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Abstract: Dry eye disease (DED) is a complex multifactorial disease showing heterogenous 
symptoms, including dryness, photophobia, ocular discomfort, irritation and burning but also 
pain. These symptoms can affect visual function leading to restrictions in daily life activities 
and reduction in work productivity with a consequently high impact on quality of life. 
Several pathological mechanisms contribute to the disease: evaporative water loss leads to 
impairment and loss of tear homeostasis inducing either directly or indirectly to inflamma-
tion, in a self-perpetuating vicious cycle. Dysregulated ocular immune responses result in 
ocular surface damage, which further contributes to DED pathogenesis. Currently, DED 
treatment is based on a flexible stepwise approach to identify the most beneficial interven-
tion. Although most of the available treatments may control to a certain extent some signs 
and symptoms of DED, they show significant limitations and do not completely address the 
needs of patients suffering from DED. This review provides an overview of the emerging 
experimental therapies for DED. Several promising therapeutic strategies are under devel-
opment with the aim of dampening inflammation and restoring the homeostasis of the ocular 
surface microenvironment. Results from early phase clinical trials, testing the effects of 
EnaC blockers, TRPM8 agonist or mesenchymal stem cells in DED patients, are especially 
awaited to demonstrate their therapeutic value for the treatment of DED. Moreover, the most 
advanced experimental strategies in the pipeline for DED, tivanisiran, IL-1R antagonist EBI- 
005 and SkQ1, are being tested in Phase III clinical trials, still ongoing. Nevertheless, 
although promising results, further studies are still needed to confirm efficacy and safety 
of the new emerging therapies for DED. 
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Introduction
Dry eye disease (DED) is a complex multifactorial disorder associated with 
a considerable variability in presentation and affecting an increasing number of 
people worldwide. The definition elaborated by the 2017 International Dry Eye 
Workshop II (DEWS II) outlines DED as 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 inflammation and damage, and neurosensory abnorm-
alities play etiological roles.1 

Signs and symptoms of DED are heterogenous: patients can experience persistent 
irritation, itching or burning, redness, dryness, photophobia, foreign body sensation 
but also pain. These symptoms can affect visual function and visual performance, 

Correspondence: Santi Spampinato  
Department of Pharmacy and 
Biotechnology, University of Bologna, via 
Irnerio 48, Bologna, Italy  
Tel +39 0512091851  
Email santi.spampinato@unibo.it

submit your manuscript | www.dovepress.com Journal of Experimental Pharmacology 2021:13 345–358                                                    345

http://doi.org/10.2147/JEP.S237487 

DovePress © 2021 Baiula and Spampinato. 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).

Journal of Experimental Pharmacology                                                  Dovepress
open access to scientific and medical research

Open Access Full Text Article

Jo
ur

na
l o

f E
xp

er
im

en
ta

l P
ha

rm
ac

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/0000-0003-0363-0633
http://orcid.org/0000-0001-5656-564X
mailto:santi.spampinato@unibo.it
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


leading to difficulties and restrictions in performing daily 
activities such as reading, writing, watching television and 
driving. In addition, DED can lead to diminished work 
productivity, decreased general health and well-being, and 
therefore lead to a reduced quality of life and in some 
cases to depression.2 Moreover, some severe cases, such as 
those associated with severe Sjögren’s syndrome or graft 
versus host disease (GvHD), can determine real reduced 
vision due to severe corneal complications.

Etiological classification of DED highlights two main 
types of the disease: aqueous deficient dry eye (ADDE) 
and evaporative dry eye (EDE). On the basis of epidemio-
logical and clinical evidences, EDE, mainly caused by 
meibomian gland dysfunction, is considered the most pre-
ponderant form if compared to ADDE,3,4 although over-
lapping forms have been described and as the disease 
progresses, both evaporative and aqueous deficient com-
ponents become clinically evident.

The ocular surface (comprising cornea, conjunctiva, 
limbus, the overlying tear film, eyelids, eyelashes, con-
junctival accessory lacrimal glands and goblet cells), the 
main lacrimal gland, the innervation and meibomian 
glands (responsible of the production of the outer lipid 
film, a component of the tear film) compose the lacrimal 
functional unit.5

In physiological conditions, a tight regulation main-
tains precorneal tear film smooth and optically effective; 
the loss of this mechanism in DED leads to tear film 
instability and visual disturbances,6,7 thus contributing to 
ocular surface damage. Several different disorders, includ-
ing, but not limited to, ocular surface inflammation due to 
topical preservative toxicity, allergic eye disease, and loss 
of conjunctival goblet cells or altered mucin expression, 
due to xerophthalmia, can lead to tear film instability.8 

Many DED symptoms associate to imbalances of tear 
film and ocular surface.9 Several factors, comprising eye-
lid and blink abnormalities, deficiencies of tear compo-
nents and ocular surface, contribute to the loss of tear film 
homeostasis.10,11 These alterations can lead to tear film 
instability following increased evaporation from the ocular 
surface; therefore, the aforementioned changes can contri-
bute to the pathogenesis of DED and are considered as 
triggers of a cycle of events, also referred to as vicious 
circle.8,10–13 In addition, oxidative stress also contributes 
to the pathogenesis of DED.14

Irritation, due to environmental or endogenous factors, 
or microbial stress on the ocular surface activates down-
stream signaling events that initiate an acute inflammatory 

response. This leads to the production of proinflammatory 
cytokines (IL-1α, IL-1β, IL-6, TNF-α), chemokines 
(CCL3, CCL4) and the production of proteases, such as 
metalloproteinase-9 (MMP-9)15 via MAPK (specifically 
JNK, ERK and p38) and NF-kB intracellular signaling 
pathways.16–20 As a consequence, inflammatory cells are 
activated and recruited at the ocular surface and become 
an additional source of inflammatory mediators.21 

Inflammatory mediators contribute to a reduced expression 
of mucins, to apoptotic death of surface epithelial cells22 

and to loss of goblet cells.
Both innate and adaptive mechanisms are involved in 

ocular surface immune response.13,23 Among the variety of 
immune cells contributing to the innate immune response, 
natural killer, dendritic cells (which act as antigen presenting 
cells, APC), macrophages and CD4+ CD8+ T cells24–26 reside 
at the ocular surface and can be activated to respond to 
several stimuli. Proinflammatory cytokines stimulate the 
maturation of APC,26,27 which facilitate the differentiation 
of several types of T cells, including memory T cells, T helper 
cells (TH1, TH2, TH17)28 and T regulatory cells,26 and their 
recruitment at the ocular surface. Immunoregulatory pro-
cesses usually promote the resolution of inflammation but 
when the homeostatic control mechanisms fail, the immune 
response is amplified, leading to further inflammation and 
damage through dysregulated activity of effector T cells and 
increased production of proinflammatory cytokines.5,29 

Thus, these effects further stimulate the innate immune 
response contributing to the vicious circle.21,30 In addition, 
loss of homeostatic mechanisms of the lacrimal functional 
unit can lead to dysregulation of the innate immune 
response.31

In the last decade, several evidences highlighted the 
potential role of neurosensory abnormalities in DED 
pathogenesis: ocular surface sensory neurons can be sen-
sitized in response to physiological stimulation or to 
inflammatory stimuli (such as inflammation); as 
a consequence corneal nociceptors can lead to differences 
in tear flow and blinking, to activation of immune response 
contributing to neurogenic inflammation.32

Several risk factors can lead to a higher predisposition 
to develop DED, including advancing age, female sex, 
contact lens use, low humidity environment, and autoim-
mune disease.7 In addition, “environmental” risk factors 
have been implicated in DED, including topical medica-
tions, desiccating conditions, and digital device use. 
A number of drugs in systemic use, such as antihistamines, 
beta-blockers, antispasmodics, diuretics and some 
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psychotropic drugs, cause a reduction in lacrimal secretion 
and are risk factors for DED.7,33

The multifactorial nature of DED highly complicates 
the management of this disease; thus, an accurate diagno-
sis and a proper treatment plan should consider all the 
underlying etiological mechanisms.

The utmost aim of the DED treatment, through the 
disruption of the vicious circle, is the restoration of ocular 
surface homeostasis and the prevention of symptoms 
exacerbation. Accordingly, a management algorithm has 
been developed and suggested33 as a flexible stepwise 
approach to identify the most beneficial intervention. 
Based on disease etiology and severity, DED management 
can be summarized in four steps. The first step of inter-
vention comprises patient education, dietary modifications, 
changes in the local environment, identification of other 
concomitant medication that can be detrimental for DED, 
usage of ocular lubricants, lid hygiene and warm 
compresses.33,34 If symptoms are not improved with stra-
tegies included in step 1, treatments in the second step of 
DED management include preservative-free artificial tears, 
punctal plugs, devices to maintain moisture and tempera-
ture, intense pulse light therapy. Topical drugs, including 
corticosteroids, cyclosporine, secretagogues, immunomo-
dulators, antibiotics and lifitegrast are very useful in the 
treatment of moderate-severe DED. The third step of DED 
management comprises autologous/allogenic serum eye 
drops, oral secretagogues and therapeutic contact lenses. 
The fourth step of DED management is considered when 
more severe complications are associated with DED symp-
toms; in these cases chronic corticosteroid therapy, amnio-
tic membrane graft, or surgical intervention can be 
considered.9,34,35

Despite a better understanding of pathogenesis and the 
availability of multimodal types of treatment, DED remains 
incompletely treated. Many challenges and limitations in 
the therapeutic management of the disease are still present. 
Ocular lubricants represent an important part of DED man-
agement. However, they offer only a temporary relief from 
symptoms and do not influence chronic DED pathogenesis. 
Moreover, preservative-free lubricant formulations should 
be preferred to avoid negative effects on the ocular surface 
following repeated exposure; accordingly, long-term appli-
cation of artificial tears containing preservatives can lead to 
modifications in the ocular surface microbiome and epithe-
lial damage.33 In addition, dynamic of tear film can be 
altered by punctal occlusion. Long-term use of topical cor-
ticosteroid is not without risk of complications, including 

ocular hypertension, cataracts and opportunistic 
infections,33 although they are a well-established acute, 
short-term treatment for DED, especially for recrudescence. 
Drug formulation for topical ocular administration needs to 
be improved especially for those hydrophobic drugs, such 
as cyclosporine.36–38

New therapeutic options need to be developed: this 
review aims to provide an overview of emerging therapies 
for the treatment of DED that may particularly impact the 
field in the future. Notably, this review describes innova-
tive approaches for the treatment of DED currently in 
preclinical and clinical development (Table 1); they are 
divided on the basis of the mechanism of action, starting 
from new anti-inflammatory approaches and those com-
bining anti-inflammatory properties with other mechan-
isms. Finally, emerging therapies acting through different 
mechanisms of action and cell therapy are described.

Methods
In this review article, a systematic computerized search of 
the literature was conducted from inception until 
November 2020. All English language articles dealing 
with experimental pharmacotherapy for the treatment of 
DED were retrieved from the electronic databases PubMed 
and MEDLINE, then checked for applicability by the 
authors. The searches were performed by two independent 
investigators (M.B. and S.S.). The following keywords and 
MeSH terms were used “dry eye disease,” “DED,” 
“experimental treatment,” “novel drug,” “innovative treat-
ment.” All pertinent articles were thoroughly assessed, and 
their reference lists were searched to identify other poten-
tially relevant studies. The database ClinicalTrials.gov 
(www.clinicaltrials.gov) was also searched for information 
about clinical trials.

Novel Emerging Therapies for DED 
with Anti-Inflammatory Properties
Interleukin-1 Receptor Antagonists
Interleukin-1 (IL-1) is a proinflammatory cytokine 
involved among other inflammatory processes in ocular 
surface inflammation during DED.39 IL-1 receptor antago-
nists (IL-1Ra), produced by monocytes, macrophages and 
epithelial cells, competitively blocks the binding of IL-1 to 
its receptor, suppressing IL-1-mediated pro-inflammatory 
action. Reduction in IL-1 levels and upregulation of IL- 
1Ra were observed at the ocular surface after treatment 
with anti-inflammatory drugs, including tetracycline 
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Table 1 Clinical Trials, Aiming to Evaluate the Effects of Novel Emerging Therapies on DED Patients, are Listed Based on the 
Mechanism of Action

Therapy Name Mechanism of Action Clinical Trials References

Clinical Trial 
Identifier

Phase Ocular Condition or Disease

IL-1R antagonists 

(Anakinra, EBI-005)

Anti-inflammatory NCT00681109 1–2 DED associated with meibomian gland 

dysfunction

[43–45]

NCT01748578 1 DED

NCT01745887 1 DED

NCT02405039 3 Moderate to severe DED

NCT01998802 3 Moderate to severe DED

Serine protease 

inhibitor 

(UAMC-00050)

Anti-inflammatory – – – [46]

Integrin antagonist 

(GW559090)

Anti-inflammatory – – – [55,56]

Resolvin E1 analogs 

(RX-10045)

Promote the resolution phase of inflammation NCT01675570 2 DED [57,61–65]

NCT00799552 2 DED

NCT01639846 2 Allergic conjunctivitis

NCT02329743 2 Ocular inflammation and pain in cataract 

surgery

Lubricin Lubricant and anti-inflammatory NCT02507934 Not 

applicable

Moderate DED [68]

NCT02510235 Not 

applicable

Moderate DED

Artemisinin analog 

(SM934)

Anti-inflammatory and immunomodulatory – – – [72]

SkQ1 (Visomitin) Antioxidant NCT02121301 2 DED [77]

NCT03764735 3 DED

NCT04206020 3 DED

Thrombospondin-1 Immunoregulatory – – – [88]

ENaC blockers 

(P-321)

Increase ocular hydration NCT02831387 2 Mild to moderate DED [94,95]

NCT02824913 2 Tear deficient DED

TRPM8 agonist 

(AR-15512)

Improve tear secretion NCT04498182 2 DED [101,102]

Tivanisiran (SYL1001) Reduce ocular pain/discomfort silencing TRPV1 

(by RNA interference)

NCT03108664 3 Moderate to severe DED [106,109]

Mesenchymal stem 

cells

Anti-inflammatory, immunomodulatory, restore 

goblet cell density and tear production

NCT03878628 Early 

Phase 1

Aqueous Deficient DED, 

keratoconjunctivitis sicca, aqueous tear 

deficiency

[113,114]

NCT04615455 2 Keratoconjunctivitis sicca in Sjogren’s 

syndrome
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derivatives, topical corticosteroids and cyclosporine A.39 

Topical administration of IL-1Ra has been successfully 
used in animal model of ocular diseases.40–42 In a mouse 
model of corneal transplantation IL-1Ra promoted graft 
survival by suppressing inflammation;40 in addition, in 
a rat model of alkali injury, IL-1Ra significantly decreased 
corneal inflammation and increased corneal 
transparency.42 In a Phase II randomized clinical trial the 
effects of the human recombinant IL-1Ra (anakinra) were 
evaluated in patients having DED associated with meibo-
mian gland dysfunction.43 Anakinra was well tolerated and 
was able to reduce significantly DED symptoms.

EBI-005 is a protein chimera made of IL-1β and anakinra; 
EBI-005 is able to bind IL-1 receptor with a high affinity 
abolishing intracellular signaling.44 This novel compound has 
been investigated in vitro and in vivo to unravel its potential as 
a treatment for ocular surface inflammatory diseases.45 Some 
clinical studies (NCT00681109, NCT01748578, NCT017 
45887, NCT02405039, NCT01998802) were performed to 
evaluate safety and efficacy of EBI-005 in patients with mod-
erate to severe DED, but up to now no results have been 
released.

Serine Protease Inhibitor
In several inflammatory conditions, serine proteases play 
a pivotal role, and therefore represent interesting therapeu-
tic targets for many diseases in which inflammation is an 
important driver.

In a recent study, the serine protease inhibitor UAMC- 
00050 was evaluated in an in vivo model of DED.46 

UAMC-00050, a small diphenyl phosphonate with a multi- 
target inhibition profile,47,48 was administered as eye drops 
in rats subjected to the removal of the exorbital lacrimal 
gland. UAMC-00050 induced a significant reduction in 
ocular surface damage, a decrement of IL-1α and TNF-α 
levels in tear fluid, although it did not exert any effect on 
tear volume. The preservation of ocular surface health by 
UAMC-00050 might correlate with the reduction of serine 
protease and MMP-9 activity that lead to a less severe 
inflammatory response. MMP-9 is a critical metalloprotei-
nase produced by corneal epithelial cells in response to 
hyperosmolar stress, thus reducing its levels reduced cor-
neal extracellular matrix degradation and epithelial cell 
loss. In addition, UAMC-00050 caused diminished inflam-
matory cell infiltration in the palpebral conjunctiva; in 
particular, both CD3+ and CD45+ cell were reduced in 
UAMC-00050 (5 mM)-treated animals in comparison to 
vehicle-treated and untreated animals.46 To date, no 

clinical trials have been performed to evaluate the effects 
of UAMC-00050 in individuals with DED.

Integrin Antagonists
Integrins represent the most important family of cell adhe-
sion receptors and those expressed on leukocytes are dee-
ply involved in the recruitment of immune cells during 
inflammatory processes. Integrins have already been 
investigated as interesting therapeutic target for the devel-
opment of novel drug to treat ocular diseases.49,50 

Lifitegrast, an αLβ2 integrin (lymphocyte function- 
associated antigen-1, LFA-1) antagonist, was approved in 
2016 for the treatment of DED; lifitegrast prevents the 
self-amplification of the inflammatory immune response 
involved in DED pathogenesis inducing a significant 
improvement of signs and symptoms of DED.51,52

Similarly, α4β1 integrin plays a crucial role in inflam-
mation and through the interaction with adhesion mole-
cules, mediates infiltration of neutrophils, eosinophils and 
T lymphocytes at the conjunctiva.53 Accordingly, small 
molecule α4β1 integrin antagonists strongly decreased 
T cell recruitment and infiltration into the ocular surface.54

GW559090 is a novel, competitive and high affinity α4 

integrin antagonist under development as therapeutic strat-
egy for DED. GW559090 was investigated in a murine 
model of DED55 and in a mouse model of dry eye asso-
ciated with Sjögren’s syndrome.56 In both studies, 
GW559090, blocking α4 integrin, significantly led to an 
improvement of signs and symptoms of DED. Although 
promising results from preclinical models, GW559090 has 
not yet been investigated in clinical trials.

Resolvins
In the past decade a better understanding of inflammatory 
process has led to the discovery of specialized pro- 
resolving mediators that can be considered as new ther-
apeutic approaches for the treatment of ocular surface 
disease. Resolvins (Rvs) are lipid-derived autacoids play-
ing an important role in the resolution phase of 
inflammation.57

Rvs derive from the metabolism of the polyunsaturated 
ω-3 fatty acids: resolvins E (RvEs) are metabolites of 
eicosapentaenoic acid (EPA), whereas resolvins 
D (RvDs) derive from docosahexaenoic acid (DHA). In 
several in vivo models of inflammation Rvs showed potent 
anti-inflammatory and proresolution effects.58 Moreover, 
in mouse models of DED, Rvs decreased inflammation 
and improved tear production.59,60 Topical treatment with 
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RvE1 induced restoration of epithelial cell density, 
increased tear production, reduction of infiltrating CD4+ 

T cells and CD11b+ dendritic cells/macrophages.60

In a murine model of DED, RvE1 analogs (RX-10001, 
RX-10005, RX-10008, RX-10065, RX-10045) were able 
to increase tear production and to inhibit the inflammatory 
enzyme COX2, therefore strongly contributing to the sup-
pression of inflammation and to the preservation of corneal 
integrity.57,61–65

RX-10045 ([5S,8E,10E,12R]-isopropyl 5,12-hydro 
xypenta-deca-8,10-dien-6,14-diynoate) is an isopropyl 
ester synthetic derivative of RvE1.62 According to the 
database ClinicalTrials.gov, two phase II clinical trials 
(NCT01675570, NCT00799552) were performed to eval-
uate safety and efficacy of RX-10045 on signs and symp-
toms of DED in patients but, although both studies are 
reported to be completed, no results have been published 
yet. RX-10045 was also investigated in patients for the 
treatment of allergic conjunctivitis (NCT01639846) and 
more recently to evaluate efficacy and safety in alleviating 
ocular inflammation and pain after cataract surgery 
(NCT02329743). Although RvE1 analogues showed pro-
mising results in some preclinical models, to date no 
further development has been reported, indicating that 
those compounds are probably no longer in the pipeline 
for DED.

Omega-3 and Omega-6 Polyunsaturated 
Fatty Acids
Based on promising results with resolvin analogues, oral 
administration of resolvin precursors (ω-3 and ω-6 fatty 
acid) has been investigated. Polyunsaturated fatty acid 
(PUFA) supplements, containing ω-3 and/or ω-6 compo-
nents, can be derived from plant- and marine-based foods. 
A recent Cochrane Systematic review assessed the effects 
of PUFA supplements on signs and symptoms of DED, 
through the analysis of several clinical trials.66 Although 
the need to improve the consistency of reporting from each 
trial, a possible role for long-chain ω-3 supplements in 
managing DED has been reported; the beneficial effects on 
DED symptoms were observed when ω-3 PUFAs were 
administered together with standard therapy.66

Lubricin
Lubricin (also named proteoglycan-4) is a mucin-like gly-
coprotein that is present on the ocular surface and in 
meibomian glands;67 it functions as a lubricant and 

protects the cornea and conjunctiva against significant 
shear forces generated during the frequent physiological 
eyelid blinks, therefore reducing friction between cornea 
and conjunctiva. These data derive from experiments to 
evaluate static and kinetic friction at a human cornea- 
eyelid interface. Lubricin was purified from culture 
media conditioned by articular cartilage disks from mature 
bovine stifle joints.67 Moreover, during inflammation an 
impaired lubricin biosynthesis has been observed that 
seems to be involved in ocular surface damage during 
various types of DED. Accordingly, a reduction of lubricin 
increases shear stress at the ocular surface, which may lead 
to inflammation, accumulation of inflammatory mediators 
(including IL-1α, IL-6, TNF-α) and proteases (such as 
MMP-9) in the tear film.67 Safety and efficacy of recom-
binant human lubricin administration were evaluated in 
a clinical trial in patients with moderate DED.68 

Recombinant human lubricin was administered locally as 
eye drops and compared to 0.18% sodium hyaluronate. 
Significant improvement in both signs and symptoms of 
DED was observed after lubricin administration compared 
to sodium hyaluronate.68

Artemisinin Analog
Another strategy that aims at targeting the inflammatory 
process involved in the development of DED, is the poten-
tial use of artemisinin derivatives. SM934, β- 
aminoarteether maleate, is an analog of artemisinin that 
showed anti-inflammatory and immunomodulatory proper-
ties in some inflammatory and autoimmune diseases.69–71 

The effects of SM934 on DED were investigated in two 
animal model of DED: scopolamine hydrobromide- 
induced rodent model, an aqueous-deficient dry eye animal 
models, and benzalkonium chloride (BAC)-induced rat 
model, in which BAC induces instability of tear film and 
excessive evaporation, characteristic features of DED.72 

Topical instillation of SM934 significantly improved 
signs of DED, leading to an increased tear secretion and 
reduced corneal damage; this latter effect could be 
mediated by a reduction of MMP-9 levels in the corneal 
epithelium. SM934 significantly reduced the levels of 
inflammatory mediator (IL-1β, TNF-α, IL-6, IL-10) and 
diminished monocyte accumulation in the conjunctival 
tissues. At molecular levels it has been proposed that 
SM934 blocks the inflammatory process by down- 
regulating Toll-like receptor 4 (TLR4) and therefore inhi-
biting the inflammasome activation.72
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Novel Emerging Therapies for DED 
Acting Through Other Mechanisms 
of Action
SkQ1 (Visomitin)
SkQ1 (Visomitin) is a novel synthetic antioxidant that 
enters the cells and accumulates in the inner leaflet of 
mitochondrial membrane. It reduces damages induced by 
overproduction of mitochondrial reactive oxygen species 
(ROS), through the transition between a reduced and 
a recharged form.73 SkQ1 has been investigated both in -
vitro74 and in vivo. In a rabbit model of anesthesia- 
induced DED, SkQ1 prevented pathological changes in 
the cornea; moreover, it completely abolished clinical 
signs of DED soon after one day post-anesthesia.75 

Moreover, SkQ1 reduced TNFα and IL-6 production,75 

decreased glutathione reductase activity75,76 inducing pro-
tection of the corneal epithelium. According to the data-
base ClinicalTrials.gov, two clinical trials 
(NCT03764735, NCT02121301) have been performed 
and one is ongoing (NCT04206020) to study the effects 
of SkQ1 in DED patients. On the basis of the first results 
released, SkQ1 showed to decrease tear film instability 
and to improve the functional state of the cornea. Through 
its antioxidant mechanism of action SkQ1 seems to sig-
nificantly improve symptoms in patients with mild to 
moderate DED.77

Thrombospondin-1
Thrombospondin-1 (TSP-1) is an immunoregulatory fac-
tor generally augmented in inflammatory microenviron-
ment. TSP-1 is produced at high levels by a range of cell 
types, such as endothelial cells, adipocytes, fibroblasts, 
smooth muscle cells, monocytes, macrophages.78 TSP-1 
is transiently released during the acute phase of inflamma-
tion. TSP-1 is highly expressed on neutrophils and 
induces an intense chemotactic response to inflamed 
tissues.79 TSP-1 promotes resolution of inflammation 
facilitating phagocytosis of damaged cells.80,81 

Moreover, by binding to CD36, TSP-1 induces macro-
phage phagocytosis of apoptotic cells.82 TSP-1 can also 
modulate inflammation regulating the functions of dendri-
tic cells; accordingly, high levels of TSP-1 increase the 
tolerance of dendritic cells to antigens, thereby extin-
guishing the inflammatory response.81 TSP-1 suppresses 
the ability of APC to sensitize T-cells, thus inhibiting their 
functions.83

At the ocular surface, TSP-1 contributes to maintain 
immune homeostasis and is produced by corneal epithelial 
cells,84 keratocytes85 and corneal endothelial cells.86 In 
chronic form of DED and in Sjögren’s syndrome, a TSP- 
1 deficiency has been reported.87 In a mouse model of 
DED, it has been observed that TSP-1 levels were 
increased in the cornea.88 Moreover, recombinant TSP-1, 
administered topically, decreased expression of proinflam-
matory cytokines (IL-1β, IL-6, IL-23, IL-17A) in the con-
junctiva and in the cornea, and ameliorated disease 
severity. Moreover, topical TSP-1 significantly suppressed 
corneal dendritic cell maturation.88 Within this frame, 
TSP-1 could represent an interesting innovative approach 
for DED treatment. Nevertheless, to date, no clinical trials 
are ongoing to evaluate the effects of TSP-1 for DED 
treatment.

Epithelial Sodium Channel (EnaC) 
Blockers
The ocular surface epithelium controls mucosal hydration 
coupling Na+ absorption and Cl− secretion to create an 
osmotic gradient: through aquaporin channels water is 
entrained either decreasing (Na+ absorption) or increasing 
(Cl− secretion) tear volume.89 The main channels involved 
in this process are calcium-activated chloride channel, as 
the major ocular surface Cl− channel, and epithelial 
sodium channel (EnaC), responsible for sodium absorp-
tion. Targeting EnaC has been proven to increase ocular 
hydration, suggesting a role for EnaC in the regulation of 
tear on the ocular surface.90–93 EnaC blockers were inves-
tigated to evaluate their potential therapeutic role in 
DED.94 P-301 and P-365, novel EnaC inhibitors, were 
administered as eye drops in a mouse model of induced 
aqueous tear deficiency, and an increase in tear production 
and ocular surface hydration were observed.94 A small 
molecule inhibitor of EnaC, P-321, is under development 
for the treatment of DED;95 two phase II randomized, 
placebo-controlled clinical trials (NCT02831387, 
NCT02824913 in patients with mild to moderate or tear 
deficient DED, respectively), aimed at evaluating the 
effect of 0.017% P-321 on DED symptoms, have been 
recently terminated and have shown positive results on 
all symptoms considered.

TRPM8 Agonists
The manipulation of the transient receptor potential (TRP) 
channels on the ocular surface may represent a novel 
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option to treat DED. TRP are cation channels associated 
with chemical irritation and temperature change 
perception.96 Several TRPM8 agonists are under develop-
ment for different therapeutic purposes; in fact, experi-
mental evidences showed TRPM8 involvement in cold 
thermal transduction, different life-threatening tumors, 
and other pathologies, including migraine, urinary tract 
dysfunction and obesity.97–99

TRP channels are expressed in the eye, in particular in 
the cornea, in the conjunctiva and in the eyelid. TRPM8, 
a member of the TRP family, is a cold thermoreceptor 
recently suggested to be involved in DED 
pathogenesis.32 Accordingly, TRPM8 senses changes in 
osmolarity at the corneal surface and evaporation- 
induced temperature;32 in addition, a reduced tear secre-
tion was observed in TRPM8 knock-out mice.100

The TRPM8 agonist Borneol, a compound deriving 
from traditional Chinese medicine, has been suggested as 
a potential treatment for DED through increased corneal 
wetness.101

Cryosim-3 (C3, 1-diisopropylphosphorylnonane, CAS 
Registry Number 1503744–37–8-7), is a novel potent and 
selective TRPM8 agonist.102 The effects of C3 were inves-
tigated in vitro and in DED patients; it was administered 
topically onto the closed eyelids with a cotton wipe soaked 
with drug solution. C3 was able to significantly improve 
tear secretion and DED symptoms, without provoking pain 
or ocular irritation, although the study included young 
patients with mild to moderated DED;102 nonetheless, 
further studies are necessary to better clarify the efficacy 
of C3 on signs and symptoms of DED in patient. Recently, 
a prospective nonrandomized pilot study evaluated the 
effects of topical C3 on neuropathic ocular pain in patients 
with DED.103 After one week of treatment C3 improved 
eye pain intensity, quality of life (driving/watching TV, 
sleep, enjoying life/relations with other people) and asso-
ciated factors, including burning sensation, light sensitiv-
ity, and tearing. In addition, improved effects on eye pain 
intensity, quality of life (sleep), and associated factors 
(burning sensation and light sensitivity) remained 
improved for one month.103

AR-15512 ((1R,2S,5R)-N-(4-methoxyphenyl)-5-methyl- 
2-(1-methylethyl) cyclohexanecarboxamide), formerly 
known as AVX012 or WS-12, is a potent and selective 
TRPM8 agonist.104,105 A Phase II, multicenter, vehicle- 
controlled, double-masked, randomized study 
(NCT04498182) is ongoing to evaluate efficacy and safety 
of AR-15512 in subjects with DED.

Tivanisiran
Tivanisiran, formerly SYL1001, is a 19-base small inter-
fering RNA (siRNA) targeting the human transient recep-
tor potential vanilloid 1 (TRPV1), developed as an 
ophthalmic treatment for DED.106 Tivanisiran acts through 
RNA interference mechanism, reducing the levels of 
TRVP1 protein within the cells. TRPV1 is expressed in 
nociceptive neurons but also in other organs including 
various eye tissues.107 TRPV1 is a cation channel that 
acts as a nociceptive transducer. Several stimuli, such as 
hyperosmolarity and inflammatory mediators, can activate 
TRPV1 leading to pain signal that are transmitted to the 
brain. Tivanisiran has been investigated both in vitro and 
in vivo using models to study DED, showing promising 
results. In different human and rabbit cell lines tivanisiran 
selectively silenced TRPV1 without affecting other recep-
tors, with the exception of TRPV4.106 In a capsaicin- 
induced ocular pain model in New Zealand white rabbis, 
tivanisiran showed analgesic effect.108 In clinical trials 
tivanisiran, administered as preservative-free eye drops, 
was well tolerated and able to reduce ocular pain/discom-
fort in patients with moderate to severe DED.109 

Additional results on tivanisiran efficacy will be obtained 
from a double-masked Phase 3 study (NCT03108664) in 
patients with moderate to severe DED, still ongoing.

Stem Cell Therapy for DED
Mesenchymal Stem Cells
Several blood derivatives can be used for the treatment of 
various ocular diseases including DED.110 Blood sources 
can derive from autologous serum, allogenic peripheral 
blood and umbilical cord blood (UCB). Serum-based eye 
drops contain high concentration of growth factors, cell 
adhesion molecules and biochemical components that 
make them more similar to natural tears; they perform 
lubricating, antimicrobial, and anti-inflammatory 
functions.111 DED patients treated with serum-based eye 
drops experienced a fast epithelial healing rate, increased 
goblet cell density and a significant improvement in 
symptoms.110

UCB, whose main application is hematological stem 
cells transplantation for the treatment of hematological 
diseases, can also be used as a source of other cells, 
including mesenchymal stem cells (MSCs) for replace-
ment therapy.110

MSCs are multipotent stem cells able to differentiate 
into several cell types,112 and possess immunomodulatory 
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properties. In a rabbit model of Sjögren’s syndrome dry 
eye, a chronic autoimmune disorders that affects lacrimal 
glands and ocular surface among other tissues, human 
umbilical cord MSCs (hUC-MSCs) were intravenously 
infused after disease onset.113 Administration of hUC- 
MSCs induced a significant improvement of the clinical 
symptoms, including tear production and conjunctival 
impairment. The proposed mechanism by which hUC- 
MSCs are effective in the relief of DED symptoms 
seems mediated by suppression of the inflammatory pro-
cess. Accordingly, animal treated with hUC-MSCs showed 
a reduction of proinflammatory cytokine production (TNF- 
α and IL-6) and an increment of anti-inflammatory cyto-
kines (IL-10, TGF-β). Moreover, the therapeutic effects of 
hUC-MSCs can be partly due to their modulation of 
macrophage polarization: hUC-MSCs treatment promoted 
anti-inflammatory M2 macrophage polarization in lacrimal 
glands, probably contributing to suppress the inflammatory 
response and to enhance reparative activities.113

In a mouse model of inflammation-induced DED, 
human or mouse MSCs, administered by periorbital infu-
sion, were able to suppress inflammation protecting the 
ocular surface; in addition, MSCs induced restoration of 
tear production and conjunctival goblet cells.114

The potential beneficial effects of MSCs were investi-
gated in patients with dry eye associated with chronic 
GVHD (cGVHD).115 cGVHD arises as a serious long- 
term complication of allogenic bone marrow transplanta-
tion and can frequently cause ocular surface damage,116 

associated to inflammatory and fibrotic processes. MSCs 
were administered to patients with refractory DED sec-
ondary to cGVHD by intravenous injection; a clinical 
improvement was observed in 12 out of 22 patients. In 
addition, MSCs triggered the generation of CD8+ CD28− 

T cells, a subset of CD8+ T cells which can inhibit the 
lymphocyte response and prevent the activation and effec-
tor function of autoreactive T cells. Consequently, it was 
proposed that MSCs likely control the Th1/Th2 homeos-
tasis, which is dysregulated in cGVHD, by generating 
CD8+ CD28− T cells.115

These results demonstrate that MSCs represent a safe 
and potentially effective approach for the treatment of 
DED patients and other inflammatory ocular diseases. 
Accordingly, two clinical trials (NCT03878628, 
NCT04615455) are ongoing to ascertain efficacy and 
safety of MSCs in patients with aqueous deficient DED 
and DED associated to Sjögren’s Syndrome, respectively.

Conclusion
Despite several therapeutic strategies available, currently 
there is no cure for DED that represents a complex condi-
tion whose complete pathogenesis is not entirely uncov-
ered. Nevertheless, the increasing prevalence and demands 
from patients have accelerated the development of novel 
drugs. Therapeutic agents for DED offer a provisional and 
limited control of signs and symptoms, mainly based on 
increased lubrification and reducing inflammation. In 
many cases, the available treatments offer a good control 
of the disease, but the scarcity of long-term marketed drug 
represents a relevant problem. The only drug approved for 
long-term use is cyclosporine, and lifitegrast has been 
approved only in one country.

This review summarizes innovative approaches for the 
treatment of DED currently in preclinical and clinical 
development, divided on the basis of their mechanism of 
action. Some innovative approaches (including serine pro-
tease inhibitor, integrin antagonist, artemisinin analog, and 
TSP-1) have not yet been tested in humans; nevertheless, 
clinical trials testing these experimental treatments are 
awaited to verify their efficacy in patients suffering from 
DED. Moreover, several experimental strategies under 
development for DED (such as IL-1R antagonists, serine 
protease inhibitor, integrin antagonist, resolvin analogs, 
and ω-3 and ω-6 PUFAs) target the inflammatory response 
involved in its pathogenesis; these innovative strategies 
should prove to be more effective than anti-inflammatory 
drugs already approved for DED therapy.

Phase I and II clinical trials represent an early evalua-
tion of efficacy and safety of emerging drugs in patients. 
Therefore, results from early phase clinical trials are parti-
cularly crucial as they will authorize or discontinue the 
following step of clinical evaluation for a developing 
novel drug. Results from ongoing clinical trials on EnaC 
blockers, TRPM8 agonist and MSCs are especially 
awaited to confirm their therapeutic value for the treatment 
of DED.

The most advanced experimental strategies in the pipe-
line for DED are tivanisiran, IL-1R antagonist EBI-005 
and SkQ1 that are being tested in Phase III clinical trials, 
still ongoing.

Looking at inflammation from a different point of 
view, resolvins could be promising agents for DED. 
Considering that pro-resolving molecules lead to success-
ful resolution of inflammation and after that rapid re- 
establishment of tissue homeostasis, drugs able to 
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rebalance the equilibrium toward homeostasis could be 
useful to bring to an end acute and chronic inflammatory 
response. Resolvin analogs have been under development 
since 2008 but although promising results in preclinical 
models and in some clinical trials already concluded, those 
pro-resolving compounds are probably no longer in the 
pipeline for DED treatment.

Notably, MSCs implantation by different routes has 
raised very interesting expectations in the treatment of 
DED thanks to their immunomodulatory and regenerative 
properties; data on safety and efficacy of MSCs in DED 
patients are particularly awaited to confirm MSCs as a new 
perspective in the management of this disease.

In conclusion, several promising new therapeutic stra-
tegies are under development, but further studies are 
necessary to demonstrate their value, efficacy, and safety 
in the treatment of DED.

DED is a multifactorial disease and the development of 
novel therapeutic strategies that would target more com-
prehensively different aspects of the pathogenesis would 
offer new opportunities to provide a better control of signs 
and symptoms of DED regardless the underlying etiology.
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