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PURPOSE. Inflammatory cytokines are involved in glaucoma pathogenesis. The purpose
is to compare cytokine levels in the tear film of Boston keratoprosthesis (KPro) patients
with and without glaucoma, relative to controls, and correlate levels with clinical param-
eters.

METHODS. This cross-sectional study enrolled 58 eyes (58 patients): 41 KPro eyes with
glaucoma, 7 KPro eyes without glaucoma, and 10 healthy controls. Twenty-seven
cytokines were measured by multiplex bead immunoassay. Intraocular pressure (IOP),
cup-to-disk ratio (CDR), retinal nerve fiber layer, visual acuity, topical medications, and
angle closure were assessed in all KPro eyes. Cytokine levels between groups were
analyzed by nonparametric tests, and correlations with clinical parameters by Spearman’s
test.

RESULTS. Levels of TNF-ɑ, IL-1β, FGF-basic, and IFN-ɣ were significantly higher in KPro
with glaucoma compared to KPro without (P = 0.020; 0.008; 0.043; 0.018, respectively).
KPro groups had similar characteristics and topical antibiotic/steroid regimen. Levels
of IL-1Ra, IL-15, VEGF, and RANTES were significantly higher in KPro with glaucoma
compared to controls (P < 0.001; = 0.034; < 0.001; = 0.001, respectively). IL-1β and
IFN-ɣ levels were positively correlated with CDR (r = 0.309, P = 0.039 and r = 0.452, P =
0.006, respectively) and IOP (r = 0.292, P = 0.047 and r = 0.368, P = 0.023, respectively).
TNF-α and FGF-basic levels were positively correlated with CDR (r = 0.348, P = 0.022
and r = 0.344, P = 0.021, respectively).

CONCLUSIONS. TNF-α, IL-1β, FGF-basic, IFN-ɣ are elevated in tears of KPro patients with
glaucoma and correlate with CDR and IOP. These results show, for the first time in
humans, concordance with documented elevations of TNF-α and IL-1β in the murine
KPro model. Ocular surface inflammation may reflect inflammatory processes of KPro
glaucoma.
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The Boston keratoprosthesis type 1 (KPro) is the most
frequently used artificial cornea worldwide, and it

rapidly restores vision in patients with corneal blindness.1,2

The most common KPro design consists of front and back
plates made of polymethyl methacrylate (PMMA), with a
donor cornea placed in between the plates.3 Despite many
advances in implant design and management of postoper-
ative complications, glaucoma is the most important threat
to vision after KPro implantation. Glaucoma prevalence is
reported to be 36% to 76% before KPro, and identified de
novo in 8% to 75% of eyes after KPro.4–6 Unfortunately,
monitoring and controlling glaucoma is extremely challeng-

ing in KPro eyes.7 Intraocular pressure (IOP) measurements
are approximated by digital palpation by experienced prac-
titioners,1,8,9 and optic nerve and visual field evaluations can
be hindered by concomitant media opacities after KPro.

The pathogenesis of glaucoma after KPro surgery is
multifactorial. Postoperative IOP elevation is one of the
main risk factors of glaucoma after KPro.10 The presence
of peripheral anterior synechiae has been reported by ante-
rior segment optical coherence tomography (AS-OCT) and
proposed to cause progressive angle closure and obstruc-
tion of aqueous flow.5,11–13 Recent animal studies have
suggested that inflammation might be one of the main
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IOP-independent causes, induced by the KPro device
protruding in the anterior chamber, and diffusing to the
retina, causing inevitable retinal ganglion cell (RGC) apop-
tosis.14–17 Cytokines mediating immune and inflammatory
responses play an important role in the process of glau-
comatous optic neuropathy18 and may play an important
role in KPro-associated glaucoma, but this has not been
thoroughly investigated. Increased expression of proinflam-
matory cytokines tumor necrosis factor (TNF)-α and inter-
leukin (IL)-1β have been shown in a miniature KPro murine
model.15,19 Our team also showed that soluble TNF-α is a
major culprit in RGC death in glaucoma and that TNF-α inhi-
bition is beneficial.20 However, neither the exact mechanism
of KPro glaucoma nor the role of cytokines has been eluci-
dated yet in humans.

Lack of biointegration between the KPro front plate
polymethyl methacrylate (PMMA) material and the corneal
graft allows for some communication between the ocular
surface and intraocular media and warrants lifelong antibi-
otic prophylaxis to avoid endophthalmitis.21–23 Tear fluid
is readily accessible in patients, and tear cytokines have
been found to correlate with intraocular aqueous inflamma-
tion and clinical parameters in ophthalmological diseases,
such as open angle glaucoma and bullous keratopathy.23–27

Cytokines have become reliable biomarkers of ocular surface
diseases.28,29 Primary open and closed angle glaucoma have
been associated with elevated levels of cytokines in tears
and aqueous humor involved in inflammation, namely IL-1β,
IL-6, IL-8, interferon (IFN)-γ , monocyte chemotactic protein
(MCP)-1, macrophage inflammatory protein (MIP)-1β, TNF-
α, and vascular endothelial growth factor (VEGF), which in
turn have been associated with increased IOP and suspected
to have a role in RGC death and the pathogenesis of glau-
coma.30–42 Nonetheless, no studies have yet investigated
the composition of ocular fluids, including tears, of KPro
patients with glaucoma, possibly because of the KPro patient
population not being as large as other ophthalmic patient
populations, as well as the technical challenge of small tear
volumes in general.

The purpose of this study was to compare prospectively
the tear cytokine profile of KPro patients with and with-
out glaucoma, relative to healthy controls, and to correlate
these cytokine biomarkers with clinical glaucoma parame-
ters.We hypothesized that inflammatory cytokine concentra-
tions would be elevated in KPro eyes with glaucoma, with
the goal of being used as biomarkers for rapid diagnosis
and potential treatments in the near future. To the best of
our knowledge, this is the first study in humans investigat-
ing the association of glaucoma after KPro implantation and
the cytokine concentrations in ocular fluid (tear), shedding
light on potential biomarkers and treatment pathways.

METHODS

Participants

This prospective study received ethical approval from the
institutional review board of the Centre hospitalier de
l’Université de Montréal (CHUM; CE20.004) and adhered to
the tenets of the Declaration of Helsinki. The study was
registered at www.ClinicalTrials.gov (NCT04339907). Writ-
ten informed consent was obtained from all participants.

Patients having undergone KPro surgery performed by
a single surgeon (M. H.-D.) between 2008 and 2019 were
recruited between May 2020 and September 2020 when they
presented in a consecutive fashion for visits at the Centre

hospitalier de l’Université de Montréal (average age 67.2
years). Patients with KPro were contacted from our surgeon’s
database and requested to come in for their regular follow-
up visits. In addition, they were invited to participate in
this study. Of 55 patients called, 52 came for their visit. Of
48 patients invited to this study because they met inclu-
sion criteria, all patients agreed. 3 patients declined visit
because they lived in rural areas and did not have access to
transportation to our hospital, and no patient declined the
study. The study also enrolled healthy controls (average age
68.0 years). We attempted successfully to match the KPro
patients with glaucoma, without glaucoma, and the controls
with regards to sex and age. KPro patients with glaucoma
were defined as such if they had a clear history of glau-
coma, if they were taking IOP-lowering medications, or if
they had undergone previous glaucoma surgery. All of the
patients who received a KPro since 2008 at our institution,
who never developed glaucoma, and who met the inclu-
sion criteria were recruited as nonglaucoma KPro patients.
All KPro patients typically had the same topical steroids
regimen. After KPro surgery, patients were prescribed topi-
cal prednisolone acetate 1% (Sandoz, Boucherville, Canada)
and topical moxifloxacin 0.5% (Vigamox; Alcon, Mississauga,
Canada) ophthalmic drops four times daily. Prednisolone
was subsequently tapered to once daily, to be used indef-
initely.

Inclusion criteria included age of 18 years old or above,
KPro surgery having occurred at least one year ago, eyes
with a KPro and a stable postoperative period of at least
6 months, and non-phthisic eyes with best-corrected visual
acuity (BCVA) better than or equal to light perception.
A stable postoperative period was defined by absence of
other surgery, additional drops or new complications in the
last six months. Exclusion criteria included any intraocular
surgery in the last 12 months, a history of systemic inflamma-
tory, immunological, or cardiovascular diseases (other than
hypertension and hyperlipidemia), as well as a history of
uveitis, phthisis bulbi, and extrusion or explant of KPro.
Eyes with active inflammation of the cornea and anterior
chamber, and a preoperative diagnosis of ocular cicatri-
cial pemphigoid, Stevens-Johnson syndrome, and kerato-
conjunctivitis were excluded; previous studies showed that
proinflammatory tear cytokine levels are elevated in these
ocular surface diseases.43–45 No patient had moderate or
severe dry eye diseases needing dry eye treatment.

Clinical Examination

Routine examinations, including slit-lamp evaluation, BCVA,
IOP, visual field, spectral domain optical coherence tomog-
raphy (OCT) and AS-OCT were performed in KPro patients
on the same day when tears were collected. The Snellen
chart was used to measure BCVA, which was converted into
the logarithm of minimum angle of resolution (LogMAR).
Extrapolated values of 2.0, 2.3, 2.6 represented BCVA of
counting fingers, hand motion, and light perception, respec-
tively.46,47 IOP was measured by digital palpation by a single
experienced clinician (M.H.-D.) by using scleral indentation
felt by the finger and then assessing the IOP. The mean of an
estimated range was recorded, as commonly performed in
KPro eyes.1,7,9 Visual field was assessed using the Humphrey
Visual Field Analyzer (Carl Zeiss, Dublin, CA, USA) using
the 24-2 program, or by Automated Goldmann Octopus 900
(Haag-Streit AG, Koeniz, Switzerland) if known history of
poor visual field. Visual field indices were obtained from the
Humphrey Visual Field when reliable, and reliability criteria
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were established as less than 20% fixation losses, less than
33% false-negative error, and less than 33% false-positive
error, as recommended by Humphrey Instruments.48 The
retinal nerve fiber layer (RNFL) thickness and optic nerve
excavation (cup-to-disk ratio [CDR]) were assessed by OCT
with the Cirrus HD-OCT 5000 (Carl Zeiss, Dublin, CA, USA)
when deemed reliable if no membranes or opacities inter-
fered and if signal strength was equal or above 6/10, as
recommended by Zeiss.49 AS-OCT of the anterior chamber
was performed to observe the iridocorneal angle with the
anterior chamber lens adapter (Carl Zeiss) used in the wide-
angle mode, when possible if no opacities interfered.50 The
four quadrants (inferior, superior, nasal, and temporal) were
imaged in primary gaze position. The AS-OCT definition of
angle closure is contact between the iris and structures ante-
rior to the scleral spur, using the identification of the scleral
spur as a landmark for the angle measurement.12,50–52 Visual
field, OCT, and AS-OCT scans were analyzed by an experi-
enced glaucoma specialist (Y.A.). Gonioscopy is impossible
in KPro patients because of peripheral cornea opacification,
retroprosthetic membrane and KPro front plate.12

Tear Collection

Tear collection was conducted at the beginning of the sched-
uled clinic visits, in the afternoon (between 1 and 4 PM)
to control for diurnal variation,53 and before instillation of
any eye drops, as described previously.23,24,26,27,54 Briefly, 60
μL of sterile saline solution were instilled into the inferior
fornix by using a sterile micropipette. Afterwards, subjects
were asked to look left, right, up, and down, three times
without blinking, to mix the tear fluid content. Next, the
diluted tears with sterile saline solution were collected from
the inferior fornix using the micropipette and transferred to
an Eppendorf tube, kept on ice during collection. Samples
were centrifuged at 10,000g at 4˚C for 15 minutes to elimi-
nate mucoid and cellular debris, as per immunoassay manu-
facturer’s recommendations. Soluble fractions were stored at
−150˚C in individual sterile screw-cap polypropylene tubes
until analysis.

Tear Cytokine Protein Levels

We selected a panel of inflammatory cytokines involved
in immune and inflammatory responses and which have
been investigated and observed in glaucoma in several prior
reports.32–36,38–42 The cytokine levels of IL-1β, IL-1Ra, IL-2,
IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-
15, IL-17A, interferon gamma-induced protein (IP)-10, MCP-
1, MIP-1α, MIP-1β, platelet-derived growth factor (PDGF)-
AB/BB, regulated on activation, normal T cell expressed
and secreted (RANTES), TNF-α, VEGF, fibroblast growth
factor (FGF)-basic, eotaxin, granulocyte colony-stimulating
factor (G-CSF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), and IFN-γ were measured using a 27-
plex Luminex magnetic bead-based multiplex immunoas-
say (Milliplex Human Cytokine Panel A [HCYTA-60K-27];
EMD Millipore, Merck, MA, USA) at Princess Margaret
Genomics Centre, Toronto, Canada (www.pmgenomics.ca).
This assay has been validated for human tears in several
prior reports.28,55–60 The assay was performed according
to the manufacturer’s instructions, in a masked fashion.
Briefly, 25 μL of tear fluid were dispensed into defined wells
of the 96-well plate. Sample and antibody-coated capture
beads were mixed and incubated at 4 °C for 18 hours
(protected from light). Washed beads were further incu-

bated with biotin-labeled anti-human cytokine antibodies,
followed by streptavidin-phycoerythrin incubation. Samples
were analyzed using a Luminex 200 instrument (Luminex
Corporation, Austin, TX, USA). Each sample was run as
a single measurement because of the limited quantity of
collected tear fluid. The median fluorescent intensity data
was analyzed using a five-parameter logistic curve-fitting
method. Standard curves of known concentrations of recom-
binant human cytokines were used to convert fluorescence
units to concentrations (pg/mL). The percentage of samples
with detected cytokines was calculated.24

Statistical Analysis

Statistical analyses were performed using SPSS version 25.0
(IBM, Chicago, IL, USA) and Prism version 8.2.1 (GraphPad,
San Diego, CA, USA). Statistical significance was defined as
P < 0.05, and data were presented as the mean ± stan-
dard deviation (SD). Normality assumption was assessed
by the Shapiro-Wilk test. To compare categorical variables,
the χ2 test was used. To compare continuous variables, a
two-tailed Student’s t-test for independent samples or the
Mann-Whitney U test were used, as appropriate. The ANOVA
and Kruskal-Wallis test were used to compare more than
two groups, as appropriate. To assess homogeneity of vari-
ances, the Brown-Forsythe test was used. Welch’s t-test was
used when there was significant heterogeneity of variance.
The Dunnett T3 multiple comparison test, recommended for
groups with n < 50, was used to correct for multiple compar-
isons using statistical hypothesis testing. In cases where
the amount of the studied molecule was under the limit of
detection, the number 0 was assigned for the concentration
of the analyte.61 Molecules that were detected in less than
60% of the samples in the groups were not further statisti-
cally compared. Spearman’s correlation analysis was used to
correlate cytokine levels and numerical clinical parameters.
For the strength of the correlation coefficient, 0.20 to 0.39
was regarded as weak, 0.40 to 0.59 as moderate, and 0.60 to
0.79 as strong.62

RESULTS

Patients Demographics

Tear fluid samples were obtained from a total of 58 patients:
41 KPro with glaucoma, 7 KPro without glaucoma, and 10
healthy controls. Average age of the cohort was 67.2 years
old, with 26 (54.2%) being of male sex. The mean time from
KPro surgery to tear fluid sampling was 7.9 ± 3.5 years. Of
the 156 eyes of 135 KPro patients operated for KPro surgery
at our center between 2008 and 2019, the maximum number
of KPro patients without any glaucoma (n = 7) was recruited
from this population for this study. All of the KPro patients
were aphakic. None of the subjects had active inflamma-
tion of the cornea or anterior chamber based on slit-lamp
examination. Baseline characteristics of study participants
are listed in Table 1. Age (range, 29.1–90.9 years old)
and sex distribution was similar between the three groups
(P > 0.05).

Clinical Parameters

In KPro eyes, clinical parameters were compared between
those with and without glaucoma (Table 2). IOP was signifi-
cantly higher in the KPro group with glaucoma compared
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TABLE 1. Baseline Characteristics of Study Patients

KPro Without Glaucoma KPro With Glaucoma Control P Value

Eyes, n 7 41 10
Male sex, n (%) 5 (71) 21 (51) 6 (60) 0.577
Age (y), mean ± SD 69.2 ± 16.3 66.8 ± 13.6 68.0 ± 14.9 0.806

Statistical significance between groups was determined using either the Kruskal-Wallis test or the χ2 test for continuous or categorical
variables, respectively.

KPro, Boston keratoprosthesis.

TABLE 2. Clinical Parameters of Study KPro Eyes

KPro Without Glaucoma KPro With Glaucoma P Value

Years from KPro until sampling, mean ± SD 9.6 ± 1.9 7.6 ± 3.7 0.267
Eyes with prior corneal graft, n (%) 4 (57) 20 (49) 0.683
Number of prior corneal grafts, mean ± SD 0.71 ± 0.76 1.1 ± 1.4 0.473
Preoperative diagnosis, n (%)
Corneal endothelial disorders 1 (14) 8 (20) 0.743
Trauma 1 (14) 3 (7) 0.538
Corneal scar 4 (57) 15 (37) 0.304
Aniridic keratopathy 1 (14) 13 (32) 0.349
Other congenital anterior segment disorders 0 2 (5) 0.551

Eyes using drops, n (%)
Lubricant 5 (72) 19 (46) 0.220
NSAID 0 2 (5) 0.551
Quinolone antibiotics 7 (100) 37 (90) 0.388
Steroid 7 (100) 40 (98) 0.676

Eyes with glaucoma surgery, n (%)
Cyclophotocoagulation 0 19 (46) 0.033
Glaucoma drainage device 0 23 (56) 0.010
Trabeculectomy 0 5 (12) 1.000

Number of glaucoma drops, mean ± SD 0 3.0 ± 1.3 0.00003
Eyes using glaucoma drops, n (%)
Prostaglandin analog 0 32 (78) 0.00005
Beta blocker 0 31 (76) 0.0001
Carbonic anhydrase inhibitor 0 23 (56) 0.006
Cholinergic agonist 0 3 (7) 0.460
Alpha agonist 0 22 (54) 0.008

BCVA, LogMAR, mean ± SD 1.39 ± 0.78 1.17 ± 0.80 0.509
IOP, mmHg, mean ± SD 11 ± 5 16 ± 5 0.015
Cup-to-disk ratio, mean ± SD 0.44 ± 0.25 0.65 ± 0.20 0.015
Humphrey visual field indexes, mean ± SD*

MD, db −10.91 ± 4.56 −15.25 ± 10.59 0.520
PSD, db 5.43 ± 2.29 5.86 ± 2.96 0.828
VFI, % 78.67 ± 14.01 67.17 ± 36.45 0.519

RNFL thickness, μm† 78.0 ± 2.83 72.19 ± 15.42 0.608
Closed angle, n (%)‡ 6 (100) 29 (88) 0.368
Open angle, n (%)‡ 0 4 (12)

Statistical significance between groups was determined for continuous variables using either the Student t-test or Mann-Whitney U test,
or for categorical variables using the χ2 test. Statistically significant differences are indicated in bold font. BCVA, best-corrected visual acuity;
IOP, intraocular pressure; KPro, Boston keratoprosthesis; MD, mean deviation; NSAID, nonsteroidal anti-inflammatory drug; PSD, pattern
standard deviation; RNFL, retinal nerve fiber layer; VFI, visual field index.

*
Measurements were available for 21% of eyes.

†
Measurements were available for 48% of eyes.

‡
Measurements were available for 81% of eyes.

to the one without glaucoma (16 mm Hg vs. 11 mm
Hg, P = 0.015). Optic nerve excavation measured by the
CDR was also significantly increased in the KPro group
with glaucoma compared to the one without glaucoma
(0.65 vs. 0.44, P = 0.015). Both groups were similar in
terms of time elapsed between KPro surgery and sampling,
number of eyes with prior corneal graft, number of prior
corneal grafts, and preoperative diagnosis. KPro eyes with
glaucoma had a history of prior glaucoma surgery: 46%

of eyes had undergone cyclophotocoagulation, 56% had
undergone glaucoma drainage device implantation, and
12% had undergone trabeculectomy. The use of drops
including lubricant, nonsteroidal anti-inflammatory drugs
(NSAID), quinolone antibiotics, and steroid drops was simi-
lar between groups, because KPro patients are typically on
the same topical antibiotic and steroid regimen for life (all,
P > 0.05). The differences between groups in the use of
topical drops were related to the glaucoma medications.
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TABLE 3. Cytokine Concentrations in Tear Fluid of KPro and Control Eyes

Cytokine (Measured % KPro Without KPro With
Samples Per Group) Glaucoma Glaucoma Control P Value* P Value† P Value‡

Eotaxin (100, 98, 100) 15.99 ± 3.67 19.85 ± 8.74 15.61 ± 4.67 0.169 0.997 0.127
FGF-basic (100, 100, 100) 35.52 ± 10.47 59.40 ± 46.41 61.21 ± 28.86 0.018 0.067 0.998
G-CSF (100, 90, 90) 154.99 ± 163.44 193.31 ± 440.56 80.15 ± 91.93 0.691 0.519 0.402
GM-CSF (0, 0, 0) 0 0 0 — — —
IFN-ɣ (86, 78, 100) 2.09 ± 1.48 6.61 ± 9.47 3.13 ± 2.36 0.043 0.635 0.166
IL-1β (100, 98, 100) 6.43 ± 2.37 12.97 ± 11.72 11.74 ± 5.85 0.008 0.064 0.952
IL-1Ra (100, 100, 100) 4875.71 ± 4886.68 4058.59 ± 3169.37 1028.62 ± 892.84 0.682 0.159 <0.001
IL-2 (43, 54, 50) 0.42 ± 0.27 1.02 ± 1.43 0.22 ± 0.13 0.188 0.324 0.051
IL-4 (29, 32, 50) 0.50 ± 0.16 2.76 ± 3.88 0.81 ± 0.40 0.165 0.199 0.187
IL-5 (100, 100, 100) 2.13 ± 2.78 2.64 ± 3.32 1.68 ± 0.87 0.892 0.892 0.289
IL-6 (100, 100, 100) 17.64 ± 11.40 31.91 ± 83.04 12.78 ± 17.67 0.512 0.512 0.452
IL-7 (3, 14, 0) 7.91 ± 12.15 3.74 ± 3.92 0 — — —
IL-8 (100, 100, 100) 311.45 ± 386.17 486.42 ± 614.85 198.25 ± 260.28 0.560 0.560 0.084
IL-9 (29, 56, 70) 6.25 ± 0.96 16.46 ± 15.17 12.21 ± 5.16 0.013 0.063 0.591
IL-10 (100, 100, 100) 2.39 ± 1.47 19.26 ± 45.26 13.58 ± 13.71 0.064 0.084 0.869
IL-12p70 (0, 14, 0) 0 10.34 ± 12.74 0 — — —
IL-13 (43, 61, 70) 2.10 ± 2.14 14.62 ± 19.71 9.14 ± 6.45 0.016 0.089 0.563
IL-15 (100, 100, 100) 5.37 ± 3.91 7.40 ± 4.53 4.58 ± 2.40 0.434 0.645 0.034
IL17A (86, 93, 90) 2.99 ± 1.68 6.48 ± 8.17 5.74 ± 2.87 0.069 0.100 0.956
IP-10 (100, 100, 100) 7802.66 ± 6542.06 9404.64 ± 6324.43 5362.31 ± 4312.56 0.069 0.071 0.651
MCP-1 (100, 100, 100) 274.92 ± 338.03 236.77 ± 366.75 81.81 ± 105.78 0.792 0.341 0.070
MIP-1α (14, 24, 20) 15.08 ± 0.1 37.86 ± 26.13 7.81 ± 4.79 >0.999 >0.999 0.190
MIP-1β (86, 90, 100) 8.83 ± 13.62 10.18 ± 15.35 10.13 ± 14.74 0.995 0.995 0.995
PDGF-AB/BB (0, 2, 0) 0 236.96 ± 176.36 0 — — —
TNF-α (100, 95, 100) 2.75 ± 0.95 5.75 ± 6.19 4.42 ± 3.23 0.020 0.371 0.729
VEGF (100, 100, 100) 189.44 ± 166.74 225.49 ± 211.47 54.14 ± 30.91 0.940 0.195 <0.001
RANTES (100, 100, 100) 7.86 ± 4.00 9.14 ± 7.98 4.07 ± 1.42 0.522 0.092 0.001

Cytokine concentrations (measured in a percentage (%) of samples in each group named consecutively) are expressed in pg/mL as
mean ± SD. Concentrations under the limit of detection were assigned the number 0. Statistically significant differences between groups are
highlighted in bold.

G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IP, interferon gamma-induced
protein; KPro, Boston keratoprosthesis; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; PDGF, platelet-derived
growth factor; RANTES, regulated on activation, normal T cells expressed and secreted.

* Compared between KPro eyes with glaucoma and without glaucoma, Brown-Forsythe and Welch ANOVA test with multiple comparisons.
†Compared between KPro eyes without glaucoma and control group, Brown-Forsythe and Welch ANOVA test with multiple comparisons.
‡ Compared between KPro eyes with glaucoma and control group, Brown-Forsythe and Welch ANOVA test with multiple comparisons.

The KPro glaucoma group used on average 3.0 ± 1.3
glaucoma drops, distributed among five classes includ-
ing prostaglandin analog, beta blocker, carbonic anhydrase
inhibitor, alpha agonist, and cholinergic agonist. No glau-
coma drops were used in the KPro without glaucoma
group, by definition. Both groups had similar remaining
ophthalmological parameters reported (P > 0.05).

Cytokine Levels in Tear Fluid

A total of 27 cytokines were analyzed in tear fluid from
KPro patients and controls. Mean cytokine concentrations
for each group with related P values for all comparisons
between groups are listed in Table 3. The concentrations of
four cytokines (TNF-ɑ, IL-1β, FGF-basic, IFN-ɣ) were signif-
icantly higher in the KPro with glaucoma group compared
to KPro without glaucoma (P = 0.020; 0.008; 0.043; 0.018,
respectively). Of these, IFN-ɣ showed the highest increase
in concentration (6.61 vs. 2.09 pg/mL, thus 3.2-fold) in KPro
patients with glaucoma relative to KPro patients without
glaucoma. Also, the concentrations of four other cytokines
(IL-1Ra, IL-15, VEGF, RANTES) were significantly higher in
the KPro with glaucoma group compared to healthy controls
(P <0.001; =0.034; <0.001; =0.001, respectively). Of these,
VEGF showed the highest increase in concentration (225.49

vs. 54.14 pg/mL, 4.2-fold). There was no statistically signif-
icant difference in cytokine concentrations between KPro
without glaucoma and controls (all, P > 0.05), suggesting
strongly that our positive cytokines play a role in glaucoma.
In total, 19 cytokines were not associated with an increase
or decrease in our study and appear to be noncontributory
to the development of glaucoma.

Furthermore, subgroup analyses were performed to
compare cytokine concentration data between different
factors among glaucomatous KPro eyes. Cytokine levels
were not significantly different between the five preoper-
ative KPro diagnosis categories (all P > 0.05; for details
see Supplementary Table S1). Cytokine data comparing
eyes with and without use of topical glaucoma medica-
tions was also analyzed. With regards to the cytokines that
were previously identified to be of interest (TNF-α, IL-1β,
IFN-ɣ, FGF-basic, IL-1Ra, IL-15, VEGF, and RANTES), no
significant differences were shown between eyes with and
without use of topical prostaglandin analog, beta blocker,
carbonic anhydrase inhibitor, cholinergic agonist, alpha
agonist, and steroid (for details, see Supplementary Tables
S2 to S7, respectively). The only statistically significant differ-
ences in cytokines levels for those comparisons were G-
CSF elevated in eyes with prostaglandin analog and beta
blocker drops, MCP-1 elevated in eyes with beta blocker
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TABLE 4. Correlation Analysis Between Levels of Four Selected Cytokines and Glaucoma Parameters in KPro Eyes

FGF-Basic IFN-ɣ IL-1β TNF-α

Glaucoma Parameter r P Value r P Value r P Value r P Value

Cup-to-disk ratio 0.344 0.021 0.452 0.006 0.309 0.039 0.348 0.022
Intraocular pressure 0.368 0.023 0.292 0.047

Data are expressed as correlation coefficient r and P-value.
Only significant correlations with clinical parameters are shown.

FIGURE. Proposed diagrammatic illustration of glaucomatous inflammation in an aphakic eye implanted with a Boston keratoprosthesis
type 1 (KPro). (A) The KPro has been shown by Crnej et al.15 to induce overexpression of TNF-α and IL-1β in the cornea (1). TNF-α and
IL-1β diffuse from the anterior segment to the posterior segment (2), as suggested by Chen et al.16 TNF-α and IL-1β are overexpressed in
the retina by infiltrating monocytes/macrophages (3), resulting in ganglion cell apoptosis and glaucomatous damage.19 (B) Later, the cornea
and engrafted monocytes/macrophages may continue to overexpress TNF-α and IL-1β, which could diffuse to the anterior chamber. The
inflammation could also provoke peripheral anterior synechiae formation, obstructing the iridocorneal angle. With lack of biointegration
between the KPro device and the corneal graft, TNF-α and IL-1β could leak out from the anterior chamber into the tear fluid on the ocular
surface.

drops, and IP-10 elevated in eyes with cholinergic agonist
drops (Supplementary Tables S2, S3, and S5, respectively).
Moreover, cytokine data comparing eyes with and without
history of incisional glaucoma surgery, which included glau-
coma drainage devices and trabeculectomy, did not show
significant differences for any of the cytokines of inter-
est; only IL-10 was significantly lower in eyes with prior
incisional glaucoma surgery (Supplementary Table S8). In
addition, when comparing KPro eyes with open angle to
those with closed angle, levels of G-CSF (P = 0.029) and
RANTES (P = 0.027) were significantly lower in eyes with
angle closure (Supplementary Table S9). Overall, data for
TNF-α, IL-1β, IFN-ɣ, FGF-basic, IL-1Ra, IL-15, VEGF, and
RANTES did not demonstrate significant associations with
the confounding factors of ocular drops, preoperative diag-
nosis, and history of glaucoma surgery studied herein.

Correlation Between Cytokine Levels and Clinical
Parameters in KPro Eyes

We then hypothesized that the inflammatory cytokines may
also be associated to the clinical parameters of glaucoma
in KPro eyes. The four cytokines that were significantly
elevated in more than 60% of samples and between KPro
eyes with and without glaucoma were integrated in corre-
lation analyses. These included FGF-basic, IFN-ɣ, IL-1β,
and TNF-α. Correlation analysis was performed between
cytokine levels and CDR, IOP, number of glaucoma drops,
BCVA, visual field indices (mean deviation, pattern standard

deviation, visual field index), RNFL, number of failed grafts,
and time to sampling. CDR and IOP were the two parameters
related to glaucoma that yielded significant correlations with
tear cytokine concentrations. The other clinical measures
were not correlated with cytokine elevations. Significant
correlations are listed in Table 4 (see Supplementary Figure
S1 for scatter plots of correlations). The concentrations of IL-
1β and IFN-ɣ levels were significantly positively correlated
with CDR (Figure; r = 0.309, P = 0.039 and r = 0.452, P =
0.006, respectively) and IOP (r = 0.292, P = 0.047 and r =
0.368, P = 0.023, respectively). The concentrations of TNF-α
and FGF-basic levels were significantly positively correlated
with CDR (Figure; r = 0.348, P = 0.022 and r = 0.344, P =
0.021, respectively).

DISCUSSION

Glaucoma development and progression is one of the most
frequent and devastating complications for the vision of
KPro patients. The prevalence of glaucoma is particularly
high after KPro surgery, but monitoring tools and IOP-
lowering medications and surgeries remain insufficient to
control glaucoma progression that occurs in the major-
ity of KPro patients.5,7 Increased IOP after KPro surgery
is a known risk factor for postoperative glaucoma, but
in cases without IOP elevation, other mechanisms have
been suggested. Neuroinflammation has been proposed
to cause glaucoma by RGC apoptosis, either directly or
by the intermediate of infiltrating immune cells in KPro
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eyes.15,19 There is evidence of TNF-α, IL-1β and other
inflammatory cytokines causing RGC apoptosis and being
involved in glaucoma pathogenesis in both humans and
animal models.18,20,31,63–65 In this regard, there is increas-
ing need to understand specifically why glaucoma develops
and progresses so dramatically.

The inflammatory process can be reliably monitored
in ocular fluids such as aqueous humor and the tear
film in a variety of ophthalmic pathologies by quantifying
cytokine concentrations.28,29,37 Several studies have success-
fully examined in glaucoma and other ocular diseases the
composition of tear fluid, which is the most readily acces-
sible ocular fluid, by using multiplex bead immunoassays
to quantify multiple protein targets despite the concomitant
use of ocular drop.23–27 Indeed, tear cytokines have been
shown to be representative of aqueous humor cytokines,
for example IL-4 and IL-8 in bullous keratopathy and ciliary
neurotrophic factor (CNTF) in open-angle glaucoma.24,25

Collection of tear fluid is less invasive compared to collec-
tion of aqueous humor, which can be performed in KPro
patients only if they present for intraocular surgery in the
operating room. Otherwise, aqueous humor collection done
in those patients without any concurrent surgical necessity
or indication could lead to consequences such as endoph-
thalmitis. For these reasons, analyzing tear fluid is a valuable
way to investigate glaucoma pathogenesis in KPro patients.
Tear matrix metalloproteinases levels have been associated
with underlying ocular surface pathology in tear fluid of
KPro patients.23 Although one study has reported elevated
systemic blood levels of TNF-α in KPro patients,66 there
is no report in the literature, to the best of our knowl-
edge, on inflammatory cytokine composition of any ocular
fluid in KPro patients, with or without glaucoma. The study
presented herein is clinically significant because identify-
ing inflammatory cytokines of KPro glaucoma would inform
the possibility to predict glaucoma progression from tear
cytokine levels and suggest pathways for treatment inter-
ventions.

In the current study, we compared the differences in
inflammatory cytokine concentrations in KPro eyes with and
without glaucoma because we hypothesized that inflamma-
tion contributes to glaucoma development and progression
after KPro. Our cohort of KPro patients is one of the largest
in North America, thus our population is particularly unique
and valuable. We chose the 27 cytokines investigated in
this study because they are the ones mediating immune
and inflammatory responses mostly involved and observed
in glaucoma studies. We simultaneously determined the
concentration of 27 cytokines using multiplex immunoassay,
thus eliminating inter-assay variability. We successfully sex-
and age-matched KPro patients and controls. The two KPro
patient groups were also matched for baseline characteris-
tics, pre-KPro diagnoses, and topical antibiotic and steroid
regimen. We observed that KPro eyes with glaucoma had
different concentrations of specific cytokines in tears. The
cytokine profile of KPro patients with glaucoma revealed
a significant increase in TNF-α, IL-1β, IFN-ɣ, FGF-basic, IL-
1Ra, IL-15, VEGF, and RANTES, without any observed associ-
ations with confounding factors, which included the use of
glaucoma eye drops, preoperative diagnosis, and previous
glaucoma surgeries. We demonstrated that the tear levels of
specific cytokines, IL-1β, TNF-α, IFN-ɣ, and FGF-basic, were
positively correlated with CDR and IOP in KPro eyes. We did
not expect particularly strong correlations given the hetero-
geneous postoperative course of KPro patients having differ-

ent time periods since surgery and since glaucoma diagnosis,
which are important variables related to cytokine concen-
trations. IOP measurements by digital palpation and rates
of CDR progression may have also been different. Nonethe-
less, the observed correlations that were in general weak are
statistically and clinically significant. Interestingly, cytokine
variations in KPro eyes without glaucoma were not statis-
tically different than those of healthy controls, suggesting
that the KPro device alone does not contribute to chronic
ocular surface inflammation many years after KPro implan-
tation. The observed differences in cytokine levels between
KPro eyes with and without glaucoma are, hence, statisti-
cally associated to glaucoma in KPro eyes.

In glaucoma, several inflammatory cytokines have been
found to be associated with increased IOP, RGC apopto-
sis, and visual field defects, suggesting a plausible role in
its pathogenesis. In open-angle glaucoma, increased levels
of IL-1β, IL-6, IL-8, IL-10, MCP-1, MIP-1β, FGF-basic, VEGF,
IL-12, IL-15, IFN-ɣ and TNF-α compared to controls have
been observed in the aqueous humor and associated with
increased RGC death and IOP rise.30–33,35,37,38,42 In compar-
ison, patients with chronic angle closure glaucoma have
shown increased levels of IP-10 and VEGF, and lower levels
of MCP-1, TNF-α, and GM-CSF.40,41 In our study, IOP eleva-
tion was associated with increased concentrations of IFN-ɣ
and IL-1β in tear fluid, also significantly correlated with CDR.
Although some cytokines and chemokines have been corre-
lated to visual field loss,37 we were not able to highlight
correlations between cytokine concentrations and visual
field indices. KPro eyes with angle closure displayed lower
concentrations of G-CSF and RANTES compared to those
with open angle. In fact, although RANTES has not been
associated to angle closure in previous reports, G-CSF has
been observed to be elevated in acute primary angle-closure
compared to cataracts67 and to fellow eyes with primary
angle closure suspicion.68 In addition to being known to be
associated with elevated IOP, our team has shown that TNF-
α is involved in RGC death in glaucoma and its inhibition can
prevent RGC apoptosis.20,69 Although TNF-α levels did not
correlate with IOP elevation in our study, they did corre-
late with optic nerve excavation (CDR), with a significant
twofold increase for KPro eyes with glaucoma compared to
those without. In addition, the fact that TNF-α correlates with
CDR but not IOP may support the IOP-independent pathway
theory of glaucoma.17 Because our results relate to tear fluid
composition, we intend to investigate further the specific
cytokines secreted in the aqueous humor of KPro eyes.

Inflammatory cytokines involved in glaucoma and vari-
ous ocular diseases are often intrinsically linked with
common cellular pathways. The current study showed that
TNF-α, IL-1β, FGF-basic, and IFN-ɣ were elevated in KPro
tears with glaucoma compared to those without glau-
coma. In many neurodegenerative disorders, monocytes,
macrophages and microglia involved in retinal damage
secrete TNF-α, IL-1β, and IL-6, which overlap in their signal-
ing pathways namely through signal transducer and acti-
vator of transcription (STAT) 3 protein.70 TNF-α acts in an
upstream fashion of IL-1β, as supported by TNF-α inhibi-
tion in alkali burn mice leading to IL-1β suppression.14,70

TNF-α and IL-1β were found in both aqueous humor and
tears in noninfectious anterior uveitis, where TNF-α ampli-
fied inflammation through a positive feedback loop.71,72 IFN-
γ has cellular pathways that interact with those of IL-6
and STAT3, through STAT1, suppressor of cytokine signaling
(SOCS) 1 and SOCS3.73,74 IFN-γ promotes proinflammatory
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responses in age-related macular degeneration by activat-
ing proinflammatory cytokines and recruiting immune cells
such as macrophages and T cells.75 Moreover, differences in
the expression of growth factors like FGF-basic and VEGF
are found in distinct ocular pathologies, such as neovascular
glaucoma.33,76,77 FGF-basic and CTNF have been shown to
play an important role in macrophage production after optic
nerve injury.78 Other mechanisms for the significant differ-
ences observed herein may involve systemic inflammation.
However, subjects in our study did not have any apparent
systemic inflammatory disease nor diabetes. We compared
the cytokine levels between preoperative diagnoses and
confirmed that there were no significant differences between
them. Further studies will be necessary to elucidate interac-
tions between these cytokines.

In a mouse model of KPro implantation, it has been
shown that mRNA expression of TNF-α and IL-1β is elevated
in both the cornea and the retina of implanted eyes.15,19 In
our study, we identified significant elevation of TNF-α and
IL-1β levels in tear fluid on the surface of the eyes of glau-
coma KPro patients, as well as correlations between TNF-
α and CDR, and between IL-1β, CDR, and IOP. We postu-
late the following mechanism (Figure). KPro implantation
and allogeneic immunity of the corneal graft used for KPro
assembly act as an acute insult to the cornea.15 Early after
KPro implantation, infiltrating immune cells in the cornea,
as well as corneal epithelial cells and keratocytes, secrete
TNF-α and IL-1β up to eight weeks after.15 These cytokines
diffuse from the anterior segment to the posterior segment
and become overexpressed in the retina, provoking mono-
cyte infiltration.19 These monocytes/macrophages, as well as
other immune cells in the retina, may in turn overexpress
TNF-α and IL-1β, activating significant apoptosis signals,
such as caspase 3 and endonuclease G, resulting in optic
nerve degeneration.14 If the damage to RGC is significant,
it may later result in severe visual field defects and glau-
coma.79,80 Only a minority of patients are indeed spared from
glaucoma after KPro surgery, as shown by our center’s previ-
ous reports and by the small number of eligible patients
to recruit for this group in our study.6,81 Later, once the
eye has healed and scarred, glaucoma mechanisms may be
different. Our results provide valuable information regarding
the chronic inflammation present. Monocytes/macrophages
engrafted permanently in the retina continue overexpress-
ing TNF-α and IL-1β for years after surgery, perpetuating
retinal damage in glaucomatous eyes.16,82,83 We postulate
that the source of inflammation in glaucoma is intraocu-
lar, as suggested by prior reports.16,17,82,83 The cornea may
also continue secreting cytokines later on.15 We consider
that the immune cells residing in the retina mediate the
correlations between tear cytokines, IOP elevation, and optic
nerve excavation. We speculate that TNF-α and IL-1β diffuse
from the posterior segment to the anterior segment, where
they can make their way to the tear fluid through the optic-
corneal button interface where biointegration is impossible
(Figure).21–23 Similarly, elevated VEGF concentrations in the
aqueous humor of patients with diabetic retinopathy suggest
diffusion from the retina to the anterior chamber.84 In addi-
tion, inflammatory cytokines may act on corneal epithelial
cells and keratocytes, which would then produce cytokines
themselves.15 Cytokines may also diffuse through the cornea
with altered endothelium and epithelium barrier integrity
and disrupted intercellular junctions under inflammatory
conditions.85,86 KPro implantation is most often performed
in aphakic eyes. Hence, these commonly unicameral eyes

would allow for even easier diffusion of mediators. As
inflammation diffuses between intraocular compartments,
formation of peripheral anterior synechiae can occur, clos-
ing the iridocorneal angle in a majority of patients, and also,
sometimes, provoking elevation of IOP.87 Taken together, the
results of this study support previous reports of the contribu-
tion of TNF-α and IL-1β to retinal damage in glaucoma after
KPro implantation.We conclude that glaucoma in KPro eyes,
and not the KPro device alone, contributes to the observed
ocular surface inflammation in KPro-implanted eyes.

Investigating the tear film cytokine profiles of KPro
patients with and without glaucoma provides a precious
opportunity to further our understanding of rapid glau-
coma progression in KPro patients. Nevertheless, this study
had some limitations. First, the heterogeneity of postop-
erative course between subjects, including glaucoma surg-
eries and cyclophotocoagulation interventions, might have
caused some confounding, although preoperative charac-
teristics were similar between groups and patients with
systemic inflammatory diseases were excluded. Second,
cytokine levels have been shown to be similar between eyes
with and without use of topical steroids, quinolones, or
NSAID drops in prior studies.27,45,88–90 Reports have high-
lighted that cytokine concentrations are poorly affected by
topical treatment and that glaucoma is truly an inflamma-
tory pathology.33,91 Nonetheless, the preservatives contained
in glaucoma eye drops may cause ocular surface and ante-
rior chamber inflammation and affect cytokine levels.92–95

We could not control for glaucoma medication usage in glau-
coma KPro patients because it was not possible to perform
a previous washout of these drops due to ethical reasons,
since patients were diagnosed with advanced glaucoma
and required ongoing treatment. Furthermore, a washout
period of one month, for example, would not guarantee
the absence of cytokine concentration artefacts. Moreover,
in agreement with our study, other research groups have
not implemented a topical glaucoma treatment washout
before tear sampling.33,36 Third, a larger sample size for
the groups of KPro patients without glaucoma and controls
would be necessary to detect significant cytokine differ-
ences between these groups; still we attempted to recruit
a maximum number of patients who had a KPro, who
never developed glaucoma, and who met inclusion crite-
ria. Fourth, we performed all routine clinical examinations
for all patients included in this study to provide ancillary
data to cytokine analysis, but OCT and visual field tests
were only deemed reliable for some of the KPro patients.
These tests are known to be more challenging to perform
in KPro patients.7 Reasons include that a large proportion
of KPro patients at our center suffer from aniridia and often
nystagmus as well. Most importantly, patients who under-
went operation for KPro many years before tear sampling
had more time for glaucoma progression and retropros-
thetic membrane and media opacity formation. Hence, KPro
patients often had more advanced glaucoma, as well as more
membranes and opacities, and could not reliably undergo
Humphrey 24-2 perimetry and OCT. This induced a bias,
where reliable visual field and OCT data were strictly avail-
able for eyes with overall less-severe glaucoma or with no
interfering membranes. Together with the small sample size
(n = 7), OCT and visual field data could, hence, not be
statistically differentiated from those of KPro eyes without
glaucoma. Absence of glaucoma in the latter group was also
validated by the average RNFL thickness being within KPro
normal range of values of 71 to 101 μm96 and by symmetry
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in OCT scans, considering that asymmetry is a hallmark of
early glaucoma. Last, longitudinal studies with tear collec-
tion performed at the same postoperative times would be
required to establish tear biomarkers related to glaucoma
progression in KPro patients. Despite these limitations, our
study was able to discern several important and signifi-
cant data. In addition to pointing to several new cytokine
and glaucoma correlations in KPro patients, we also identi-
fied correlations between cytokine levels and IOP and CDR
which were significantly positive and clinically relevant.

In conclusion, we showed that TNF-α, IL-1β, FGF-basic
and IFN-ɣ levels were elevated only in KPro eyes with glau-
coma, and not in KPro eyes without glaucoma which had
cytokine variations similar to those of normal eyes. These
elevated cytokine levels correlated with IOP elevation and
optic nerve excavation. Ocular surface inflammatory medi-
ators may represent intraocular mechanisms of glaucoma
damage. Tear fluid profile of KPro patients with glaucoma
corroborates for the first time the reported elevation of
TNF-α and IL-1β in preclinical models. This study provides
novel insights into the mechanisms by which KPro surgery
may lead to chronic inflammation and glaucoma in humans.
Although cytokine levels may be variable in tear film, tear
fluid is readily accessible compared to aqueous humor, and
its cytokines are objectively quantifiable compared to IOP
measured in KPro eyes. For these reasons, tear fluid cytokine
analysis may become a useful tool in the future for glaucoma
risk stratification of KPro patients, once validated in further
studies. This new knowledge provides us with important and
easily accessible biomarkers to follow disease progression
in a more personalized fashion. Also, these data are crucial
for suggesting disease pathways that may be amenable to
the development of targeted therapies aimed at saving eyes
from devastating consequences of glaucoma progression
after KPro.
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19. Črnej A, Omoto M, Dohlman TH, et al. Effect of penetrat-
ing keratoplasty and keratoprosthesis implantation on the
posterior segment of the eye. Invest Ophthalmol Vis Sci.
2016;57:1643–1648.

20. Cueva Vargas JL, Osswald IK, Unsain N, et al. Soluble tumor
necrosis factor alpha promotes retinal ganglion cell death in
glaucoma via calcium-permeable AMPA receptor activation.
J Neurosci. 2015;35:12088–12102.

21. Riau AK, Venkatraman SS, Dohlman CH, Mehta JS. Surface
modifications of the PMMA optic of a keratoprosthesis to
improve biointegration. Cornea. 2017;36:S15–S25.

22. Robert MC, Pomerleau V, Harissi-Dagher M. Complica-
tions associated with Boston keratoprosthesis type 1 and
glaucoma drainage devices. Br J Ophthalmol. 2013;97:573–
577.

23. Robert MC, Arafat SN, Spurr-Michaud S, Chodosh J,
Dohlman CH, Gipson IK. Tear matrix metalloproteinases
and myeloperoxidase levels in patients with Boston kerato-
prosthesis type I. Cornea. 2016;35:1008–1014.

24. Tomida D, Yagi-Yaguchi Y, Higa K, Satake Y, Shimazaki J,
Yamaguchi T. Correlations between tear fluid and aqueous

Downloaded from iovs.arvojournals.org on 04/16/2021



Tear Cytokines in Boston Keratoprosthesis Glaucoma IOVS | April 2021 | Vol. 62 | No. 4 | Article 20 | 10

humor cytokine levels in bullous keratopathy. Ocular
Surface. 2020;18:801–807.

25. Shpak AA, Guekht AB, Druzhkova TA, Kozlova KI, Gulyaeva
NV. Ciliary neurotrophic factor in patients with primary
open-angle glaucoma and age-related cataract. Mol Vis.
2017;23:799–809.

26. Yamaguchi T, Calvacanti BM, Cruzat A, et al. Correlation
between human tear cytokine levels and cellular corneal
changes in patients with bacterial keratitis by in vivo confo-
cal microscopy. Invest Ophthalmol Vis Sci. 2014;55:7457–
7466.

27. Yamaguchi T, Higa K, Suzuki T, et al. Elevated cytokine
levels in the aqueous humor of eyes with bullous keratopa-
thy and low endothelial cell density. Invest Ophthalmol Vis
Sci. 2016;57:5954–5962.

28. Wei Y, Gadaria-Rathod N, Epstein S, Asbell P. Tear cytokine
profile as a noninvasive biomarker of inflammation for
ocular surface diseases: standard operating procedures.
Invest Ophthalmol Vis Sci. 2013;54:8327–8336.

29. Hagan S, Martin E, Enríquez-de-Salamanca A. Tear fluid
biomarkers in ocular and systemic disease: potential use for
predictive, preventive and personalised medicine. EPMA J.
2016;7:15.

30. Markiewicz L, Pytel D, Mucha B, et al. Altered expres-
sion levels of MMP1, MMP9, MMP12, TIMP1, and IL-1beta
as a risk factor for the elevated IOP and optic nerve
head damage in the primary open-angle glaucoma patients.
BioMed Res Int. 2015;2015:812503.

31. Sawada H, Fukuchi T, Tanaka T, Abe H. Tumor necrosis
factor-α concentrations in the aqueous humor of patients
with glaucoma. Invest Ophthalmol Vis Sci. 2010;51:903.

32. Chono I, Miyazaki D, Miyake H, et al. High interleukin-8
level in aqueous humor is associated with poor prognosis in
eyes with open angle glaucoma and neovascular glaucoma.
Sci Rep. 2018;8:14533.

33. Burgos-Blasco B, Vidal-Villegas B, Saenz-Frances F, et al.
Tear and aqueous humour cytokine profile in primary open-
angle glaucoma. Acta Ophthalmol. 2020;98(6):e768–e772.

34. Chua J, Vania M, Cheung CM, et al. Expression profile
of inflammatory cytokines in aqueous from glaucomatous
eyes. Mol Vis. 2012;18:431–438.

35. Hu DN, Ritch R, Liebmann J, Liu Y, Cheng B, Hu MS. Vascu-
lar endothelial growth factor is increased in aqueous humor
of glaucomatous eyes. J Glaucoma. 2002;11:406–410.

36. Gupta D, Wen JC, Huebner JL, et al. Cytokine biomarkers in
tear film for primary open-angle glaucoma. Clin Ophthal-
mol. 2017;11:411–416.

37. Hubens WHG, Mohren RJC, Liesenborghs I, et al. The aque-
ous humor proteome of primary open angle glaucoma: an
extensive review. Exp Eye Res. 2020;197:108077.

38. Kokubun T, Tsuda S, Kunikata H, et al. Characteristic
profiles of inflammatory cytokines in the aqueous humor of
glaucomatous eyes. Ocul Immunol Inflamm. 2018;26:1177–
1188.

39. Kuchtey J, Rezaei KA, Jaru-Ampornpan P, Sternberg P,
Kuchtey RW. Multiplex cytokine analysis reveals elevated
concentration of interleukin-8 in glaucomatous aqueous
humor. Invest Ophthalmol Vis Sci. 2010;51:6441.

40. Wang Y, Chen S, Liu Y, Huang W, Li X, Zhang X. Inflam-
matory cytokine profiles in eyes with primary angle-closure
glaucoma. Biosci Rep. 2018;38:BSR20181411.

41. Duvesh R, Puthuran G, Srinivasan K, et al. Multiplex
cytokine analysis of aqueous humor from the patients with
chronic primary angle closure glaucoma. Curr Eye Res.
2017;42:1608–1613.

42. Freedman J, Iserovich P. Pro-Inflammatory Cytokines in
Glaucomatous Aqueous and Encysted Molteno Implant
Blebs and Their Relationship to Pressure. Invest Ophthal-
mol Vis Sci. 2013;54:4851.

43. Ang LP, Sotozono C, Koizumi N, Suzuki T, Inatomi T,
Kinoshita S. A comparison between cultivated and conven-
tional limbal stem cell transplantation for Stevens-Johnson
syndrome. Am J Ophthalmol. 2007;143:178–180.

44. Chan MF, Sack R, Quigley DA, et al. Membrane array analy-
sis of tear proteins in ocular cicatricial pemphigoid. Optom
Vis Sci. 2011;88:1005–1009.

45. Aketa N, Yamaguchi T, Asato T, et al. Elevated aqueous
cytokine levels in eyes with ocular surface diseases. Am J
Ophthalmol 2017;184:42–51.

46. Lange C, Feltgen N, Junker B, Schulze-Bonsel K, Bach M.
Resolving the clinical acuity categories “hand motion” and
“counting fingers” using the Freiburg Visual Acuity Test
(FrACT). Graefes Arch Clin Exp Ophthalmol. 2009;247:137–
142.

47. Nascimento ESR, Shen LQ, Chiou CA, et al. Glau-
coma management in patients with aniridia and Boston
type 1 keratoprosthesis. Am J Ophthalmol. 2019;207:258–
267.

48. Birt CM, Shin DH, Samudrala V, Hughes BA, Kim C, Lee
D. Analysis of reliability indices from Humphrey visual
field tests in an urban glaucoma population. Ophthalmol-
ogy. 1997;104:1126–1130.

49. Lee R, Tham Y-C, Cheung CY, et al. Factors affecting signal
strength in spectral-domain optical coherence tomography.
Acta Ophthalmol (Copenh). 2018;96:e54–e58.

50. Kang JJ, Allemann N, Vajaranant TS, de la Cruz J, Cortina
MS. Anterior segment optical coherence tomography for the
quantitative evaluation of the anterior segment following
Boston keratoprosthesis. PLoS One. 2013;8:e70673.

51. Doors M, Berendschot TTJM, de Brabander J, Webers
CAB, Nuijts RMMA. Value of optical coherence tomogra-
phy for anterior segment surgery. J Cataract Refract Surg.
2010;36:1213–1229.

52. Sakata LM, Lavanya R, Friedman DS, et al. Comparison of
gonioscopy and anterior segment ocular coherence tomog-
raphy in detecting angle closure in different quadrants of
the anterior chamber angle. Ophthalmology. 2008;115:769–
774.

53. Uchino E, Sonoda S, Kinukawa N, Sakamoto T. Alter-
ation pattern of tear cytokines during the course of a day:
diurnal rhythm analyzed by multicytokine assay. Cytokine.
2006;33:36–40.

54. Gipson IK, Spurr-Michaud SJ, Senchyna M, Ritter R, Schaum-
berg D, 3rd. Comparison of mucin levels at the ocular
surface of postmenopausal women with and without a
history of dry eye. Cornea. 2011;30:1346–1352.

55. Carreño E, Portero A, Herreras JM, et al. Cytokine and
chemokine tear levels in patients with uveitis. Acta Ophthal-
mol. 2017;95:e405–e414.

56. Cocho L, Fernández I, Calonge M, et al. Biomarkers in
ocular chronic graft versus host disease: tear cytokine- and
chemokine-based predictive model. Invest Ophthalmol Vis
Sci. 2016;57:746–758.

57. Enríquez-de-Salamanca A, Castellanos E, Stern ME, et al.
Tear cytokine and chemokine analysis and clinical corre-
lations in evaporative-type dry eye disease. Mol Vis.
2010;16:862–873.

58. González-García MJ, Murillo GM, Pinto-Fraga J, et al. Clini-
cal and tear cytokine profiles after advanced surface abla-
tion refractive surgery: a six-month follow-up. Exp Eye Res.
2020;193:107976.

59. Na KS, Mok JW, Kim JY, Rho CR, Joo CK. Correlations
between tear cytokines, chemokines, and soluble receptors
and clinical severity of dry eye disease. Invest Ophthalmol
Vis Sci. 2012;53:5443–5450.

60. Agrawal R, Balne PK, Veerappan A, et al. A distinct cytokines
profile in tear film of dry eye disease (DED) patients with
HIV infection. Cytokine. 2016;88:77–84.

Downloaded from iovs.arvojournals.org on 04/16/2021



Tear Cytokines in Boston Keratoprosthesis Glaucoma IOVS | April 2021 | Vol. 62 | No. 4 | Article 20 | 11

61. Armbruster DA, Pry T. Limit of blank, limit of detection
and limit of quantitation. Clin Biochem Rev. 2008;29(Suppl
1):S49–52.

62. Swinscow TDV, Campbell MJ. Statistics at square one. 11th
ed. London: BMJ; 2009:111–125.

63. Cueva Vargas JL, Belforte N, Di Polo A. The glial cell modu-
lator ibudilast attenuates neuroinflammation and enhances
retinal ganglion cell viability in glaucoma through protein
kinase A signaling. Neurobiol Dis 2016;93:156–171.

64. Chi W, Li F, Chen H, et al. Caspase-8 promotes
NLRP1/NLRP3 inflammasome activation and IL-1β produc-
tion in acute glaucoma. Proc Natl Acad Sci. 2014;111:11181–
11186.

65. Chidlow G,Wood JPM, Ebneter A, Casson RJ. Interleukin-6 is
an efficacious marker of axonal transport disruption during
experimental glaucoma and stimulates neuritogenesis in
cultured retinal ganglion cells. Neurobiol Dis. 2012;48:568–
581.

66. Paschalis EI, Taniguchi EV, Chodosh J, et al. Blood levels
of tumor necrosis factor alpha and its type 2 receptor are
elevated in patients with boston type I keratoprosthesis.
Curr Eye Res. 2019;44:599–606.

67. Huang W, Chen S, Gao X, et al. Inflammation-related
cytokines of aqueous humor in acute primary angle-closure
eyes. Invest Ophthalmol Vis Sci. 2014;55:1088–1094.

68. Du S, Huang W, Zhang X, Wang J, Wang W, Lam DSC.
Multiplex cytokine levels of aqueous humor in acute
primary angle-closure patients: fellow eye comparison.BMC
Ophthalmol. 2016;16:6.

69. Roh M, Zhang Y, Murakami Y, et al. Etanercept, a widely
used inhibitor of tumor necrosis factor-α (TNF-α), prevents
retinal ganglion cell loss in a rat model of glaucoma. PLoS
One. 2012;7:e40065.

70. Brennan FM, Chantry D, Jackson A, Maini R, Feldmann
M. Inhibitory effect of TNF alpha antibodies on synovial
cell interleukin-1 production in rheumatoid arthritis. Lancet.
1989;2:244–247.

71. Ooi KG, Galatowicz G, Calder VL, Lightman SL. Cytokines
and chemokines in uveitis: is there a correlation with clinical
phenotype? Clin Med Res. 2006;4:294–309.

72. Helbig H, Hinz JP, Kellner U, Foerster MH. Oxygen in the
anterior chamber of the human eye. Ger J Ophthalmol.
1993;2:161–164.

73. Dicay MS, Hirota CL, Ronaghan NJ, et al. Interferon-
γ suppresses intestinal epithelial aquaporin-1 expres-
sion via Janus kinase and STAT3 activation. PLoS One.
2015;10:e0118713.

74. Gao B, Wang H, Lafdil F, Feng D. STAT proteins—key regu-
lators of anti-viral responses, inflammation, and tumorigen-
esis in the liver. J Hepatol. 2012;57:430–441.

75. Jiang K, Cao S, Cui JZ, Matsubara JA. Immuno-modulatory
Effect of IFN-gamma in AMD and its Role as a Possible
Target for Therapy. J Clin Exp Ophthalmol. 2013;(Suppl
2):0071–0076.

76. Imanishi J, Kamiyama K, Iguchi I, Kita M, Sotozono C,
Kinoshita S. Growth factors: importance in wound healing
and maintenance of transparency of the cornea. Prog Retin
Eye Res. 2000;19:113–129.

77. Tripathi RC, Kolli SP, Tripathi BJ. Fibroblast growth factor
in the eye and prospects for its therapeutic use. Drug Dev
Res. 1990;19:225–237.

78. Blanco RE, Vega-Meléndez GS, De La, Rosa-Reyes V, del
Cueto C, Blagburn JM. Application of CNTF or FGF-2
increases the number of M2-like macrophages after optic
nerve injury in adult Rana pipiens. PLoS One. 2019;14:
e0209733.

79. Quigley HA, Dunkelberger GR, Green WR. Retinal ganglion
cell atrophy correlated with automated perimetry in human
eyes with glaucoma. Am J Ophthalmol. 1989;107:453–
464.

80. Harwerth RS, Carter-Dawson L, Smith EL, Barnes G, 3rd,
Holt WF, Crawford ML. Neural losses correlated with visual
losses in clinical perimetry. Invest Ophthalmol Vis Sci.
2004;45:3152–3160.

81. Szigiato A-A, Bostan C, Nayman T, Harissi-Dagher M. Long-
term visual outcomes of the Boston type I keratoprosthesis
in Canada. Br J Ophthalmol. 2020;104:1601–1607.

82. Paschalis EI, Lei F, Zhou C, et al. Permanent neuroglial
remodeling of the retina following infiltration of CSF1R
inhibition-resistant peripheral monocytes. Proc Natl Acad
Sci. 2018;115:E11359–E11368.

83. Paschalis EI, Lei F, Zhou C, et al. Microglia regulate
neuroglia remodeling in various ocular and retinal injuries.
J Immunol. 2019;202:539–549.

84. Selim KM, Sahan D, Muhittin T, Osman C, Mustafa O.
Increased levels of vascular endothelial growth factor in the
aqueous humor of patients with diabetic retinopathy. Ind J
Ophthalmol. 2010;58:375–379.

85. Srinivas SP. Cell signaling in regulation of the barrier
integrity of the corneal endothelium. Exp Eye Res.
2012;95:8–15.

86. Contreras-Ruiz L, Schulze U, García-Posadas L, et al. Struc-
tural and functional alteration of corneal epithelial barrier
under inflammatory conditions. Curr Eye Res. 2012;37:971–
981.

87. Lee JY, Kim YY, HR Jung. Distribution and characteristics
of peripheral anterior synechiae in primary angle-closure
glaucoma. Kor J Ophthalmol. 2006;20:104–108.

88. Yazu H, Yamaguchi T, Aketa N, et al. Preoperative aque-
ous cytokine levels are associated with endothelial cell loss
after descemet’s stripping automated endothelial kerato-
plasty. Invest Ophthalmol Vis Sci. 2018;59:612–620.

89. Fodor M, Petrovski G, Pásztor D, Gogolák P, Rajnavöl-
gyi É, Berta A. Effects of awakening and the use of topi-
cal dexamethasone and levofloxacin on the cytokine levels
in tears following corneal transplantation. J Immunol Res.
2014;2014:570685.

90. Zhu L, Zhang C, Chuck RS. Topical steroid and non-steroidal
anti-inflammatory drugs inhibit inflammatory cytokine
expression on the ocular surface in the botulinum toxin
B-induced murine dry eye model. Mol Vis. 2012;18:1803–
1812.

91. Engel LA, Muether PS, Fauser S, Hueber A. The effect of
previous surgery and topical eye drops for primary open-
angle glaucoma on cytokine expression in aqueous humor.
Graefes Arch Clin Exp Ophthalmol. 2014;252:791–799.

92. Baudouin C. Detrimental effect of preservatives in eyedrops:
implications for the treatment of glaucoma. Acta Ophthal-
mol. 2008;86:716–726.

93. Noecker R, Miller KV. Benzalkonium chloride in glaucoma
medications. Ocul Surf. 2011;9:159–162.

94. Martinez-de-la-Casa JM, Perez-Bartolome F, Urcelay E,
et al. Tear cytokine profile of glaucoma patients treated
with preservative-free or preserved latanoprost. Ocul Surf
2017;15:723–729.

95. Zhang X, Vadoothker S, Munir WM, Saeedi O. Ocular surface
disease and glaucoma medications: a clinical approach. Eye
Contact Lens. 2019;45:11–18.

96. Xing D, Chiou C, Mannis M, Keltner J. Visual fields and reti-
nal nerve fiber layer thickness after Boston keratoprosthe-
sis. Invest Ophthalmol Vis Sci. 2010;51:1142–1142.

Downloaded from iovs.arvojournals.org on 04/16/2021



 1 

SUPPLEMENTARY TABLES 

 

  

Table S1. Tear cytokine concentrations of KPro eyes with glaucoma based on preoperative diagnosis 

Cytokine 

Corneal 

endothelial 

disorders 

(n=8) 

Trauma 

(n=3) 

Corneal scar 

(n=15) 

Aniridic 

keratopathy 

(n=13) 

Other 

congenital 

anterior 

segment 

disorders 

(n=2) 

P-value 

Eotaxin 22.21±8.60 21.89±4.63 18.11±8.60 20.06±10.50 19.19±8.74 0.480 

FGF-basic 69.56±56.07 68.28±34.21 59.00±57.93 48.91±25.93 76.72±60.49 0.850 

G-CSF  195.54±329.23 64.35±50.72 261.01±652.73 157.92±241.79 52.88±24.81 0.928 

GM-CSF  0 0 0 0 0 - 

IFN-ɣ  11.54±14.0 6.31±5.34 5.81±11.28 5.01±4.60 7.13±9.38 0.971 

IL-1β  15.61±14.33 14.35±7.22 13.42±13.68 10.56±10.00 13.93±7.62 0.762 

IL-1Ra  5641.5±3882.4 3241.31±3937.9 3152.12±2626.2 4573.1±3229 2407.3±574.4 0.326 

IL-2  1.87±1.99 0.60±0.43 1.08±2.01 0.59±0.526 1.40±0 0.623 

IL-4  2.34±0.87 0.47±0.43 2.87±3.28 4.58±6.87 1.57±0 0.320 

IL-5  4.70±5.68 3.16±1.09 2.51±3.18 1.50±1.10 2.01±1.62 0.313 

IL-6  67.47±157.39 11.50±12.88 31.75±78.03 17.84±13.64 13.11±0.26 0.858 

IL-7  4.78±6.84 8.87±0 1.78±1.23 3.87±1.06 0 0.224 

IL-8  576.15±715.83 699.67±1017.3 484.56±661.26 432.84±491.13 169.96±102.16 0.945 

IL-9  19.61±11.76 14.11±4.38 11.42±14.29 21.44±22.71 12.01±10.62 0.587 

IL-10  16.66±16.31 9.88±3.23 17.06±30.46 26.97±73.95 10.21±10.30 0.893 

IL-12p70  21.13±7.39 6.50±3.01 8.41±16.99 8.36±2.57 13.90±0 0.195 

IL-13  26.70±24.08 13.30±9.15 13.02±25.56 8.67±9.08 28.01±0 0.273 

IL-15  8.54±5.57 9.82±3.80 6.76±5.44 7.08±2.90 6.15±4.57 0.459 

IL17A  9.29±10.93 8.00±7.36 6.05±9.38 4.54±4.42 8.2±8.58 0.881 

IP-10  11692±6092 17027±2825 8439±4400 7754±7904 6788±4911 0.132 

MCP-1  251.46±221.80 171.06±85.74 162.34±202.79 281.70±581.01 542.86±288.27 0.212 

MIP-1ɑ  0 0 39.49±21.03 36.77±30.98 0 0.831 

MIP-1β  12.01±15.25 6.34±1.36 13.89±22.01 6.40±5.45 4.45±3.10 0.811 

PDGF-AB/BB  0 112.25±0 361.66±0 0 0 0.317 

TNF-ɑ  6.77±7.79 7.19±2.76 5.86±7.91 4.47±2.29 5.71±7.58 0.668 

VEGF  253.53±177.31 198.95±132.53 236.86±262.95 207.24±211.61 186.51±102.79 0.937 

RANTES  14.31±10.85 11.5±9.19 9.33±8.20 5.99±3.99 4.02±2.43 0.164 

Cytokine concentrations (measured in a percentage (%) of samples in each group named consecutively) are 

expressed in pg/mL as mean ± SD. Concentrations under the limit of detection were assigned the number 0. 

Statistically significant differences between groups are highlighted in bold. 
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Table S2. Tear cytokine concentrations of KPro eyes with glaucoma based on 

prostaglandin analogue drops use 

Cytokine No prostaglandin 

analogue 

(n=9) 

Prostaglandin 

analogue 

(n=32)  

P-value 

Eotaxin 21.44±10.94 19.39±8.16 0.961 

FGF-basic 61.76±32.38 58.74±50.07 0.449 

G-CSF  35.13±39.97 244.15±497.29 0.012 

GM-CSF  0 0 - 

IFN-ɣ  5.91±4.34 6.85±10.72 0.327 

IL-1β  15.75±9.18 12.16±12.36 0.116 

IL-1Ra  4334.17±2840.99 3981.08±3293.94 0.614 

IL-2  0.72±0.47 1.13±1.66 0.606 

IL-4  1.17±0.55 3.24±4.35 0.499 

IL-5  1.77±1.11 2.89±3.69 0.671 

IL-6  10.33±7.92 37.99±93.32 0.244 

IL-7  7.91±9.84 3.04±2.38 0.715 

IL-8  510.84±699.94 479.55±600.96 0.777 

IL-9  13.78±5.67 17.40±17.40 0.833 

IL-10  9.06±10.98 22.13±50.72 0.560 

IL-12p70  7.01±4.84 11.67±14.83 0.887 

IL-13  11.04±9.81 15.76±22.03 0.899 

IL-15  7.73±3.67 7.31±4.79 0.560 

IL17A  6.24±4.79 6.55±8.97 0.419 

IP-10  7863.66±7502.54 9838.04±6016.78 0.469 

MCP-1  180±29±237.00 252.66±397.33 0.571 

MIP-1ɑ  61.71±37.02 31.90±21.88 0.117 

MIP-1β  10.34±14.63 10.14±15.80 0.810 

PDGF-AB/BB  0 0 - 

TNF-ɑ  4.85±3.42 6.02±6.84 0.841 

VEGF  171.30±150.25 240.73±225.35 0.369 

RANTES  8.77±11.40 9.25±6.96 0.299 

Cytokine concentrations (measured in a percentage (%) of samples in each group named 

consecutively) are expressed in pg/mL as mean ± SD. Concentrations under the limit of detection 

were assigned the number 0. 

Statistically significant differences between groups are highlighted in bold. 
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Table S3. Tear cytokine concentrations of KPro eyes with glaucoma based on beta blocker 

drops use 

Cytokine No beta blocker 

(n=10) 

Beta blocker 

(n=31)  

P-value 

Eotaxin 22.62±14.12 18.93±6.12 0.731 

FGF-basic 73.45±69.85 54.88±36.35 0.484 

G-CSF  23.64±15.46 256.15±503.48 0.002 

GM-CSF  0 0 - 

IFN-ɣ  10.77±14.49 5.45±7.54 0.061 

IL-1β  16.82±18.33 11.69±8.57 0.755 

IL-1Ra  30007.24±2516.85 4397.74±3317.47 0.202 

IL-2  1.48±2.32 0.88±1.12 0.784 

IL-4  2.87±3.28 2.74±4.12 1.000 

IL-5  2.68±3.15 2.63±3.42 0.927 

IL-6  9.02±6.22 39.30±94.62 0.089 

IL-7  5.11±6.60 3.19±2.55 1.000 

IL-8  323.71±493.83 538.91±647.48 0.225 

IL-9  18.20±14.62 15.97±15.70 0.550 

IL-10  8.53±14.28 22.73±51.18 0.230 

IL-12p70  12.46±19.30 9.16±8.56 0.947 

IL-13  18.18±29.88 13.24±15.03 0.904 

IL-15  8.26±5.98 7.12±4.04 0.727 

IL17A  8.98±11.85 5.70±6.65 0.336 

IP-10  8165.50±7348.39 9804.37±6037.77 0.466 

MCP-1  61.11±45.55 293.44±406.34 0.008 

MIP-1ɑ  56.82±43.92 33.12±21.77 0.602 

MIP-1β  6.30±3.50 11.26±17.16 0.618 

PDGF-AB/BB  0 0 0.317 

TNF-ɑ  7.21±9.43 5.31±5.00 0.641 

VEGF  254.23±284.97 216.22±186.81 0.879 

RANTES  6.95±4.01 9.85±8.83 0.595 

Cytokine concentrations (measured in a percentage (%) of samples in each group named 

consecutively) are expressed in pg/mL as mean ± SD. Concentrations under the limit of detection 

were assigned the number 0. 

Statistically significant differences between groups are highlighted in bold. 
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Table S4. Tear cytokine concentrations of KPro eyes with glaucoma based on carbonic 

anhydrase inhibitor drops use 

Cytokine No carbonic 

anhydrase inhibitor 

(n=18) 

Carbonic anhydrase 

inhibitor  

(n=23)  

P-value 

Eotaxin 20.11±8.47 19.66±9.13 0.956 

FGF-basic 56.05±30.49 62.04±56.40 0.813 

G-CSF  229.86±603.80 162.24±241.94 0.094 

GM-CSF  0 0 - 

IFN-ɣ  5.79±4.78 7.25±12.04 0.279 

IL-1β  12.63±8.71 13.25±13.90 0.559 

IL-1Ra  3718.64±3172.28 4324.64±3212.28 0.511 

IL-2  0.63±0.548 1.40±1.923 0.670 

IL-4  3.38±5.64 2.23±1.69 0.568 

IL-5  2.04±2.11 3.11±4.01 0.270 

IL-6  28.81±71.23 34.35±92.75 0.636 

IL-7  4.19±6.01 3.49±2.59 0.549 

IL-8  585.08±746.78 409.21±492.17 0.753 

IL-9  18.88±17.36 14.59±13.68 0.352 

IL-10  24.50±62.65 15.17±25.52 0.833 

IL-12p70  6.88±4.38 13.79±17.46 0.949 

IL-13  11.31±9.25 17.68±26.03 0.724 

IL-15  6.96±3.45 7.75±5.27 0.773 

IL17A  5.71±4.93 7.11±10.08 0.758 

IP-10  9344.54±6184.43 9451.68±6569.98 0.895 

MCP-1  163.53±182.37 294.10±459.38 0.528 

MIP-1ɑ  53.56±30.38 27.39±18.61 0.201 

MIP-1β  15.41±21.77 6.20±5.51 0.244 

PDGF-AB/BB  0 0 0.317 

TNF-ɑ  5.37±4.04 6.03±7.54 0.561 

VEGF  217.05±235.79 232.09±195.55 0.379 

RANTES  9.56±10.15 8.81±5.98 0.599 

Cytokine concentrations (measured in a percentage (%) of samples in each group named 

consecutively) are expressed in pg/mL as mean ± SD. Concentrations under the limit of detection 

were assigned the number 0. 

Statistically significant differences between groups are highlighted in bold. 
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Table S5. Tear cytokine concentrations of KPro eyes with glaucoma based on cholinergic 

agonist drops use 

Cytokine No cholinergic agonist 

(n=38) 

Cholinergic agonist 

(n=3)  

P-value 

Eotaxin 19.98±9.06 18.35±3.36 0.837 

FGF-basic 60.55±47.67 44.86±26.55 0.482 

G-CSF  198.19 452.83 0.314 

GM-CSF  0 0 - 

IFN-ɣ  6.80±9.73 3.75±4.19 0.697 

IL-1β  13.32±12.01 8.64±6.83 0.521 

IL-1Ra  4032.64±3213.45 4387.29±3112.60 0.764 

IL-2  1.09±1.48 0.24±0.07 0.424 

IL-4  2.98±3.97 0.16±0 0.109 

IL-5  2.68±3.42 2.20±1.78 0.960 

IL-6  33.44±86.11 12.65±12.25 0.652 

IL-7  3.61±3.82 4.53±6.14 0.855 

IL-8  458.83±592.29 835.94±934.53 0.515 

IL-9  17.26±15.64 8.04±4.21 0.275 

IL-10  20.31±46.88 6.05±5.46 0.564 

IL-12p70  10.80±13.14 4.37±0 0.710 

IL-13  15.02±20.42 10.05±10.20 0.960 

IL-15  7.25±4.58 9.28±4.12 0.317 

IL17A  6.70±8.34 3.86±4.91 0.448 

IP-10  8818.71±6159.99 16826.46±2971.30 0.040 

MCP-1  242.99±380.19 158.11±77.48 0.726 

MIP-1ɑ  0 0 - 

MIP-1β  10.51±15.99 6.46±1.56 0.469 

PDGF-AB/BB  0 0 - 

TNF-ɑ  5.85±6.41 4.48±2.79 0.958 

VEGF  222.31±217.86 265.78±117.13 0.250 

RANTES  8.77±7.98 13.82±7.67 0.147 

Cytokine concentrations (measured in a percentage (%) of samples in each group named 

consecutively) are expressed in pg/mL as mean ± SD. Concentrations under the limit of detection 

were assigned the number 0. 

Statistically significant differences between groups are highlighted in bold. 
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Table S6. Tear cytokine concentrations of KPro eyes with glaucoma based on alpha 

agonist drops use 

Cytokine No alpha agonist 

(n=19) 

Alpha agonist 

(n=22)  

P-value 

Eotaxin 19.92±8.00 19.79±9.56 0.871 

FGF-basic 54.36±26.39 63.76±58.85 0.637 

G-CSF  241.72±604.30 147.44±196.81 0.302 

GM-CSF  0 0 - 

IFN-ɣ  3.94±3.81 8.97±12.18 0.326 

IL-1β  12.00±7.70 13.76±14.33 0.796 

IL-1Ra  3786.38±3431.87 4293.68±2985±47 0.347 

IL-2  0.69±0.50 1.14±1.66 0.768 

IL-4  1.71±1.17 3.23±4.61 0.877 

IL-5  2.99±4.07 2.34±2.57 0.522 

IL-6  52.60±119.75 14.05±11.12 0.464 

IL-7  5.25±5.56 2.90±2.69 0.317 

IL-8  480.39±555.64 491.63±674.83 0.714 

IL-9  11.75±8.76 21.59±19.14 0.254 

IL-10  14.74±26.59 23.17±57.10 0.844 

IL-12p70  4.24±4.81 16.44±15.56 0.035 

IL-13  8.24±7.69 19.64±24.70 0.584 

IL-15  5.88±2.31 8.72±5.53 0.056 

IL17A  4.85±3.77 7.95±10.52 0.942 

IP-10  8234.30±6584.75 10415.39±6059.14 0.308 

MCP-1  237.50±263.96 236±443.26 0.896 

MIP-1ɑ  51.39±27.26 28.84±23.21 0.136 

MIP-1β  7.60±10.90 12.64±18.61 0.098 

PDGF-AB/BB  0 0 - 

TNF-ɑ  3.80±2.63 7.60±7.92 0.115 

VEGF  209.23±195.43 239.53±228.03 0.629 

RANTES  8.43±7.46 9.76±8.52 0.497 

Cytokine concentrations (measured in a percentage (%) of samples in each group named 

consecutively) are expressed in pg/mL as mean ± SD. Concentrations under the limit of detection 

were assigned the number 0. 

Statistically significant differences between groups are highlighted in bold. 
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Table S7. Tear cytokine concentrations of KPro eyes with glaucoma based on steroid 

drops use 

Cytokine No steroid drops 

(n=1) 

Steroid drops  

(n=40)  

P-value 

Eotaxin 21.80±0 19.80±8.85 0.461 

FGF-basic 28.05±0 60.19±46.73 0.219 

G-CSF  935.04±0 172.71±428.35 0.111 

GM-CSF  0 0 - 

IFN-ɣ  0 0 - 

IL-1β  0 0 - 

IL-1Ra  13737.33±0 3816.62±2800.08 0.091 

IL-2  0 0 - 

IL-4  3.33±0 2.71±4.05 0.285 

IL-5  17.51±0 2.27±2.34 0.091 

IL-6  456.04±0 21.31±48.43 0.091 

IL-7  3.12±0 3.79±4.07 0.901 

IL-8  1632.26±0 457.78±594.34 0.176 

IL-9  32.84±0 15.71±15.09 0.174 

IL-10  40.48±0 18.73±45.70 0.150 

IL-12p70  0 0 - 

IL-13  0 0 - 

IL-15  4.66±0 7.47±4.57 0.422 

IL17A  0 0 - 

IP-10  5033.67±0 9513.92±6365.68 0.554 

MCP-1  491.27±0 230.41±369.12 0.176 

MIP-1ɑ  0 0 - 

MIP-1β  3.27±0 10.38±15.53 0.399 

PDGF-AB/BB  0 0 - 

TNF-ɑ  3.41±0 5.81±6.27 0.722 

VEGF  478.89±0 219.15±210.19 0.205 

RANTES  19.78±0 8.88±7.89 0.176 

Cytokine concentrations (measured in a percentage (%) of samples in each group named 

consecutively) are expressed in pg/mL as mean ± SD. Concentrations under the limit of detection 

were assigned the number 0. 

Statistically significant differences between groups are highlighted in bold. 
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Table S8. Tear cytokine concentrations of KPro eyes with glaucoma based on prior 

incisional glaucoma surgery 

Cytokine No incisional 

glaucoma surgery 

(n=17) 

Incisional glaucoma 

surgery 

(n=24)  

P-value 

Eotaxin 20.68±6.81 19.30±9.93 0.176 

FGF-basic 53.75±29.48 63.41±55.69 0.989 

G-CSF  155.73±256.38 221.94±545.97 0.927 

GM-CSF  0 0 - 

IFN-ɣ  5.08±5.71 7.97±11.88 0.985 

IL-1β  12.87±7.49 13.04±14.00 0.415 

IL-1Ra  4925.40 4110.19 0.543 

IL-2  0.67±0.730 1.36±1.88 0.375 

IL-4  3.24±4.77 2.00±2.03 0.558 

IL-5  2.67±4.04 2.62±2.80 0.508 

IL-6  42.29±106.96 24.57±62.45 0.064 

IL-7  2.84±2.78 4.64±4.86 0.406 

IL-8  704.22±784.74 332.15±411.33 0.255 

IL-9  21.58±17.47 12.52±12.42 0.054 

IL-10  34.63±67.13 8.38±11.36 0.038 

IL-12p70  7.21±6.37 12.69±16.06 0.747 

IL-13  11.67±10.79 17.35±25.56 0.496 

IL-15  7.80±3.43 7.12±5.23 0.118 

IL17A  5.66±5.44 7.02±9.55 0.964 

IP-10  9201.24±6561.11 9548.72±6289.97 0.812 

MCP-1  213.63±198.21 253.17±453.78 0.397 

MIP-1ɑ  40.64±22.82 35.07±31.56 0.465 

MIP-1β  13.81±20.51 7.42±9.50 0.408 

PDGF-AB/BB  0 0 - 

TNF-ɑ  6.13±176.36 6.13±4.16 0.063 

VEGF  284.32±258.47 183.81±164.09 0.404 

RANTES  1-.97±9.87 7.84±6.22 0.427 

Cytokine concentrations (measured in a percentage (%) of samples in each group named 

consecutively) are expressed in pg/mL as mean ± SD. Concentrations under the limit of detection 

were assigned the number 0. 

Statistically significant differences between groups are highlighted in bold. 
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Table S9. Tear cytokine concentrations of KPro eyes with glaucoma based on open or 

closed iridocorneal angle 

Cytokine Open angle 

(n=4) 

Closed angle 

(n=29)  

P-value 

Eotaxin 19.22±3.24 20.49±10.16 0.588 

FGF-basic 45.83±23.89 62.09±52.23 0.489 

G-CSF  457.33±423.67 187.47±491.89 0.029 

GM-CSF  0 0 - 

IFN-ɣ  3.86±2.48 7.86±10.99 0.933 

IL-1β  12.70±6.26 13.24±13.45 0.722 

IL-1Ra  7748.13±5000.70 3845.68±2869.12 0.110 

IL-2  0.24±0.19 1.34±1.70 0.131 

IL-4  1.63±1.60 3.27±4.58 0.782 

IL-5  5.36±8.11 2.60±2.65 0.741 

IL-6  129.37±218.15 24.41±56.54 0.225 

IL-7  2.65±1.52 5.17±4.65 0.414 

IL-8  939.48±889.33 386.93±499.07 0.270 

IL-9  20.00±11.41 18.20±17.54 0.678 

IL-10  20.60±19.98 18.30±50.01 0.439 

IL-12p70  4.37±0 12.41±14.34 0.527 

IL-13  13.37±5.50 16.52±22.41 0.529 

IL-15  9.77±4.83 7.44±4.96 0.307 

IL17A  5.07±4.32 7.06±9.30 0.890 

IP-10  11627.49±5774.92 9046.95±6618.95 0.508 

MCP-1  217.52±191.46 243.48±416.82 0.473 

MIP-1ɑ  0 0 - 

MIP-1β  18.08±24.10 7.43±8.89 0.566 

PDGF-AB/BB  0 0 - 

TNF-ɑ  4.51±2.32 5.98±7.00 0.768 

VEGF  334.17±192.88 212.05±223.51 0.098 

RANTES  19.44±13.44 7.83±6.36 0.027 

Cytokine concentrations (measured in a percentage (%) of samples in each group named 

consecutively) are expressed in pg/mL as mean ± SD. Concentrations under the limit of detection 

were assigned the number 0. 

A total of 33 eyes (80.5%) out of 41 had reliable anterior segment OCT allowing for concentration 

comparisons. 

Statistically significant differences between groups are highlighted in bold. 
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SUPPLEMENTARY FIGURE S1 

 

 

 

 

Figure S1. Scatter plots of correlations between cup-to-disk ratio (CDR) and tear cytokine 

concentrations in KPro eyes. Significant correlations between (A) CDR and FGF-basic 

(pg/mL), (B) CDR and IFN-ɣ, (C) CDR and IL-1β, and (D) CDR and TNF-ɑ are shown. Rho (r) 

and P-values were calculated with Spearman’s rank correlation test. 
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