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Abstract: Dry eye disease (DED) is a multifactorial disease of the ocular surface and tear 
film that has gained awareness as a public health problem. Characteristics of DED include 
tear film instability, hyperosmolarity, and ocular surface inflammation, which can occur 
independently or may be a sequela of numerous ocular diseases, ocular surgery or contact 
lens wear. Much has been learned about the impact of the disease to help affected individuals 
who report symptoms of poor vision, pain, and tearing. Recently, new research highlights the 
importance of the role of ocular surface inflammation and damage in DED—leading to 
a vicious cycle of inflammation as well as loss of tear film homeostasis. DED immunopatho-
physiology is characterized by four stages: initiation, amplification, recruitment, and re- 
initiation. Cyclosporine is proven to be a valuable ophthalmic therapeutic for DED through 
its immunomodulatory actions and regulation of the adaptive immune response. 
Cyclosporine mechanism of action is well described in the published literature and the 
myriad of benefits in all four stages lend a broad-based immunomodulatory function parti-
cularly suitable for addressing DED. Furthermore, cyclosporine has unique goblet cell 
density improvement capabilities as well as anti-apoptotic properties. Topical formulations 
of cyclosporine are centered around addressing the highly lipophilic nature of the molecule. 
The poor aqueous solubility of cyclosporine traditionally presented technical challenges in 
drug delivery to the ocular surface. Newer formulations such as cationic emulsions and 
nanomicellar aqueous solutions address formulation, tissue concentration, and drug delivery 
challenges. 
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Introduction
Dry eye disease (DED), also known as keratoconjunctivitis sicca (KCS), is 
a common disorder of the eye affecting more than 16 million people in the US.1 

The prevalence of DED ranges from 5% to 33% worldwide with increased pre-
valence among adult women and Asians.1,2 Symptoms of DED include discomfort, 
pain, burning, foreign body sensation, and visual disturbances.1 Dry eye negatively 
affects the patient’s quality of life and results in approximately $4 billion in annual 
costs in the US.3,4

Dry eye is commonly seen alongside many ocular disorders including glaucoma, 
cataracts, and refractive errors.5–7 Pharmacological treatments for ocular disorders 
often contain preservatives such as benzalkonium chloride.8 These preservatives can 
cause DED signs and symptoms including decreased epithelial cell integrity, increased 

Correspondence: Laura M Periman  
Periman Eye Institute, Seattle, WA, USA  
Email dryeyemaster@gmail.com

submit your manuscript | www.dovepress.com Clinical Ophthalmology 2020:14 4187–4200                                                                 4187

http://doi.org/10.2147/OPTH.S279051 

DovePress © 2020 Periman et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Clinical Ophthalmology                                                                        Dovepress
open access to scientific and medical research

Open Access Full Text Article

C
lin

ic
al

 O
ph

th
al

m
ol

og
y 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0001-9036-5158
http://orcid.org/0000-0003-1390-2532
mailto:dryeyemaster@gmail.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


epithelial cell apoptosis, eye irritation, and increased risk for 
ocular allergies and delayed hypersensitivity reactions.8,9 

Surgical interventions to treat ophthalmic disorders and dis-
eases can also cause dry eye due to the resultant inflammation 
from the length of time in surgery, incision site disruption to 
the corneal nerves, and type of post-surgical medication.10–12 

Post-trabeculectomy patients have elevated tear film osmo-
larity and symptoms of dry eye;13 intraoperative use of 
lubricating substances can decrease post-surgical dry eye 
symptoms and treatment with dry eye medication post- 
operatively can help alleviate surgery-induced dry eye.11,14 

Dry eye symptoms following cataract surgery occur in 42%, 
15%, and 9% of eyes of patients at 1 week, 1 month, and 3 
months after surgery, respectively.12 Additionally, new 
research demonstrates the bilateral impact on the corneal 
sub-basal nerve complex after cataract surgery, potentially 
explaining worse dry eye symptoms after cataract surgery on 
the second eye.10

The Tear Film & Ocular Surface Society Dry Eye 
Workshop II (TFOS DEWS II) developed an evidence- 
based definition of DED in recognition of its multifactorial 
nature.5 This key working definition of DED published in 
2017 states:

Dry eye is a multifactorial disease of the ocular surface 
characterized by a loss of homeostasis of the tear film, and 
accompanied by ocular symptoms, in which tear film 
instability and hyperosmolarity, ocular surface inflamma-
tion and damage, and neurosensory abnormalities play 
etiological roles.5 

Activation of ocular surface inflammation is characterized 
by four broad stages: initiation, amplification, recruitment 
and damage/self-perpetuation.15

In general, the aberrant activation of innate immunity by 
hyperosmolarity and desiccating stress, along with loss of 
immunoregulatory controls, results in the conversion to 
adaptive immunity and sets up a series of vicious 
circles.15–17 This perpetuating cycle of DED is governed by 
several immunopathophysiological events starting with 
hyperosmolarity.18 Tear hyperosmolarity causes damage to 
the surface epithelium, beginning with an increase in the 
mitogen-activated protein kinase (MAPK) and nuclear factor 
kappa B on the ocular surface.18–21 The activation of MAPK 
triggers the secretion of inflammatory mediators, which facil-
itate activation of resident dendritic cells and T-cell recruit-
ment to the ocular surface.20,21 Additional inflammatory 
mediators are released from recruited T cells, which compro-
mises the lacrimal functional unit further, adding to tear 

hyperosmolarity, which further accentuates cellular damage 
and loss of epithelial and goblet cells—all leading to 
a progressive cycle of tear film instability and inflammation 
(Figure 1).18,21 Goblet cell loss leads to disturbances in 
mucin production and loss of immunoregulation from trans-
forming growth factor (TGF)-b22—resulting in epithelial 
damage and inflammatory cytokine activation. The resultant 
tear film instability exacerbates ocular surface hyperosmo-
larity and compounds the vicious cycle.18,19

Cyclosporine A is a neutrally charged hydrophobic 
molecule with low aqueous solubility, which poses chal-
lenges in making a safe and effective ocular drug delivery 
system.23 Cyclosporine A reduces the underlying inflam-
mation associated with DED that interferes with tear 
production.24,25 Initially, cyclosporine A ophthalmic solu-
tions were formulated in oil-based solvents such as castor 
oil or corn oil; however, oils caused side effects such as 
blurred vision, burning, and stinging, and were poorly 
tolerated.23 Additionally, these oils provided low bioavail-
ability of cyclosporine A to the ocular targets.26,27 The 
limitations of oil-based cyclosporine A formulations lead 
to a need for cyclosporine A formulations with improved 
tolerability and bioavailability.

This review covers the immunopathophysiology of 
DED as well as the mechanism of action of cyclosporine 
A and its role in modulating ocular inflammation, com-
pares the current ophthalmic cyclosporine A formulations, 
and discusses the limitations and challenges of using 
cyclosporine A for the treatment of DED.

Ocular Inflammation in the 
Pathogenesis of DED
The chronic inflammation that accompanies DED involves 
the innate and adaptive immune response and progresses 
through four stages: initiation, amplification, recruitment 
and damage/re-initiation (Figure 1).15 Throughout the 
inflammatory response, immune cells release proinflam-
matory cytokines and chemokines, which recruit more 
immune cells and eventually results in a vicious cycle of 
inflammation that does not resolve (Table 1).18,20

During the initiation stage, ocular stress increases inflam-
matory cytokine expression and activates MAPKs, including 
c-Jun N-terminal kinase (JNK), extracellular signal-related 
kinase, and p38.28 JNK causes transcription of matrix metal-
loproteases (MMPs).29 Natural killer (NK) cells, macro-
phages, and dendritic cells are all involved in this 
phase.15,18 NK cells promote inflammation, which 
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contributes to DED through a variety of mechanisms, includ-
ing secreting interferon (IFN)-γ and stimulating antigen- 
presenting cells (APCs).30 IFN-γ, a pro-inflammatory 
cytokine, upregulates a cluster of differentiation (CD)4+ 

T cell-associated chemokines.31 Stimulated APCs expressing 
major histocompatibility complex class II (MHCII) promote 
differentiation and mediate the survival of CD4+ T cells.32,33 

In a mouse model of DED, NK cell depletion decreased 
interleukin (IL)-17A-producing CD4+ T cells in the ocular 
surface on day 5 following desiccant stress exposure and 
reduced expansion of two subsets of APCs, 
CD11b+MHCII+ and CD11c+MHCII+.34 This suggests NK 
cells play a role in the inflammatory response of DED.

Macrophages can function as APCs to T cells and are 
reciprocally activated by T cells.35 Pro-inflammatory macro-
phages secrete T cell attracting cytokines (IL-1β, tumor necro-
sis factor-α [TNF-α], IL-12 and IL-23) as well as chemokines 
(C-X-C motif chemokine ligand [CXCL] 9 and CXCL10) that 
induce recruitment of T-helper (Th)1 and Th17 inflammatory 
T cells which then may lead to tissue damage.36 In an experi-
mental mouse model of DED, macrophage depletion reduced 
the expression of inflammatory mediators including IL-1β, IL- 
6, IL-17, and C-C motif chemokine ligand (CCL) 5 and CD4+ 

T cells.37 CCL5 attracts T cells and has been found to be 

significantly increased in the tears of patients with DED.38 

Similarly, IL-6 expression increases in patients with DED and 
is associated with the release of MMPs, decreased tear produc-
tion, cell death, and Th17 cell differentiation.20,38,39

Dendritic cells act as the primary APC, and corneal 
dendritic cell density increases in DED.40 Dendritic cell 
maturation is induced by CCL19 and CCL21, two 
C-C motif chemokine receptor (CCR)7 ligands.41,42 These 
ligands also enhance the proliferation of T cells.41,42 CCL19 
additionally up-regulates co-stimulatory molecules: CD86, 
CD80, and CD40 on dendritic cells.42 CCR7 expression 
increases during the maturation of dendritic cells.42 

Increased receptor expression allows more ligand binding 
and facilitates interactions with T cells that also express 
CCR7 and bind CCL19 and CCL21. In a mouse model of 
DED, culture of CCR7+CD11b+ dendritic cells with IFN- 
γ−IL-17−CD4+ T cells stimulated T cell proliferation and 
T cell IL-17 expression.43 Thereby, CCR7 expression signif-
icantly contributes to the inflammatory response in DED. 
Blockade of CCR7 with a topical solution of rat anti-CCR7 
impairs the induction of acute DED and the progression of 
acute to chronic DED as measured by corneal fluorescein 
staining.44 This results from reduced inflammatory cytokine 
expression at the ocular surface and retention of epithelial 

Figure 1 Stages of dry eye disease and primary effectors. 
Abbreviations: APC, antigen-presenting cell; ERK, extracellular-signal-regulated kinase; CCL, C-C motif chemokine ligand; CXCL, C-X-C motif chemokine ligand; IFN, 
interferon; IL, interleukin; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MMP, matrix metalloproteinases; NK, natural killer; Th, T-helper; TNF, 
tumor necrosis factor.
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Table 1 Molecules Involved in the Inflammatory Response of 
Dry Eye Disease

Molecule Reference

CCL2 Nicolle P, Int J Mol Sci, 201840

CCL3/MIP1α Schaumburg CS, J Immunol, 201137 

Lam H, Am J Ophthalmol 200938

CCL5/RANTES Schaumburg CS, J Immunol, 201137 

Lam H, Am J Ophthalmol 200938

CCL19 Marsland BJ, Immunity, 200542

CCL20 Coursey TG, PLoS One, 201346 

Dohlman TH, Invest Ophthalmol Vis Sci, 201347

CCL21 Gollmer K, Blood, 200941 

Marsland BJ, Immunity, 200542

CCR2 Nicolle P, Int J Mol Sci, 201840

CCR6 Coursey TG, PLoS One, 201346 

Dohlman TH, Invest Ophthalmol Vis Sci, 201347

CCR7 Kodati S, Invest Ophthalmol Vis Sci, 201444 

Marsland BJ, Immunity, 200542

CX3CL1/fractaline Enriquez-de-Salamanca A, Mol Vis, 201056

CXCL9 Coursey TG, J Immunol, 201431 

Arango Duque G, Front Immunol, 201436

CXCL10 Coursey TG, J Immunol, 201431 

Arango Duque G, Front Immunol, 201436

CXCL12 Nicolle P, Int J Mol Sci, 201840

CXCR3 Coursey TG, PLoS One, 201346

CXCR4 Nicolle P, Int J Mol Sci, 201840

EGF Lam H, Am J Ophthalmol 200938

ICAM-1 Bang SP, PLoS One, 201968

IFN-γ Pflugfelder SC, Invest Ophthalmol Vis Sci, 201550 

Coursey TG, J Immunol, 201431 

Zhang X, Exp Eye Res, 201452 

Coursey TG, PLoS One, 201346 

Dohlman TH, Invest Ophthalmol Vis Sci, 201347 

Zhang X, Invest Ophthalmol Vis Sci, 201151 

Chen Y, J Leukoc Biol, 201130 

Lam H, Am J Ophthalmol 200938

IL-1α Marko CK, Am J Pathol, 201354 

Lam H, Am J Ophthalmol 200938

IL-1β Bang SP, PLoS One, 201968 

Arango Duque G, Front Immunol, 201436 

Kodati S, Invest Ophthalmol Vis Sci, 201444 

Marko CK, Am J Pathol, 201354 

Schaumburg CS, J Immunol, 201137 

Lam H, Am J Ophthalmol 200938

IL-1Ra Enriquez-de-Salamanca A, Mol Vis, 201056

(Continued)

Table 1 (Continued). 

Molecule Reference

IL-2 Ames P, Clinical investigation, 201567 

Matsuda S, Immunopharmacology, 200065 

Matsuda S, J Biol Chem, 199866

IL-4 Matsuda S, Immunopharmacology, 200065

IL-6 Bang SP, PLoS One, 201968 

Kothari P, J Immunol, 201439 

Coursey TG, PLoS One, 201346 

Dohlman TH, Invest Ophthalmol Vis Sci, 201347 

Schaumburg CS, J Immunol, 201137 

Enriquez-de-Salamanca A, Mol Vis, 201056 

Lam H, Am J Ophthalmol 200938

IL-8/CXCL8 Enriquez-de-Salamanca A, Mol Vis, 201056 

Lam H, Am J Ophthalmol 200938

IL-10 Lam H, Am J Ophthalmol 200938

IL-12 Arango Duque G, Front Immunol, 201436

IL-13 Zhang X, Exp Eye Res, 201452 

Coursey TG, PLoS One, 201346

IL-17 Ji YW, Invest Ophthalmol Vis Sci, 201443 

Kodati S, Invest Ophthalmol Vis Sci, 201444 

Coursey TG, PLoS One, 201346 

Dohlman TH, Invest Ophthalmol Vis Sci, 201347 

Zhang X, PLoS One, 201234 

Schaumburg CS, J Immunol, 201137 

Chauhan SK, J Immunol, 200948

IL-23 Arango Duque G, Front Immunol, 201436 

Dohlman TH, Invest Ophthalmol Vis Sci, 201347

MMP-1 Li DQ, Invest Ophthalmol Vis Sci, 200429

MMP-3 Kodati S, Invest Ophthalmol Vis Sci, 201444 

Coursey TG, PLoS One, 201346 

Dohlman TH, Invest Ophthalmol Vis Sci, 201347

MMP-9 Kothari P, J Immunol, 201439 

Coursey TG, PLoS One, 201346

MMP-13 Li DQ, Invest Ophthalmol Vis Sci, 200429

NFκB Du, J Immunol, 200924

TGF-β2 Contreras-Ruiz L, PLoS One, 201522

TNF-α Bang SP, PLoS One, 201968 

Arango Duque G, Front Immunol, 201436 

Kodati S, Invest Ophthalmol Vis Sci, 201444 

Marko CK, Am J Pathol, 201354

VCAM-1 Bang SP, PLoS One, 201968

Abbreviations: CCL, C-C motif chemokine ligand; CCR, C-C motif chemokine 
receptor; CXCL, C-X-C motif chemokine ligand; CXCR, C-X-C motif chemokine 
receptor; EGF, epidermal growth factor; ICAM, intercellular adhesion 
molecule; IFN, interferon; IL, interleukin; IL-1Ra, interleukin 1 receptor antagonist; 
MIP, macrophage inflammatory protein; MMP, matrix metalloprotease; NFκB, 
nuclear factor kappa B; RANTES, regulated upon activation normal T cell expressed 
and secreted; TGF, transforming growth factor; TNF, tumor necrosis factor; VCAM, 
vascular cell adhesion molecule.
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cell integrity due to decreased expression of MMP-3, TNF-α, 
IL-1β and Th17 cell secreted IL-17 after CCR7 blockade.44 

In an in vivo study of cyclosporine A treated dendritic cells, 
CCR7 expression was inhibited while maintaining normal 
expression of CCR1, CCR2, and CCR5 antibodies—result-
ing in decreased expression of inflammatory cytokines.45 

Subsequently, cyclosporine A actively counters the inflam-
matory response through inhibition of CCR7, disturbance of 
dendritic cell migration, and interaction with T cells—mod-
ulating the adaptive immune response.45

The initiation phase transitions to the amplification 
stage as pro-inflammatory cytokine expression and T-cell- 
attracting chemokine expression increase APC activity and 
production of CD4+ T-cell subsets, resulting in amplifica-
tion of the immune response.15 The resultant cytokine, 
chemokine, and immune cell presence drive the inflamma-
tory response to the next stage.

During the recruitment stage, activated T-cells migrate to 
the conjunctival stroma where they reactivate resident APCs, 
and the T cells are recruited to the ocular surface.15 

Desiccating stress increases the number of 
CD4+CCR6+IL-17+ and CD4+ C-X-C motif chemokine 
receptor (CXCR)3+IFN-γ+ Th17 and Th1 cells in an experi-
mental mouse model of DED, respectively.46 Th17 expres-
sion of CCR6 and Th1 expression of CXCR3 is necessary for 
the development of DED; mice that lack these receptors do 
not develop DED, and IL-6, IL-13, IL-17A, IFN-γ, MMP-3, 
and MMP-9 expression is inhibited.46 Additionally, the 
expression of CCL20 and CCR6 ligand at the ocular surface 
is also decreased in DED.47 Blocking CCL20 inhibits Th17 
cell migration to the ocular surface and decreases IL-6, 
IL-23, MMP-3, TNF-α, and IFN-γ messenger (m)RNA 
expression in the conjunctiva.47 Th17 cells are resistant to 
T regulatory cell (Treg) functions and antagonistic to Treg 
activity.48 Blockade of IL-17, a cytokine produced by Th17 
cells, restored Treg function in mice treated with anti-IL-17 
antibody compared to control mice.48 Desiccating stress also 
increases expression of Th1-associated chemokines, CXCL9 
and CXCL10, via NK-cell mediated IFN-γ expression.31 

Resultantly, Th1 and Th17 cytokines damage the ocular sur-
face and reinitiate the inflammatory cycle.

Throughout the first three stages of the chronic inflam-
matory response, increased TNF-α and IFN-γ expression 
cause epithelial cell apoptosis and goblet cell loss, 
respectively.49,50 Excessive loss of goblet cells and epithelial 
apoptosis may result in a loss of immunoregulatory mechan-
isms, allowing the immune response to be amplified.15 In 
a desiccating stress mouse model of DED, IFN-γ knockout 

mice had less active caspase 3 and caspase 8, indicating 
decreased apoptosis.51 Similarly, topical neutralization of 
IFN-γ with rat anti-mouse IFN-γ IgG1 decreased desiccating 
stress-induced conjunctival goblet cell loss, reduced epithe-
lial apoptosis, and increased IL-13 expression.52 Goblet cells 
provide essential immunoregulatory functions by secreting 
TGF that downregulates dendritic cell expression of MHC 
class II and co-stimulatory molecules CD80, CD86 and 
CD40. These actions help to maintain the immature and 
immunotolerant state of the dendritic cell, which prevents 
T cell activation.22 Further evidence of the immunoregula-
tory role of goblet cells is seen in a goblet cell-deficient and 
SAM-pointed domain epithelial-specific transcription factor 
(Spdef)-null (sterile α motif pointed domain epithelial- 
specific transcription factor) mouse model, where findings 
mimicking DED in human patients was seen with increased 
macrophages and CD11b+CD11c+ dendritic cells53 as well as 
increased expression of proinflammatory IL-1α, IL-1β, TNF- 
α.54 An increase in macrophages and dendritic cells leads to 
the recruitment of T cells and supports the continued release 
of inflammatory mediators as well as tissue damage.

Numerous cytokines and chemokines have altered expres-
sion in DED and contribute to the severity of symptoms. In 
a cohort of patients with DED, CCL2, CCR2, and CXCR4 
mRNA levels significantly increased, while CXCL12 levels 
trended towards an increase.40 All these molecules modulate 
nociceptive signals and drive nerve pain.40,55 Concentrations 
of IL-8 (CXCL8), and macrophage inflammatory protein 
(MIP)-1α (CCL3) were significantly increased in the tears of 
patients with DED, while epidermal growth factor (EGF) con-
centrations were significantly decreased.38 The severity of 
irritation symptoms positively correlated with IL-6 and IL-8 
concentrations, and Schirmer scores positively correlated with 
EGF and inversely correlated with IL-10, IL-8, MIP-1α, IL-1α, 
IL-1β, IL-6, IL-1Ra, fractalkine (CX3CL1), IP-10 (CXCL10) 
and vascular endothelial growth factor concentrations.38,56 

EGF negatively correlated with corneal fluorescein staining 
and conjunctival lissamine green staining, but IFN-γ, IL-8, 
MIP-1α, IL-1α, IL-1β and IL-6 concentrations positively cor-
related with these scores.38,56

Mechanism of Action of 
Cyclosporine A
Cyclosporine A was isolated from the fungus 
Tolypocladium inflatum.57 The immunosuppressive activ-
ity of cyclosporine was discovered in 1976, leading to 
immunological tests and investigations into its structure 
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and synthesis.58 Cyclosporine A was the first immunosup-
pressive drug that allowed selective immunoregulation of 
T cells without excessive toxicity and was used in routine 
organ transplantation to counter graft rejection.59

Topical cyclosporine A was developed to increase tear 
production in patients with DED who are refractory to 
conservative treatments such as ocular lubricants and lid 
hygiene, and its efficacy is well established.60,61 TFOS 
DEWS II recommends a stepwise approach to DED treat-
ment, starting with education, dietary modification, lid 
hygiene, lubricating eye drops, and environmental 
modifications.5,61 If patients with DED are not adequately 
treated with ocular lubricants or lid hygiene, non- 
pharmacologic treatment can be used along with prescrip-
tion medications such as topical cyclosporine A.61,62 

However, because of the increasing awareness of the 
chronic and progressive nature of DED, cyclosporine 
A is also used for less severe DED in clinical practice.3

Cyclosporine A is a calcineurin inhibitor that exerts 
immunomodulatory effects by blocking T cell infiltration, 
activation, and the subsequent release of inflammatory 
cytokines.25,63,64 It enters the cytoplasm of T cells, binds 
to cyclophilin, and forms a cyclosporine A/cyclophilin 
complex that prevents calcineurin-mediated de- 
phosphorylation of nuclear factor of activated T cells and 
the transcription of cytokine genes, including those of IL-2 
and IL-4.65 Cyclosporine A additionally inhibits p38 acti-
vation and JNK activation, which lead to IL-2 
production.66 The subsequent reduction in IL-2 levels 
further reduces the function of effector T cells.67

The action of cyclosporine A on T cells is the primary 
mechanism for DED symptom improvement; however, its 
effects may extend beyond T cell modulation. Twice-daily 
treatment for 2 weeks with cyclosporine A decreased 
expression of proinflammatory cytokines and chemokines 
IL-1β, TNF-α, IL-6, intercellular adhesion molecule 1, and 
vascular cell adhesion molecule 1 in a murine model of 
benzalkonium chloride-induced DED.68 Outside of DED, 
cyclosporine A affects cytokine expression and MHC 
expression. In an experimental rat model of autoimmune 
uveitis, cyclosporine A decreased levels of IL-1, IL-6, and 
TNF-α relative to the uveitis-induced placebo group.69

Moreover, cyclosporine A protects human conjunctival 
epithelial cells via its anti-apoptotic action, as well as 
improves conjunctival goblet cell density and corneal sur-
face integrity via its immunomodulatory activities.25,61 

Cyclosporine A blocks mitochondrial permeability transi-
tion pore opening in mitochondria, Fas/Fas ligand 

upregulation, and caspase activation,25 which are consid-
ered important aspects of its therapeutic efficacy for ocular 
inflammation in DED (Figure 2).25 The reduction in T cell 
recruitment and activation by cyclosporine A decreases 
IFN-γ expression, which has been linked to epithelial cell 
and goblet cell apoptosis.50,70

Cyclosporine A for the Treatment 
of Surgically Induced Dry Eye
Surgical intervention is sometimes required to address 
ophthalmic diseases.6,13,61 Glaucoma, a major cause of 
blindness, is often treated with topical medications, but 
when medications are ineffective or contraindicated, sur-
gery may be necessary.13 Visually significant cataracts 
may also require surgical removal.71 These surgical inter-
ventions may cause nerve damage or inflammation result-
ing in symptoms that mimic DED. Moreover, the type of 
equipment used during surgery can influence the develop-
ment of dry eye symptoms and the necessity for post- 
operative dry eye treatment.72 New confocal microscopic 
evidence from cataract surgeries demonstrates surgical 
insult to the first eye creates corneal nerve sub-basal 
changes in both eyes, which may compromise the lacrimal 
functional unit.10

Cyclosporine A provides additional treatment options 
for patients with surgically induced dry eye. In a study of 
DED, dry eye symptoms increased at 1 month following 
laser-assisted in-situ keratomileusis (LASIK), but the use 
of topical cyclosporine A 0.05% emulsion improved 
post-LASIK dry-eye symptoms for up to 1 year, return-
ing symptoms to preoperative baseline levels.73 

Similarly, in a study of patients with dry eye following 
cataract surgery, dry eye symptoms improved from base-
line after 3 months of twice-daily treatment with cyclos-
porine A.14 These findings are supported by an in vivo 
confocal microscopy study in patients with DED, in 
which twice-daily cyclosporine 0.05% ophthalmic emul-
sion administration increased intermediate epithelial cell 
density and decreased the morphologic markers of 
inflammation and nerve damage.74

Cyclosporine A for the Treatment 
of Dry Eye Associated 
Comorbidities
Chronic DED can often result in mechanical stress on the 
ocular surface—leading to continuous erosion and damage 
to corneal and conjunctival tissue.75 In a case series of 
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patients with recurrent corneal erosions and refractory 
persistent epithelial defects, treatment with cyclosporine 
A 0.05% improved tear film stability, reduced recurrent 
corneal erosions, and completely healed areas of previous 
epithelial loss.75 Moreover, the reduction in recurrent cor-
neal erosions paralleled improvements observed in DED 
signs and symptoms, indicating the decrease in ocular 
inflammation by cyclosporine A helped reduce mechanical 
stressors on the eye and improved epithelial integrity.75 

Notably, in a recent review of ophthalmic medications 
with antiviral properties, the use of cyclosporine A for 
the potential treatment of coronavirus disease 2019- 
induced conjunctivitis was suggested based on its shown 
antiviral activity against hepatitis C virus, flavivirus, and 
influenza.76 Although treatment for coronavirus-induced 
conjunctivitis with cyclosporine A is not known, patients 
with DED experiencing secondary viral infections affect-
ing the ocular surface may benefit from cyclosporine 
A treatment.

Comparing Ophthalmic 
Cyclosporine A Formulations
Cyclosporine A has traditionally been formulated as an oil- 
based preparation due to its high lipophilicity and poor 
water solubility.23,67 However, oil-based solutions often 
have poor tolerability and low bioavailability.67 Due to the 
lipophilic nature of cyclosporine A, it has a greater affinity 
for an oil-based vehicle than for the target tissues. 

Therefore, aqueous delivery systems aim to increase cyclos-
porine A bioavailability and reduce adverse reactions.67

An ophthalmic emulsion of 0.05% cyclosporine 
A (Restasis®; Allergan, Inc., Irvine, CA, USA) was the 
first topical cyclosporine A approved by the US Food and 
Drug Administration (FDA) in 2003 to increase tear pro-
duction in patients whose tear production is presumed to 
be suppressed due to ocular inflammation associated with 
KCS (Table 2).23,60,61 It is a preservative-free anionic oil- 
in-water formulation comprising castor oil with polysor-
bate 80 and carbomer copolymer acting as an emulsifying 
and stabilizing agent, respectively.23 In two multicenter, 
randomized, phase 3 trials, twice-daily administration of 
cyclosporine A 0.05% emulsion for 6 months significantly 
improved corneal staining and anesthetized Schirmer’s 
tear test values from baseline compared with vehicle 
(P ≤0.05).77 Conjunctival staining in temporal and nasal 
conjunctival zones improved significantly from baseline in 
both cyclosporine A 0.05% emulsion and vehicle groups, 
but there was no significant difference between cyclospor-
ine A 0.05% emulsion and vehicle.77 Cyclosporine 
A 0.05% emulsion significantly (P <0.001) improved tear 
film breakup time in patients with DED at month 6 in 
a phase 4 trial.78 Approximately 43% of treated patients 
experienced adverse events (AEs), the most frequent being 
instillation site reactions including burning and pain.78

A cationic nanoemulsion of cyclosporine A (Ikervis®; 
Santen SAS, Evry, France) (Table 2) was approved by the 

Figure 2 Mechanism of action of cyclosporine A. (A) Inactivates T cells. (B) Inhibits the release of inflammatory cytokines. (C) Prevents apoptosis of conjunctival epithelial 
cells. (D) Induces apoptosis of activated T cells. 
Abbreviations: CsA, cyclosporine A; CyP, cyclophilin; Iĸßα, nuclear factor of ĸ light polypeptide gene enhancer in ß-cell inhibitor, alpha; IL-2, interleukin 2; MPTP, 
mitochondrial permeability transition pore; NFAT, nuclear factor of activated T cells; NFkB, nuclear factor of kappa B; P, phosphorylated.
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European Medical Agency in 2015 for patients with severe 
keratitis that has not improved with artificial tears.23,79 In 
a phase 3 study, the cationic emulsion of cyclosporine 
A significantly improved corneal staining over 6 months 
compared with vehicle (P = 0.037).80 However, in the 
combined outcome of improvement of ≥2 grades in cor-
neal staining and improvement of ≥30% in ocular surface 
disease index, the cationic emulsion was not significantly 
different than vehicle.80 Furthermore, a greater number of 
patients in the emulsion group vs vehicle group experi-
enced instillation discomfort (29.2% vs 8.9%) and 10% in 
the cationic emulsion group discontinued the study.80

OTX-101 0.09% (CEQUA™; cyclosporine A 0.09%; 
Sun Pharmaceutical Industries, Inc., Princeton, NJ, USA) 
is a clear, aqueous nanomicellar formulation approved by 
the FDA in 2018 to increase tear production in patients 
with KCS (Table 2).81,82 Nanomicelles are amphiphilic 
molecules that self-assemble into typical nanometer-sized 
supramolecular aggregates above the critical micelle con-
centration in an aqueous medium. Hydrophobic interac-
tions of core-forming units drive the micelle formation 
with a water-insoluble or hydrophobic core and an outer 

water-soluble or hydrophilic shell.82 Thus, the nanomi-
celles encapsulate hydrophobic cyclosporine A within 
their hydrophilic cores, and that, in turn, favors dispersion 
and solubility of cyclosporine A into the precorneal tear 
film.82,83 The small size of nanomicelles (10–80 nm; aver-
age of 22 nm) may also allow diffusion through scleral 
aqueous pores (20–80 nm in size).83

Phase 2b/3 and 3 clinical studies showed twice-daily 
administration of OTX-101 0.09% was superior to vehicle 
in increasing tear production and improving ocular signs, 
including conjunctival and corneal staining in patients 
with DED as early as 4 weeks.84–87 In a pooled analysis 
of phase 2b/3 and 3 trials, OTX-101 0.09% significantly 
improved total corneal staining on day 28 vs vehicle (P = 
0.0008),85 and significantly reduced total conjunctival 
staining from baseline vs vehicle (P = 0.0316) was seen 
on day 28.86 This reduction in conjunctival and corneal 
staining suggests an improvement in ocular surface integ-
rity and DED pathology, as indicated in previous studies 
involving a different cyclosporine A formulation.77 By day 
84, significantly more patients had an increase in 
Schirmer’s score of ≥10 mm from baseline in the OTX- 

Table 2 Comparison of Approved Formulations of Cyclosporine A

Name Formulation Composition Advantages Limitations

Restasis® Emulsion Anionic oil in water 
emulsion60,77,78

● At 6 months, corneal staining, Schirmer’s 
score, tear breakup time and subjective 

patient symptoms improved vs 

vehicle77,78

● Disperses easily over the ocular surface23

● Low bioavailability of CsA to the ocular 
surface26

● Patients frequently reported discom-

fort on instillation78

Ikervis® Emulsion Cationic emulsion 
0.1%19,79,80

● At 6 months, global symptom and corneal 

staining scores had improved from 
baseline19

● Greater bioavailability of CsA to ocular 

tissues vs anionic emulsion23

● Administered once-daily79

● Low bioavailability of CsA to ocular 

tissues26

● No significant change in corneal stain-

ing scores of number of patients 

achieving improved OSDI scores vs 
vehicle19,80

● High patient dissatisfaction and reports 

of ocular discomfort19

CEQUA™ Aqueous 

nanomicellar 
solution

OTX-101 0.09% 

cyclosporine A, 
aqueous nanomicellar 

solution81,84,87

● Corneal staining scores improved at 4 

weeks with continued improvement for 

the duration of the study84,87

● Conjunctival staining scores improved at 

6 weeks vs vehicle with continued 

improvement throughout study84,87

● At 3 months, Schirmer’s scores improved 

vs vehicle84,87

● Efficacy in patients with severe KCS has 

not yet been determined62,87

Notes: Adapted with permission from Dove Medical Press Ltd. Jerkins GW, Pattar GR, Kannarr SR. A Review of Topical Cyclosporine A Formulations-A Disease-Modifying 
Agent for Keratoconjunctivitis Sicca. Clin Ophthalmol. 2020;14:481–489.100 

Abbreviations: CsA, cyclosporine A; KCS, keratoconjunctivitis sicca; OSDI, ocular surface disease index.
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101 0.09% group vs vehicle (16.6% vs 9.0%, respectively, 
P <0.0001).88

The majority of enrolled patients on OTX-101 0.09% 
completed phase 2b/3 and 3 studies (93%), with ≤2.9% with-
drawing due to AEs.84,86 During the 3-month treatment period, 
instillation site pain was the most frequent AE (15.1% and 
24.2% of patients in the phase 2b/3 and phase 3 studies, 
respectively).84,87 Most treatment-emergent AEs (TEAEs) 
were mild or moderate and resolved without treatment.84 

There were no serious TEAEs.84,86,87 In patients receiving 
OTX-101 0.09%, 3.3% and 3.5% of patients withdrew from 
treatment due to treatment-emergent AEs in the phase 2b/3 and 
phase 3 studies, respectively.84,87

A preclinical study in New Zealand white rabbits 
demonstrated a higher cyclosporine A concentration after 
a single dosing of OTX-101 0.05% compared with the 
cyclosporine A 0.05% emulsion in most ocular tissue 
samples, including the cornea (2.18-fold) and superior 
bulbar conjunctiva (1.76-fold) with minimal systemic 
exposure.89 There was a dose-related increase in cyclos-
porine A with repeat dosing of OTX-101 0.05%, which 
also resulted in higher concentrations of cyclosporine A in 
ocular tissues and aqueous humor than in the cyclosporine 
A 0.05% emulsion.89

Differences in Delivery Vehicles
Cyclosporine A 0.05% ophthalmic emulsion is formulated 
in a homogenous emulsion of glycerin (2.2%), castor oil 
(1.25%), polysorbate 80 (1.00%), carbomer copolymer 
type A (0.05%), purified water (to 100%) and sodium 
hydroxide for pH adjustment.60,67 Other common formula-
tion strengths include 0.5%, 1%, and 2%.67 Injectable 
cyclosporine A in artificial tears is often used in lower- 
dose formulations (0.5% and 1%), while higher-dose (2%) 
formulations are compounded utilizing the oral solution of 
cyclosporine A in sterile corn or olive oil.67 Tolerability of 
injectable cyclosporine A is poor due to the high alcohol 
content—limiting its use to lower-dose formulations.67 

However, oil-based deliveries such as oily vehicles or oil- 
in-water emulsions may pose similar challenges to toler-
ability such as irritation and blurred vision.27

Cyclosporine A ophthalmic formulations containing 
lipids are prepared as emulsions, which can be classified 
as either macroemulsions, nanoemulsions, or microemul-
sions based on lipid droplet size.61 Smaller droplet size 
minimizes adverse effects such as discomfort or blurring 
upon instillation.61 Consequently, in patients with the aqu-
eous tear-deficient form of dry eye and an increased lipid 

tear film, lipid-based formulations may cause increased 
discomfort when applied.

Aqueous vehicle preparations were developed with dif-
ferent variations of nanoparticle-based suspensions and/or 
micellar or nanomicellar solutions (eg, OTX-101).23,90 

Preclinical studies support the superior tolerability and 
greater bioavailability of cyclosporine A with micellar solu-
tions vs oil-based emulsions; the bioavailability exceeds that 
of cyclosporine 0.05% ophthalmic emulsion and cationic 
emulsions.90 Moreover, some cationic emulsions potentially 
induce corneal epitheliopathy, disrupt corneal barrier func-
tion, and increase metabolic stress in rabbit corneas.91 In 
contrast, aqueous vehicles can deliver therapeutically active 
cyclosporine A levels to tissues of the anterior and posterior 
ocular segments.67 Outcomes from this study also suggest 
higher bioavailability and lower elimination rates compared 
with cyclosporine 0.05% ophthalmic emulsion.67

Additionally, buffering agents used in cyclosporine 
A ophthalmic formulations are important to patient comfort 
and safety as well as pharmacologic activity. Buffers are not 
only necessary to stabilize a formulation’s pH for optimal 
solubility, tolerability, and activity but should also simulate 
the natural system of the tear film.92 To date, the most com-
monly used buffers in ophthalmic formulations include citrate, 
phosphate, Tris-HCl, and borate.92 Although AEs with citrate, 
Tris-HCl, and borate are not commonly reported in the litera-
ture, phosphate buffers may induce corneal calcification.92 In 
a recent study evaluating buffer-induced cytotoxicity in 
a human corneal epithelial and conjunctival cell model, both 
citrate and phosphate buffers resulted in significant cytotoxic 
effects at high concentration levels and long incubation times 
in a cell model of ocular epithelial tissue.92 For currently 
approved cyclosporine A formulations, sodium hydroxide 
and sodium phosphate monobasic dihydrate are used as buffer-
ing agents for cyclosporine 0.09% ophthalmic solution (OTX- 
101),81 while sodium hydroxide is the sole buffering agent in 
both cyclosporine A 0.05% ophthalmic emulsion and cyclos-
porine A 0.1% ophthalmic emulsion.60,79

Alternative Current Pharmacologic 
Treatments for DED
According to TFOS DEWS II, the management of DED 
should be performed in an individualized, step-wise 
approach.61 Although ocular lubricants are commonly 
used in the management of early DED, they fail to address 
the underlying causes of DED and only deliver palliative 
care.61 Consequently, many patients who are refractory to 
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over-the-counter lubricants turn to prescription medica-
tions including limited-duration topical corticosteroids, 
topical antibiotics (eg, tetracyclines), lymphocyte func-
tion-associated (LFA) antigen-1 antagonist, topical secre-
tagogues, and cyclosporine.61 While topical corticosteroids 
demonstrate effective interruption of the inflammatory and 
immune response cycle of DED, long-term use can present 
complications such as ocular hypertension and opportunis-
tic infections.61,93 Tetracyclines are broad-spectrum anti-
biotics possessing anti-inflammatory properties that 
effectively treat disorders associated with DED;61 how-
ever, risks associated with long-term use of tetracyclines 
are unknown and long-term use could lead to potential 
antibiotic resistance. The topical secretagogue diquafosol 
tetrasodium is approved for the treatment of DED in Japan 
and South Korea, though in the US, it did not meet 
primary and secondary endpoints in phase 3 clinical trial 
and did not receive FDA approval.61,94 Lifitegrast 
(Xiidra®, Novartis, Basel, Switzerland), a 5% ophthalmic 
solution of the LFA antigen-1 antagonist, is approved for 
the treatment of signs and symptoms of DED.95 Lifitegrast 
targets inflammation by inhibiting T cell recruitment, 
T cell activation, and subsequent cytokine release.96

Limitations and Challenges of 
Cyclosporine A for the Treatment 
of Dry Eye Disease
Ocular targets for drug delivery in DED include the cor-
nea, conjunctiva, tear film, and lacrimal and meibomian 
glands.18 However, ocular barriers and dynamic mechan-
isms limit the bioavailability of topically administered 
drugs to <5%.97 Structures such as the corneal epithelium, 
stroma, and blood-aqueous barrier impede drug delivery. 
In addition, tear turnover rate, dilution into tears, blinking, 
and tear clearance shorten the exposure to topically admi-
nistered drugs. Drug permeability into the conjunctiva is 
further limited by extensive vascular and lymphatic 
drainage.97 Loss of drug volume can also occur due to 
gravity and nasolacrimal drainage.82

Conclusions
The complex and chronic nature of DED and its potential 
for progression require ongoing persistence with treat-
ment. Topical cyclosporine A provides a broad-based 
approach to DED treatment by decreasing inflammation 
and improving ocular surface integrity with few systemic 
effects. In particular, cyclosporine A targets the cycle of 

chronic inflammation in DED through regulation of the 
various disease stages including initiation, amplification, 
recruitment and damage/re-initiation. Through immuno-
modulatory effects, topical cyclosporine A may prevent 
activation of conjunctival T cells,98 restore conjunctival 
goblet cell density,99 reduce transcription of inflammatory 
cytokines such as IL-2,67 and decrease epithelial cell 
apoptosis25—thereby, interrupting the ongoing immune 
reaction and cycle. New cyclosporine A formulations 
such as aqueous nanomicellar formulations address some 
of the delivery challenges with topical administration of 
cyclosporine A and may decrease the time to symptom 
relief, improve tolerability, and enhance patient persistence 
with therapy. Future treatment of dry eye will likely move 
towards the development of noninvasive sustained-release 
cyclosporine A formulations, providing patients with con-
trolled, long-acting treatment.
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