETosis (NETs, n=11). (B9 & B10): Graphs showing the level of MPO-DNA complex (B9)
and NE-DNA complex (B10) measured by ELISA from RPMI medium (n=3) alone and
supernatants of unstimulated neutrophils (no NETs, n=15) and PMA stimulated neutrophils
(NETSs, n=15). (B11): FEMTO pulse capillary electrophoresis data showing the size of
eDNA from PMA stimulated human neutrophils (NETS). (B12-B17): Graph showing the
amount of NE (B12), MPO (B13), IL-8 (B14), OSM (B15), LIGHT (B16) and TNFa (B17)
measured by Luminex from RPMI medium alone and supernatants of unstimulated
neutrophils (no NETs) and PMA stimulated neutrophils. (C1): Boxplot shows the number of
neutrophils in ocular surface washings of healthy subjects (n=40 eyes), none c0GVHD (n=35
eyes) and definite 0GVHD (n=55 eyes) patients. (C2): Scatter plot showing correlation of
eDNA (n=53 eyes) and number of neutrophils (n=53 eyes) for definite 0GVHD patients.
(C3): Representative H&E staining of ocular surface wash in definite o0GVHD patients
shows numerous epithelial cells and few neutrophils (N<E group). (C4): Representative
H&E staining of ocular surface wash in definite 0GVHD patients shows numerous
neutrophils and few epithelial cells (N>E group). (C5-C8): Graphs comparing signs and
symptoms between N<E and N>E groups in definite o0GVHD patients. (C5): OSDI score
between N<E group (n=19 eyes) and N>E group (n=36 eyes). (C6) Bulbar redness score
between N<E group (n=18 eyes) and N>E group (n=32 eyes). (C7) Composite score for
definite o0GVHD patients between N<E group (n=18 eyes) and N>E group (n=36 eyes). (C8)
eDNA amount in ocular surface wash between N<E group (n=19 eyes) and N>E group
(n=30 eyes).
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Figure 3. Effect of heparin on NETs in oGVHD patients.
(A1-A3): Representative images of Sytox Green staining showing dismantling of NETs with

Heparin after experimental NETosis. (Al): naive neutrophils; (A2): PMA stimulated human
neutrophils showing abundant NETS; (A3): Sub-anticoagulant dose of heparin (100 IU/mL)
for 1 h dismantles the NETs. (A4-AT7): Graphs showing protein-associated DNA fragments
in supernatants to confirm dismantling of NETs by Heparin. (A4): eDNA amount from
supernatants of naive adherent NETs (n=4) and Heparin dismantled NETs (n=4); (A5):
Histone-associated DNA fragments measured in supernatants of naive adherent NETs
(n=15) and Heparin dismantled NETs (n=13). (A6): MPO-associated DNA fragment
measured in supernatants of naive adherent NETs (n=15) and Heparin dismantled NETs
(n=15). (A7): NE-associated DNA fragment measured in supernatants of naive adherent
NETs (n=15) and Heparin dismantled NETs (n=15). (B1-B8): Dismantling of NETs in
MCAs by Heparin. (B1, B2, B5, B6): Naive MCAs are collected from the ocular surface and
stained with H&E (B1, B5) and Sytox Green (B2, B6) to show the presence of NETs. The
physical appearance of isolated MCA is shown as an inset in B5. (B3, B4, B7, B8): Naive
MCAs are incubated with Heparin 100 1U/mL (B3, B4) or RPMI as control (B7, B8). H&E
staining (B3, B7) and Sytox Green staining (B4, B8) show dismantling of NETs in MCA
with Heparin (B3, B4) but not with RPMI control (B7, B8). (B9): Graph showing amount of
Histone-associated DNA fragments in the supernatant of MCAs incubated in the presence
(n=5) or absence of Heparin (n=6). (B10 & B11): Representative clinical images of an
0GVHD patient who had adherent MCA over a keratoprosthesis (B10) and treated with
heparin (100 1U/mL) eye drops three times a day for 4 weeks (B11). Adherent MCA were
much reduced after heparin eye drop use. (C1-C8): Representative images showing scratch
wound assay in immortalized human corneal epithelial cells that are incubated with various
doses of Heparin. Representative kinetic curve over 30 hours (C9) and graph at 30 hour time
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point (C10) showing relative wound density with various doses of Heparin after epithelial
wound scratch. (C11): Graph showing the cell proliferation (MTS assay) of various doses of
heparin after epithelial scratch wound. (C12): Graph showing cytotoxicity for various doses
of heparin in epithelial scratch wounds as measured by LDH assay (n=6/group, 3 separate
experiments). (C13): Representative kinetic assay showing effect of Heparin on NETosis.
Sytox Green fluorescence intensity in supernatants from neutrophils stimulated with 1 nM
PMA (naive NETS), 1 nM PMA with heparin (dismantled NETS) and heparin alone (no
NETs, control).
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Figure 4. Pathological effects of NETs on corneal epithelial cells.
(A1-A3): Representative clinical images of an ocular GVHD patient showing corneal

disease. (A1) corneal fluorescein staining showing superficial punctate keratopathy; (A2)
conjunctival lissamine green staining showing punctate epitheliopathy; (A3) fluorescein
staining showing corneal epithelial defect. (A4, A5): Boxplot showing lissamine green
staining scores in healthy subjects (n=40 eyes), none 0GVHD (n=35 eyes) and definite
0GVHD patients (n=48 eyes); (A4) corneal staining score; (A5) conjunctival staining score.
(B1-B8): Representative image showing scratch wound assay in immortalized human
corneal epithelial cells incubated with RPMI culture medium, unstimulated neutrophils (no
NETS), PMA-stimulated neutrophils (naive NETS) and heparinized NETS. (B9): Kinetic
curve showing the relative wound density at different time points. (B10): Higher
magnification image showing scratch wound assay in immortalized human corneal epithelial
cells incubated with naive NETSs for 30 hours. The inset shows elongated spindle shaped
cells resembling fibroblasts. (C1-C48): Representative confocal immunofluorescent staining
images of scratch wounds in corneal epithelial cells to show evidence for epithelial
mesenchymal transition (EMT). Epithelial cells were incubated with RPMI culture medium
(C1-C12), unstimulated neutrophils (no NETs, C13-C24), PMA-stimulated neutrophils
(naive NETs, C25-36) and heparinized NETs (C37-48). (D1): Representative Western blots
probed with antibodies for mesenchymal markers. (D2-D5): Quantitative data from Western
blots showing the fold change in EMT markers (three independent experiments); (D2) alpha-
smooth muscle actin; (D3) CCN2; (D4) vimentin; (D5) E-cadherin.
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Figure 5. Pathological effects of NETs on murine ocular surface.
(A1-A6): Representative images of murine corneas (n=5/group) showing fluorescein

staining after topical application of unstimulated murine neutrophils supernatant (no NETS),
PMA stimulated murine neutrophils (naive NETS), and heparinized murine NETs
(dismantled NETS). (A7): Graph comparing fluorescein staining data between groups at Day
0 and Day 7. (A8): Graph showing amount of IP-10 in corneal lysates prepared after 7 days
of topical application of RPMI (n=12 corneas), no NETs (n=12 corneas), NETs (n=12
corneas), and heparinized NETs (n=27 corneas). (A9): Graph showing amount of IL-1f in
corneal lysates prepared after 7 days of topical application of RPMI (n=12 corneas), no
NETs (n=12 corneas), NETs (n=24 corneas) and heparinized NETs (n=15 corneas). (B1-
B16): Representative images of murine corneas showing fluorescein staining after epithelial
scratch and application of RPMI culture medium, unstimulated murine neutrophils
supernatant (no NETSs), PMA-stimulated murine neutrophils (naive NETS), and heparinized
murine NETSs (dismantled NETSs). (B17): Graph comparing the epithelial defect area
between groups at Day 1 to Day 3 (n=5/group).
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Figure 6. Pathological effect of oncostatin M (OSM) on ocular surface.
(Al1-A5): H&E and confocal immunofluorescent images of mucocellular aggregates (MCA)

collected from ocular surface of a definite 0GVHD patient; (Al) H&E staining; (A2)
neutrophil elastase (NE, red); (A3) OSM (green); (A4) DAPI nuclear stain (blue); (A5)
Merged image showing co-localization of NE and OSM. (A6-A10): H&E and cytospin
preparations of ocular surface washings from a definite o0GVHD patient; (A6) H&E staining;
(A7) neutrophil elastase (NE, red); (A8) OSM (green); (A9) DAPI nuclear stain (blue);
(A10) Merged image showing co-localization of NE and OSM. (B1): Graph showing data
demonstrating OSM (10 ng/mL) and heparin (100 1U/mL) binding. (B2): Graph showing
data demonstrating OSM presence in murine NETSs. (C1-C6): Representative fluorescein
stained images of murine corneas showing pathological effect of naive NETS, heparinized
NETs and NETs with OSM neutralizing antibodies that were topically applied to murine
corneas for five days. (C1-C3): At Day 0, corneas in all groups do not show fluorescein
staining. (C4-C6): At day 5, significant corneal fluorescein staining is seen with naive NETs
(C4) but not with heparinized NETs (C5) or NETSs incubated with OSM neutralizing
antibody (C6). (C7): Graph showing data comparing corneal fluorescein staining between
groups. (C8-C10): Graph showing amount of IL-1p (C8), IL-6 (C9) and IP-10 (C10) in
corneal lysates (n=5/group) prepared after 5 days of topical application. (D1-D6):
Representative fluorescein stained images of murine corneas showing pathological effect of
recombinant mouse OSM protein, recombinant mouse OSM protein + heparin, recombinant
mouse OSM protein +OSM neutralizing antibody that were topically applied to murine
corneas for five days. (D1-D3): At Day 0, corneas in all groups do not show fluorescein
staining. (D4-D6): At day 5, significant corneal fluorescein staining is seen with
recombinant OSM protein (D4) but not with recombinant OSM protein + heparin (D5) or
recombinant OSM protein + OSM neutralizing antibody (D6). (D7): Graph showing data
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comparing corneal fluorescein staining between groups. (D8-D10): Graph showing amount
of IL-18 (D8), IL-6 (D9) and 1P-10 (D10) in corneal lysates (n=5/group) prepared after 5
days of topical application. (E1-E4): Treatment of an oGVHD patient with severe ocular
surface disease with Heparin 1001U/mL eye drops twice a day for 4 weeks. Lissamine green
staining showed severe corneal (E1) and conjunctival (E2) epitheliopathy prior to treatment
with Heparin eye drops. After 4 weeks of treatment, corneal (E3) and conjunctival (E4)
staining was significantly reduced.
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Figure 7. Pathological effects of NETs on conjunctival fibroblasts.
(Al1-A3): Representative clinical images of an ocular GVHD patient showing conjunctival

cicatricial disease; (A1) Conjunctival subepithelial fibrosis (CSEF) under upper lid palpebral
conjunctiva; (A2) conjunctival fornix foreshortening; (A3) symblepheron formation. (A4):
Graph showing data comparing presence of CSEF (% eyes) between healthy subjects (n=15
eyes), none 0GVHD (n=39 eyes) and definite o0GVHD (n=87 eyes) patients. (B1-B8):
Representative image showing scratch wound assay in primary human conjunctival
fibroblast cells incubated with RPMI culture medium, PMA-stimulated neutrophils (naive
NETS), heparinized NETSs, and heparin alone. (B9): Kinetic curve showing the relative
wound density at different time points. (B10): Graph showing data comparing collagen
concentration measured from the supernatants of conjunctival fibroblast scratch wound
assays (RPMI n=12; NETs n=15; heparinized NETs n=15; heparin alone n=5). (C1-C12):
Representative confocal immunofluorescent staining images of scratch wounds in
conjunctival fibroblasts to show the evidence of myofibroblast transformation. Conjunctival
fibroblasts were incubated with RPMI culture medium (C1-C3), PMA-stimulated
neutrophils (naive NETs, C4-C6), heparinized NETs (C7-C9) and heparin alone (C10-C12).
(C13): Graph showing data comparing myofibroblast transformation (fluorescent intensity
in immunofluorescent staining images) between conjunctival fibroblasts incubated with
RPMI (n=6); NETs (n=4); heparinized NETs (n=5) or heparin alone (n=5). (C14, C15):
Representative Western blot image (C14) and graph (C15) to compare a-SMA abundance
between conjunctival fibroblasts incubated with RPMI; NETS; heparinized NETS or heparin
alone. Tubulin was shown as the loading control. (D1-D4): Representative confocal
immunofluorescent staining images of scratch wounds in conjunctival fibroblasts to show
the evidence of fibroblast proliferation using a-Ki67 antibody. Conjunctival fibroblasts were
incubated with RPMI (D1); NETs (D2); heparinized NETs (D3) or heparin alone (D4).
(D5): Graph showing data comparing fibroblast proliferation (fluorescent intensity of a.-
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Ki67 positive cells in immunofluorescent staining images) between conjunctival fibroblasts
incubated with RPMI (n=6); NETs (n=4); heparinized NETs (n=9) or heparin alone (n=7).
(E1-EB8): Representative images from a collagen gel contraction assay. Conjunctival
fibroblasts were seeded in collagen matrices and incubated with RPMI (E1, E5; n=9); NETs
(E2, E6; n=9); heparinized NETs (E3, E7; n=9) and heparin alone (E4, E8; n=9). Collagen
gel images were obtained at baseline (E1-E4) and after 24 hours incubation (E5-E8). (E9):
Graph showing data comparing collagen gel contraction (%) between collagen matrices
incubated with RPMI (n=9); NETSs (n=9); heparinized NETs (n=9); heparin alone (n=9).
(E10, E11): Representative Western blot image (E10) and graph (E15) to compare a-SMA
abundance between collagen matrices incubated with RPMI; NETS; heparinized NETS or
heparin alone. Tubulin blot is shown as the loading control.
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Figure 8. Pathological effect of NETs on immune cell proliferation.
(Al): H&E staining of mucocellular aggregates (MCA) showed numerous neutrophils,

surface epithelial cells and mononuclear cells. (A2-A5): Confocal immunofluorescent
staining images of MCA showing the presence of neutrophil elastase (NE) (A2, red), CD3
positive T cells (A3, green), DAPI nuclear staining (A4, blue) and merged image (A5). (B):
Graph shows NET-induced T cell proliferation in mixed lymphocyte reaction (MLR). NETs
promote proliferation of MLR. Heparin inhibits MLR proliferation. (C1): H&E staining of
mucocellular aggregates (MCA) showed numerous neutrophils, surface epithelial cells and
mononuclear cells. (C2-C5): Confocal immunofluorescent staining images of MCA
showing the presence of neutrophil elastase (NE) (C2, red), LIGHT protein (C3, green),
DAPI nuclear staining (C4, blue) and merged image (C5). (D): Graph shows effect of
human recombinant LIGHT/TNFSF14 protein induced on T cell proliferation and in MLR.
LIGHT/TNFSF14 induces T cell proliferation. LIGHT/TNFSF14 neutralizing antibodies
inhibit NET-induced MLR proliferation.
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Figure 9. Pathological effect of NETs on Meibomian glands.
Representative infrared images of the lower lid showing the presence of normal meibomian

glands in healthy subjects (A1) and severe Meibomian gland atrophy in a patient with
definite oGVHD (A2). (A3): Graph showing data comparing meiboscale (score 0-4 based
on severity of meibomian gland atrophy) between healthy subjects (n=40 eyes), none
0GVHD (n=35 eyes) and definite 0GVHD (n=54 eyes) patients. (B1): Graph showing data
comparing amount of NGAL in conjunctival washings between healthy subjects, none
0GVHD and definite oGVHD. (B2): Graph showing data comparing amount of NGAL in
RPMI, unstimulated human neutrophils (no NETS) and PMA stimulated neutrophils
(NETS). (C1): H&E staining of mucocellular aggregates (MCA) showed numerous
neutrophils, surface epithelial cells and mononuclear cells. (C2-C5): Confocal
immunofluorescent staining images of MCA showing the presence of neutrophil elastase
(NE) (C2, red), NGAL protein (C3, green), DAPI nuclear staining (C4, blue) and merged
image (C5). (D1-D8): Effect of NETs and NGAL on immortalized Meibomian gland (MG)
epithelial cell differentiation. Lipid accumulation was detected using LipidTOX staining
(green). (D1): Keratinocyte serum free medium (KSFM) only; (D2): differentiation medium
(DFM) only; (D3): DFM + NETS; (D4) DFM + NETs + NGAL neutralizing antibody
(NADb); (D5) DFM + NETSs + heparin 100 IU/mL; (D6) DFM + human recombinant NGAL
protein (rINGAL); (D7): DFM + rNGAL + NGAL Nab; (D8) DFM + rNGAL + heparin.
(D9): Graph showing data comparing LipidTox staining (fluorescence intensity) under
various differentiation culture conditions. (D10): Graph showing data comparing MG cell
proliferation that was determined by measuring the cellular DNA content (fluorescence
intensity) using a commercially available dye binding kit under various culture conditions.
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Descriptive statistics comparing clinical signs and symptoms between healthy subjects, none 0GVHD patients
and definite o0GVHD patients.

p-value p-value
Healthy (n=20 0GVHD None 0GVHD Definite (Healthy vs (0GVHD None
patients) (n=18 patients) (n=30 patients) oGVHD vs o0GVHD
Definite) Definite)
Age (years) 49.90+6.88 49.27+14.72 51.86+15.67 0.868 0.795
Tear Protein (mg/mL) 1.70+1.24 1.85+2.37 2.24%2.95 0.528 0.737
eDNA (ug/mL) 0.78+0.23 0.83+0.30 2.36x1.72 <0.001 <0.001
Neutrophils number in OSW 1.62x10 2.32x10% 1.15x10% | 5.83x10% 7.66x10% <0.001 <0.001
3+ 2.78x103
OSDI (scale 0-100) 0.48+0.95 17.12 £15.17 50.27+17.64 <0.001 <0.001
NITBUT-first (seconds) 7.82+4.41 6.62+3.72 4.02+1.47 <0.001 0.002
NITBUT- average (seconds) 11.12+5.21 10.42+5.11 5.95+2.60 <0.001 <0.001
Stare Time (seconds) 15.3146.60 15.05+6.98 7.61+3.36 <0.001 <0.001
Bulbar Redness (scale 0.0-4.0) 1.12+0.35 1.09+0.50 1.76+0.75 <0.001 <0.001
Osmolarity (mOsm/L) 299.76+9.99 300.81+14.43 297.81+15.13 0.847 0.689
Average LLT (nm) 82.48+13.94 79.22+19.68 62.26+24.49 <0.001 0.003
Meiboscale (scale 0-4) 0.55+0.60 1.26+0.78 2.07+1.39 <0.001 0.001
Schirmer 1 (mm/5 min) 21.38+11.76 14.34+10.36 0.07+0.25 <0.001 <0.001
MMP-9 (scale 0-3) 0.65+0.66 1.23+0.87 2.57+0.66 <0.001 <0.001
Corneal Stain (scale 0-15) 0.05+0.22 0.07+0.25 5.56+3.77 <0.001 <0.001
Conjunctival Stain (scale 0-6) 0.43+0.71 0.36+0.60 2.08+1.97 <0.001 <0.001
Total Score (scale 0-11) 0.83£1.13 2.60£1.63 8.09+1.23 <0.001 <0.001

Data is shown as sample mean and standard deviation, (X + o). p-values are for pair-wise comparisons of the means between the 0GVHD definite
group and the others computed by using Tukey post-hoc tests. The outliers were excluded before performing statistical significance analysis.
eDNA, extracellular DNA; OSW, ocular surface washings; OSDI, ocular surface disease index; NITBUT, non-invasive tear film break-up time;
LLT, lipid layer thickness; MMP-9, matrix metallopeptidase 9.
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