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Purpose: To compare the effect of three commonly prescribed anti-inflammatory eye
drops on corneal epithelial cells in vitro.

Methods: Three different lines of human corneal epithelial cells were tested: primary
cells cultured from donor tissue, commercially available primary cells, and immortal-
ized cells. Cells were seeded on 96-well plates and treated with the following eye drops:
cyclosporine 0.05%, lifitegrast 5%, and tacrolimus 0.03% or 0.1%. Exposure times tested
were 30 seconds, 1 minute, 2 minutes, 1 hour, 2 hours, 4 hours, and 24 hours. Brightfield
images and viability assays were analyzed 48 to 72 hours after the initiation of treat-
ments. At least five replicates were tested per drug and time exposure.

Results:Commercially obtainedprimary cells showed reducedviability following1hour
with tacrolimus 0.1% (8%; P = 0.043%) and 4 hours with tacrolimus 0.03% (17%; P
= 0.042%). Lifitegrast exposure reduced primary cell viability after 4 hours (10%; P =
0.042). Cell viability in primary cells was not deleteriously affected following exposure
to cyclosporine for up to 4 hours. A similar trend was observed in both primary cells
cultured from donor tissue and immortalized human corneal epithelial cells, demon-
strating greater decreases in cell viability in tacrolimus compared to lifitegrast and
cyclosporine. Light microscopy imaging for analysis of cell morphology and confluence
supported the results.

Conclusions: Tacrolimus showed the highest impact on corneal epithelium survival in
vitro, and cyclosporine proved the most protective.

TranslationalRelevance:Comparing anti-inflammatory eyedrops on corneal epithelial
cells in vitro may inform eye drop selection and development for clinical purposes.

Introduction

One common condition associated with inflam-
mation of the ocular surface is dry eye disease
(DED). Dry eye–associated inflammation can lead
to a variety of symptoms, including ocular discom-
fort, visual disturbances, and red eye.1 The armamen-
tarium of anti-inflammatory eye drops for the treat-
ment of DED is wide and constantly evolving.2,3 The
principal commercially available anti-inflammatory eye

drops for the treatment of DED in the United States,
cyclosporine (CsA) ophthalmic emulsion 0.05% and
lifitegrast ophthalmic solution 5.0%, may be inter-
changeably prescribed. Tacrolimus has been well estab-
lished in ophthalmology for the treatment of many
conditions, including uveitis, corneal transplant rejec-
tion, and keratoconjunctivitis.4 For DED, treatment
using tacrolimus initially started with off-label use
of its skin ointment. Only more recently has its
efficacy been explored in clinical trials and experimental
studies and found to improve the status of the ocular
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surface in patients with Sjögren’s syndrome–related
DED.5,6

Studies comparing the effect of the above eye
drops on corneal cells in vitro, however, are scarce.7
Although these drops have clinically been found to
be protective and reduce corneal damage in DED
patients,8–11 treatment-related discomfort such as
instillation site burning and/or stinging sensation may
limit patient adherence with treatment.5–7,12–17 Clini-
cally, the mechanism underlying these reported adverse
effects is not well understood, as these symptoms are
not typically accompanied by corresponding changes
from baseline on slit-lamp examination.18 Therefore, it
is important to explore the impact of these drugs on
corneal cells at a microscopic level to investigate poten-
tial causes such as epithelial cell toxicity.

The epithelial cytotoxic effect of eye drops such
as benzalkonium chloride–preserved anti-glaucoma
medications19,20 and natural tear substitutes21 has
been thoroughly investigated utilizing cultured human
ocular surface cells, as well as in vivo confocal
microscopy.22,23 Studies comparatively analyzing the
in vitro or in vivo effect of anti-inflammatory dry
eye drops on human ocular surface cells, however, are
limited. Our study aimed to evaluate and compare the
effect of CsA, lifitegrast, and tacrolimus eye drops in an
in vitromonolayer model of primary and immortalized
human corneal epithelial (HCE) cells.

Materials and Methods

Donor Tissue

Human donor corneas, authorized for use for
both clinical and research purposes by the decedents’
families, were obtained from the San Diego Eye Bank
(San Diego, CA). Unutilized corneoscleral rims were
collected after trephination of full-thickness grafts
for transplant surgery. Tissue was then preserved in
OptiSol-GS (Bausch & Lomb, Rochester, NY) at 4°C
for up to 72 hours until processing. Eleven corneas
from 10 donors were used for this study. Donors’
ages ranged from 48 to 78 years, with a median of
70.5 years.

Primary Cell Cultures

Primary HCE cells were either cultured from
donor tissues or obtained from the American Type
Culture Collection (PCS-700-010; ATCC, Manassas,
VA). For HCE cell cultures from donor tissues, the
corneoscleral donor tissue rims collected as described
previously were washed in phosphate-buffered saline

(PBS, 21-040-CM; Corning, Inc., Corning, NY) and
subsequently incubated at 37°C for 1 hour in 1-
mg/mL Dispase II (D4693; MilliporeSigma, Burling-
ton, MA) dissolved in HyClone Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F12,
SH30023.01; Cytiva, Marlborough, MA). The epithe-
lium was stripped off with gentle scraping using
a surgical knife (ExactEtch; Cytosol Ophthalmics,
Lenoir, NC) from the limbus to the center into
PBS. The tissue was centrifuged at 1000 revolu-
tions per minute for 5 minutes, and the cells were
suspended in 1mL corneal epithelial cell medium (PCS-
700-030; ATCC) supplemented with corneal epithe-
lial cell growth kit medium (PCS-700-040; ATCC),
33-μM Phenol red (P0290-100ML; MilliporeSigma),
and 0.1× Antibiotic-Antimycotic (15240062; Thermo
Fisher Scientific, Waltham, MA). Cells were plated on
a 12-well plate and cultured at 37°C with 5% CO2 in a
humidified incubator until 80% to 100% confluent; the
medium was changed three times a week. Then, cells
were transferred to a six-well plate and finally passaged
onto a 96-well plate for experiments. For passage,
cells were digested by TrypLE (12604013; Thermo
Fisher Scientific) for 5 minutes. All plates were coated
with FNC Coating Mix (Athena Enzyme Systems,
Baltimore, MD). Cells obtained from ATCC were
treated according to the manufacturer’s instructions
with Corneal Epithelial Cell Basal Medium (PCS-700-
030; ATACC) and Corneal Epithelial Cell Growth Kit
(PCS-700-040; ATCC). Experiments were conducted
on passage 2 in a 96-well plate.

Immortalized Cell Cultures

Immortalized human corneal epithelial (iHCE) cells
were previously described by Shalom-Feuerstein et al.24
Cells were generously provided by the Ruby Shalom-
Feuerstein laboratory (Technion, Israel Institute of
Technology, Haifa, Israel). Cell medium was prepared
using DMEM/F12 (01-170-1A; Biological Indus-
tries, Beit-Haemek, Israel) with 5% FBS (04-001-1B;
Biological Industries), 5-μg/mL insulin (I9278; Milli-
poreSigma), 0.5% dimethyl sulfoxide (D2650; Milli-
poreSigma), 10-ng/mL EGF (PHG0311L; Rhenium
Research Laboratory Equipment, Modi’in-Maccabim-
Re’ut, Israel), and 1% penicillin–streptomycin (03-031-
1B; Biological Industries). Cells were cultured at 37°C
with 5% CO2 in a humidified incubator.

In Vitro Treatments

The following anti-inflammatory drops were used
for this study: CsA ophthalmic emulsion 0.05%
(Restasis; Allergan, Irvine, CA), lifitegrast ophthalmic
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solution 5.0% (Xiidra; Shire, Lexington, MA), and
tacrolimus 0.06% eye drops (Concept for Pharmacy,
Kefar Saba, Israel) or 0.1% ophthalmic drops (San
Diego Optimum Compounding Pharmacy, San Diego,
CA). Tacrolimus 0.06% eye drops were further diluted
in culture medium to prepare two testing drugs
containing 0.03% and 0.1% tacrolimus, respectively.

When primary HCE cells obtained from ATCC and
iHCE cells reached full confluence, cells were treated
with 20% of the tested drug or 0.9% saline and 80%
medium. The following drugs were tested: CsA 0.05%,
lifitegrast 5.0%, and tacrolimus 0.03% or 0.1%. Treat-
ment times tested for each drug were 30 seconds,
1 minute, 1 hour, and 4 hours. Following treatment,
cells were rinsed twice with PBS and the medium was
replaced. Brightfield images were captured in the center
of each well using a 10× lens 72 hours after the initia-
tion of treatments.

For validation and evaluation of time and concen-
tration effect, the experiment was repeated withmodifi-
cations on a separate line of primary cells cultured
from human donor tissue as previously described. This
time, cells were treated with 10% of the tested drug
or balanced salt solution (BSS) and 90% medium.
The treatments (CsA 0.05%, lifitegrast 5.0%, and
tacrolimus 0.1%) were applied for 2 minutes, 1 hour,
2 hours, 4 hours, and 24 hours. The BSS group was
compared to a no-treatment group.

Survival Assays

Cell survival was assessed using the XTT Cell
proliferation kit (20-300-1000; Biological Industries) or
CellTiter-Glo Luminescent Cell Viability Assay based
on adenosine triphosphate quantification (G7570;
Promega, Madison, WI). Assays were conducted 48 to
72 hours after applying the different treatments accord-
ing to manufacturer’s instructions. At least five repli-
cates were performed for each tested drug or control at
each time point.

Statistical Analysis

Statistical analysis was performed using JMP (SAS
Institute, Cary, NC). At first, the non-parametric
Kruskal–Wallis test was performed on a set of groups.
Then, the Wilcoxon test with Steel adjustment was
performed to obtain the statistical significance of
individual groups compared to the control group.
Comparisons between drugs were conducted using
two-tailed Student’s t-test statistical analysis (*P <

0.05, **P < 0.01).

Results

Concentration-Dependent Effect of
Anti-Inflammatory Eye Drops on Primary
HCE Cells

The cell viability analysis for primary HCE cells
obtained from ATCC after treatment exposure is
summarized in Figure 1. Cell survival, normalized to
saline exposure, was significantly reduced after the 4-
hour treatment with tacrolimus 0.03% (survival rate,
17%; SE = 3.59; n = 5; P = 0.042) (Fig. 1A) and
after 1-hour treatment with tacrolimus 0.1% (8%; SE=
1.13; n = 5; P = 0.043) (Fig. 1B). Lifitegrast decreased
cell viability after 4 hours (10%; SE = 2.21; n = 5; P
= 0.042) (Fig. 1C). Cell viability on primary corneal
epithelial cells was not altered following CsA treatment
for up to 4 hours compared to saline (Fig. 1D).

To validate these results in a second line of primary
cells and for individual variations, primary HCE cells
derived from at least three different donors were tested,
this time with longer time exposures (up to 24 hours)
and a lower concentration: 10% of each drug in 90% of
regular growth medium (Fig. 2). We noticed a signifi-
cant decrease in cell survival only after 24 hours with
CsA treatment (26%; SE = 10.6; n = 6; P = 0.022)
(Fig. 2D) and lifitegrast (15%; SE = 5.63; n = 6; P =
0.022) (Fig. 2C). Tacrolimus 0.1% showed significant
decreases after 1 hour (5.7%; SE = 2.95; n = 14; P =
0.0002 ) (Fig. 2B). BSS exposure did not have a deleteri-
ous effect on cell survival compared to the no-treatment
group (Fig. 2A).

Representative pictures of primary corneal epithe-
lial cells derived fromdonors at critical time points after
the start of drug application are shown in Figure 3.
In conditions where cell survival was significantly
decreased (Figs. 3C, 3E), cells showed various morpho-
logical changes such as interrupted connections, cellu-
lar elongation, and enlargement. At earlier and less
toxic stages (Fig. 3D), cell shrinkage can be observed.
As controls, XTT assays performed on both primary
and immortalized cell cultures showed no significant
differences in cell survival between cells treated with
PBS and those treated with saline (Supplementary
Fig. S1).

Effect of Anti-Inflammatory Eye Drops on
iHCE Cells

Results were further tested on another in vitro
model of corneal epithelial cells. Comparison of
treatments on immortalized epithelial cell cultures is
summarized in Figure 4. Cell viability was signifi-
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cantly impaired on immortalized cells following 30-
second treatment with tacrolimus 0.03% (3%; SE =
0.19; n = 4; P = 0.015%) (Fig. 4A) and tacrolimus
0.1% (3%; SE = 0.44; n = 5; P = 0.006%) (Fig. 4B).
Of note, although significant decreases in cell viability
were observed after 30 seconds, 1 hour, and 4 hours, no
significant difference in cell viability was observed in
the 1-minute treatment of tacrolimus 0.03% (Fig. 4A).
Lifitegrast decreased cell viability after 1-hour treat-
ment on immortalized cells (1%; SE = 0.39; n = 5; P =
0.006) (Fig. 4D). Cell viability was not altered follow-
ing CsA treatment compared to saline, and a signifi-
cantly higher viability was noted on immortalized cells
treated for 1 hour (111%; SE = 2.79; n = 5; P = 0.016)
(Fig. 4C).Grossmorphology in vitro changes following
different treatments and time exposures in immortal-
ized cells are demonstrated by brightfield microscopy
images (Fig. 5). Imaging of immortalized epithelial
cells supported quantitative data from survival assays
and demonstrated altered morphology, elongation of

cells, and disruption to intercellular connections with
decreased cell survival. A visualization and comparison
of the overall results on cell survival in both primary
and immortalized cell lines are shown in Figure 6.

Discussion

Our study comparatively evaluated the in vitro
effects of three common anti-inflammatory eye drops
that are used in the treatment of DED. The results
demonstrate a significant impact on cell viability of
tacrolimus 0.1% and 0.03% in comparison to saline
and BSS in models of both primary human corneal
epithelial cells and immortalized human corneal epithe-
lial cells. Due to tear dilution and rapid clearance of eye
drops from the ocular surface within minutes,25 effects
at shorter periods of exposure and lower concen-
trations most likely have higher clinical relevance in
mimicking physiologic conditions of a single eye drop

Figure 1. Effect of dry eye drugs on commercially obtained primary epithelial cell cultures. Primary epithelial cell cultures obtained from
ATCC treatedwith (A) tacrolimus 0.03%, (B) tacrolimus 0.1%, (C) lifitegrast, and (D) cyclosporine for 30 seconds, 1minute, 1 hour, and 4 hours.
Cell survival was analyzed using the XTT assay after 72 hours and normalized to treatments with saline.
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Figure 2. Effect of dry eye drugs on primary epithelial cell cultures from corneal transplant donor tissue. Testing eye drops in a separate
primary cell line for validation using a lower concentration and longer treatment time (compare with Fig. 1). Primary epithelial cell cultures
were treated with (A) BSS as control, (B) tacrolimus 0.1%, (C) lifitegrast, and (D) cyclosporine for 2 minutes, 1 hour, 2 hours, 4 hours, and
24 hours. Cell survival was analyzed using the CellTiter-Glo Luminescent Cell Viability Assay after 48 hours.

instillation. Longer time durations may have some
utility for chronic eye drop users.

There are several potential explanations for why
tacrolimus decreased cell viability at significantly
shorter time durations than CsA or lifitegrast.
Tacrolimus is known to be a powerful immunosup-
pressive and anti-inflammatory drug and is estimated
to be 10 to 100 times more potent than CsA,26 despite
having a similar molecular mechanism of action. The
potency of tacrolimus for a variety of inflammatory
diseases of the anterior segment could explain both its
clinical efficacy and its increased toxicity. One theory is
that transient toxicity may allow for better penetrance

to the cornea, as a similar mechanism has been seen
with other known corneal penetration-enhancer drugs
such as ethylenediaminetetraacetic acid and preserva-
tives such as benzalkonium chloride. These penetration
enhancers are known to temporarily alter the corneal
epithelial structure, which can cause mild irritation
but has the advantage of allowing more drug to pass
through the cornea.27

More research is needed to reconcile the epithe-
lial effect of tacrolimus with its clinical efficacy and
potential. In a 2018 report, the application of 0.03%
or 0.1% tacrolimus ointment to rat eyes significantly
delayed epithelial healing and induced apoptosis; of
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Figure 3. Representative pictures of cultured primary corneal epithelial cells at critical time points after the start of drug application. Phase
contrast pictures of primary cells 24 hours after start of drug application with (A) untreated control, (B) BSS for 24 hours, (C) cyclosporine for
24 hours, (D) lifitegrast for 4 hours, and (E) tacrolimus for 1 hour. Note that BSS did not affect survival of cells but did alter transparency of
the cells. Cells treated with 10% tested drug, 90% normal growth medium. Scale bar: 50 μm.

note, when the authors treated primary corneal epithe-
lial cells to concentrations of 0% to 0.003% for 24
hours, they did not observe significantly decreased cell
viability. These concentrations were significantly lower
than those tested in our study (0.006%, 0.02%, and
0.01% after accounting for dilution). Thus, tacrolimus
may be significantly more cytotoxic at high concentra-
tions butmore comparable to the other eye drops tested
at lower concentrations. It is important to consider
what concentrations would most accurately generalize
to physiologic conditions in an in vitro study. Reports
estimate that atmost 5%of a drop penetrates the ocular
structures, with the rest primarily draining through
the nasolacrimal duct or being diluted by tears.28,29
Another study showed that Restasis had limited deliv-
ery of CsA to the cornea compared to alternative
cationic emulsions.30 Our results do not negate the
many studies supporting the efficacy and safety of
tacrolimus as a treatment for DED but rather empha-
size the importance of finding an optimum formula-
tion that minimizes epithelial damage. Future research
to evaluate the impact of concentration could test CsA

and lifitegrast at different formulations and dilutions,
in addition to tacrolimus. This could include 0.09%
CsA drops (Cequa; Sun Pharmaceutical Industries,
Princeton, NJ) or 2% compounded CsA drops.

The question remains whether our findings of the
transient effect of tacrolimus versus CsA, and lifite-
grast directly correlates to a clinical comparison of the
three formulations. Our findings support the hypoth-
esis that tacrolimus drops may lead to more frequent
or severe complaints of adverse effects such as ocular
stinging or burning. However, head-to-head compar-
isons of tacrolimus, lifitegrast, and CsA in clinical trials
as treatments for DED are limited. A 2021 compari-
son of tacrolimus and CsA for the treatment of DED
demonstrated that the two had comparable efficacy,
but the authors did not comment on the incidence of
adverse effects.5 Rates of adverse events vary among
reports, with one clinical trial of dry eye patients treated
with 0.03% tacrolimus drops showing that virtually all
patients complained of moderate burning sensation
for approximately 30 minutes after instillation of eye
drops.31 Hence, understanding epithelial toxicity and
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Figure 4. Effect of dry eye drugs on immortalized epithelial cell cultures. Immortalized epithelial cell cultures treated with (A) tacrolimus
0.03%, (B) tacrolimus 0.1%, (C) lifitegrast, and (D) cyclosporine for 30 seconds, 1minute, 1 hour, and 4 hours. Cell survival was analyzed using
the XTT assay after 72 hours and normalized to treatments with saline.

its relation to adverse effects has the potential to help
improve patient adherence to these drugs.

Interestingly, in our study, CsA demonstrated a
protective effect on the survival of immortalized epithe-
lial cells in comparison to saline. This may be within
expected lines, as ophthalmic emulsion of CsA has
been previously been shown to induce a cytoprotective
anti-apoptotic effect in vitro,10 and it corroborates well
with the significant body of clinical evidence support-
ing the efficacy of CsA in patients with dry eye.32,33

There were several limitations to this study. First,
we examined the effect of eye drops by measuring
increases or decreases in cell viability. We intention-
ally quantified cell viability 3 days following treatments
to test the end effect on cell survival, allowing the
cells to either heal from any toxicity or execute the
apoptotic program initiated by the drops. This exper-
imental plan does not allow us to elucidate the molecu-
lar mechanisms leading to corneal epithelial cell death.
Future experiments using gene expression profiling
are needed to characterize the inflammatory markers
and pathways responsible for these results. Further-
more, we applied the commercial eye drop emulsion

to best model treatment in a real-life setting, but, as a
result, we are unable to attribute the observed effects
in this study to a single ingredient in the solution as
marketed. Of note, as none of the eye drops used in this
study contained preservatives, we did control for the
presence of certain preservatives that are known toxins
to the cornea.34 Last, in this study, we applied eye drop
emulsions to cultures of monolayer corneal epithelial
cells. Prior studies have demonstrated that the stratified
corneal epithelium model20 more closely mimics the
layered human corneal epithelium in vivo, including the
ability to test its barrier properties. However, in testing
drug toxicity, the monolayer model has showed non-
inferiority and enables high multi-well testing capac-
ity.35 Monolayer cells have furthermore been shown to
be comparable in evaluation of cellular toxicity to both
three-dimensional36 and in vivo models.37

Finally, some increased variability and unexpected
findings were observed in our treatment groups. Lifite-
grast and tacrolimus had more rapid-onset effects
on cell viability in iHCE cells compared to primary
cells. This may be due to differences in gene expres-
sion profile in iHCE cells that could lead to altered
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Figure 5. Immortalized human corneal epithelial cells morphology following anti-inflammatory treatments. Brightfield images of iHCE
cells 72 hours following treatments with saline (A, F, K, P), cyclosporine (B, G, L, Q), lifitegrast (C, H, M, R), tacrolimus 0.03% (D, I, N, S), and
tacrolimus 0.1% (E, J, O, T). Treatment times: 30 seconds (A–E), 1 minute (F–J), 1 hour (K–O), and 4 hours (P–T). Cells treated with 20% tested
drug, 80% normal growth medium. Scale bar: 200 μm.

Figure 6. Comparison of eye drop effect on immortalized and commercially obtained primary epithelial cell cultures (a visualization
of Figs. 1 and 4). Impact of cyclosporine, lifitegrast, and tacrolimus (0.03% and 0.1%) on the percentage of cell survival measured at
30 seconds, 1 minute, 1 hour, and 4 hours.

growth and heterogeneity.35 Still, similar overall trends
were observed, which turns this into an advantage, as
performing our study inmultiple cell lines allowed us to
validate and control for possible variation between cell
lines and laboratories.38 Additionally, when immortal-
ized cells were treated with tacrolimus 0.03% (Fig. 4),
there was a significant decrease in cell survival at
30 seconds, 1 hour, and 4 hours of exposure but
surprisingly not at 1 minute. This variability is most
likely caused by the hydrophobic characteristics of
tacrolimus, which does not make a homogeneous

mixture as readily with the cell medium and thus could
create different concentrations of the drug near the
surface of the cells. This observation is relevant to the
physiologic conditions of dry eye treatment, as surface
irregularity may lead to altered concentration of the
drug on different areas of the ocular surface.

Our findings on the effect of three anti-
inflammatory eye drops on corneal epithelial cells
in vitro have several translational implications. The
sensitive detection of cytotoxicity and every effort to
minimize it are of utmost importance, particularly
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because patients with more severe dry eye also simul-
taneously use eye drops more frequently, have reduced
tear turnover rate, and have more susceptible corneal
epithelium.39,40 Patients with more susceptible corneal
epithelium may benefit from eye drops that have more
cytoprotective properties and less cytotoxic properties
toward corneal epithelial cells both in vitro and in vivo.

Conclusions

The impact on corneal epithelial cell culture viabil-
ity was most pronounced in tacrolimus-containing eye
drops and observed in CsA and lifitegrast at longer
time durations at the concentrations tested. These
findings may serve as a useful resource in the selection
and development of anti-inflammatory eye drops for
clinical purposes and provide further insights into the
study of inflammatory and cell death pathways.
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