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Abstract

Increasing endogenous tear film production via pharmacological neuroactivation of the nasolacrimal reflex [NLR; also known
as the trigeminal parasympathetic pathway (TPP)] is a novel therapeutic approach to treating dry eye disease (DED). An
intranasal formulation of the water-soluble, small-molecule, nicotinic acetylcholine receptor (nAChR) agonist varenicline
(Tyrvaya™) has been approved in the USA for the treatment of DED. Twice-daily administration of varenicline solution
nasal spray resulted in rapid, statistically significant and clinically meaningful improvements in the signs and symptoms of
DED over a period of 4 weeks in two pivotal studies (ONSET-1 and -2). The efficacy of varenicline solution was maintained
over a longer-term period of 12 weeks in a third study (MYSTIC). Consistent with the nasal route of delivery, the most com-
mon adverse events reported by varenicline solution recipients were non-ocular in nature (mild and transient sneezing and
cough). Thus, varenicline solution nasal spray is a rapidly-acting, effective and generally well tolerated treatment for DED
that offers several potentially useful advantages over existing topical ocular therapies in terms of increasing endogenous tear
secretion and reducing ophthalmic treatment burden.

Plain Language Summary

Dry eye disease (DED) is a common, often chronic, condition characterized by symptoms, such as irritation and blurred vision,
that can negatively impact on quality of life. DED occurs due to the production of insufficient or unstable tear films and is typi-
cally treated with topically applied artificial tears and medications that reduce accompanying inflammation of the ocular surface.
Using an intranasal formulation of the nicotinic acetylcholine receptor (nAChR) agonist varenicline (Tyrvaya™) to enhance
natural tear production represents a novel approach to DED treatment. Varenicline solution nasal spray led to fast and sustained
improvements in the signs and symptoms of DED in clinical trials of up to 12 weeks’ duration. Varenicline solution was also
generally well tolerated, with the most common adverse events being mild and transient sneezing and cough. Varenicline solu-
tion nasal spray is a new type of treatment for DED that may increase natural tear production, have better ocular tolerability
and, for some patients, be easier and/or more convenient to use compared with traditional topical therapies.

1 Introduction Digital Features for this Adis Drug Evaluation can be found at
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discomfort and/or visual impairment, accompanied by var-
iable degrees of ocular surface epitheliopathy, inflamma-
tion, and neurosensory abnormalities [1, 2]. An estimated
20-40 million adults in the USA have DED; the prevalence
is higher among women than men and increases with age
[3, 4]. DED can have a detrimental impact on patients’
quality of life and confers a considerable economic bur-
den, particularly in terms of indirect costs due to reduced
work productivity [1, 4].

In the absence of curative therapies, the ongoing man-
agement of DED involves an individualized, step-wise
approach, starting with education on dietary modifications,
eyelid hygiene and avoidance of exacerbating factors, and
progressing to the use of ophthalmic lubricants, and, even-
tually, pharmacological and nonpharmacological interven-
tions, depending on disease severity [5—7]. Thus, over-
the-counter artificial tears to replace/supplement natural
tears—the mainstay of DED therapy—are recommended
for mild disease, while topical anti-inflammatory drugs,
such as corticosteroids, the calcineurin inhibitor immu-
nosuppressant cyclosporine and the integrin antagonist
lifitegrast, which aim to reduce the inflammation caused
by unstable/deficient tear film, are also recommended as
needed for moderate to severe disease [5-7].

Although topical eye drops are the most accepted and
widely used formulation in ocular drug delivery, they are
not without limitations, including a generally low bio-
availability [8, 9]. Additionally, commercially available
eye drops commonly contain excipients and/or preserva-
tives that can potentially exhibit ocular toxicity and further
exacerbate the signs and symptoms of DED [8, 10]. More-
over, artificial tears and anti-inflammatory agents only
alleviate the symptoms of DED and do not address the
underlying cause of the disease [6]. Available anti-inflam-
matory agents also have a slow onset of action and are
associated with local adverse events (e.g. ocular burning,
instillation-site pain/irritation and decreased visual acuity)
[5], both of which may be barriers to patient adherence
[11]. As such, there is a need for treatment options that
are rapid-acting, effective and well tolerated and that can
re-establish tear film homeostasis in DED.

Tear film production is mediated by the lacrimal func-
tional unit (LFU) consisting of the ocular surface (cornea,
conjunctiva, accessory lacrimal glands, and meibomian
glands), the main lacrimal gland and the interconnecting
innervation [12, 13]. Tear secretion is regulated by neural
reflex arcs, including those that are triggered by activation
of trigeminal afferent nerves in the cornea and conjunc-
tiva (that lead to stimulation of efferent parasympathetic
and sympathetic nerves in the facial nerve innervating the
LFU) [12, 14] and the nasal cavity (that lead to stimula-
tion of trigeminal efferent parasympathetic nerves inner-
vating the LFU) [15, 16]. The latter pathway, known as the
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nasolacrimal reflex (NLR) or trigeminal parasympathetic
pathway (TPP), accounts for approximately one-third of
basal tear film production [17]. In recent years, intrana-
sal neurostimulation of the NLR/TPP—a non-invasive
approach to promoting tear film production that bypasses
the ocular surface—has emerged as a novel therapeutic
modality for DED [15, 16, 18].

Varenicline is a water-soluble, small-molecule, nicotinic
acetylcholine receptor (nAChR) agonist that binds with high
affinity and selectivity to various human neuronal nAChR
subtypes, including o4p2, ada6p2, a4f3 and a3aSp4 (where
it displays partial agonist activity) and a7 (where it demon-
strates full agonist activity) [19-21]. A preservative-free,
intranasal formulation of varenicline (Tyrvaya™) has been
developed and approved in the USA for the treatment of
the signs and symptoms of DED [20]. This review briefly
summarizes the pharmacological properties of varenicline
administered via the nasal route and focuses on the efficacy
and safety of varenicline solution nasal spray (hereafter also
referred to as varenicline solution) in the treatment of DED.
Varenicline was originally developed and approved in the
USA as an oral smoking cessation aid [22]; however, dis-
cussion of this tablet formulation of the drug is beyond the
scope of the current article.

2 Pharmacological Properties of Varenicline
Solution

The exact mechanism of action underlying the efficacy of
intranasally-administered varenicline in DED is unknown,
but is believed to result from the drug binding to—and pro-
ducing agonist activity at—nAChRs on trigeminal sensory
nerve endings within the anterior nasal cavity. Activation of
the NLR/TPP ultimately leads to the stimulation of endog-
enous tear film secretion from the LFU (Sect. 1) [11, 20, 23].
In IMPERIAL, a phase II study in 18 patients with DED
and an Ocular Surface Disease Index (OSDI) score of >23,
administration of a single intranasal dose of varenicline solu-
tion 0.06 mg [0.03 mg per 0.05 mL spray in each nostril, i.e.
the approved dose strength (Sect. 5)] reduced conjunctival
goblet cell area and perimeter relative to vehicle control = 10
min after study drug administration [24]. This is suggestive
of goblet cell degranulation and associated release of lubri-
cating mucins into the tear film, which play an important
role in re-establishing natural tear film homeostasis [24].
Varenicline was rapidly absorbed, being detected in
plasma within 5 min, and generally reaching a peak plasma
concentration (C,,,,) within 2 h, after administration of a
single intranasal dose of varenicline solution 0.12 mg [0.06
mg per 0.05 mL spray in each nostril, i.e. twice the approved
dose strength (Sect. 5)] [11]. The mean C,,,, was 0.34 ng/
mL and the mean area under the plasma concentration-time
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curve from time zero to infinity (AUC,_,,) was 8.30 ng-h/
mL. The relative bioavailability of varenicline after admin-
istration of varenicline solution 0.12 mg was lower than that
following administration of oral varenicline at its highest
approved single-dose strength (1 mg). Specifically, the mean
C..x and AUC,,  of varenicline after intranasal administra-
tion were, respectively, 7.0% and 7.5% of that following oral
administration [11].

The mean elimination half-life of intranasally-adminis-
tered varenicline was 18.9 h [11]. Circulating varenicline
does not undergo significant hepatic metabolism (92% of the
administered dose is excreted in the urine as unchanged drug
[20]) and neither inhibits nor induces the major cytochrome
P450 isoenzymes [11].

3 Therapeutic Efficacy of Varenicline
Solution

The efficacy of varenicline solution nasal spray in the treat-
ment of DED was evaluated in three randomized, double-
masked, placebo (vehicle)-controlled trials: the short-term
(4-week/28-day) ONSET-1 [25] and -2 [26] studies, which
were conducted at multiple centres in the USA (Sect. 3.1;
Fig. 1); and the longer-term (12-week/84-day) MYSTIC
study [27], which was conducted at a single centre in Mexico
(Sect. 3.2). This section focuses on findings for patients who
received varenicline solution at the approved dosage of 0.03
mg in each nostril twice daily (Sect. 5) or vehicle in these
studies.Supplementary file2 (MP4 6190 KB)

Eligible patients were aged >22 years, had received a
diagnosis of DED and had used (or expressed the desire
to use) an artificial tear substitute for symptoms within
6 months of the study start [25-27]. The ocular inclu-
sion criteria included: baseline Schirmer test score (STS)

Pts aged 2 22 yrs
> diagnosed with DED
assessed for eligibility

; Screening

Varenicline 0.006 mg BID (n = 47)
Varenicline 0.06 mg BID (n = 48)
Varenicline 0.03 mg BID (n = 44)

ONSET-1 (n = 263)

Vehicle BID (n = 43)

Varenicline 0.06 mg BID (n = 260
Varenicline 0.03 mg BID (n = 246)

ONSET-2 (n = NR)
Vehicle BID (n = 252)

Fig.1 Trial design of the randomized, double-masked, vehicle-con-
trolled, multicentre, phase IIb ONSET-1 and phase III ONSET-2 tri-
als in adults with dry eye disease [25, 26], with further information
available in Table 1. Efficacy results for the intranasal varenicline

Eligible pts received one 50 pL spray of intranasal
varenicline solution or vehicle in each nostril per dose

‘ Randomized double-masked treatment

performed with topical anaesthesia (a measure of basal tear
film production) of <10 mm/5 min and STS >7 mm greater
in the same eye upon intranasal mechanical stimulation with
a cotton swab; corneal fluorescein staining score of >2 in
at least one corneal region or a sum of >4 for all corneal
regions; OSDI score of >23, with up to three responses
of “not applicable” (ONSET-1 and -2 only); and best-cor-
rected visual acuity < 0.7 logarithm of the minimum angle
of resolution [25-27]. If both eyes qualified, then the eye
with the greatest increase in STS upon mechanical stimula-
tion or, if no difference, the eye with the lower basal STS,
was selected as the study eye [25, 26]. If neither measure
differed, the right (as opposed to left) eye was chosen as
the study eye [25, 26]. Of note, eligibility in the ONSET
studies was not limited by the baseline severity of DED
symptoms, as assessed in terms of the eye dryness score
(EDS). All three studies excluded patients who used contact
lenses within 7 days of screening or anticipated using lenses
during the study period [25-27].

3.1 ONSET Studies

Participants in the phase IIb ONSET-1 study (n = 182) were
randomized to receive varenicline solution 0.006 mg (n =
47), 0.03 mg (n = 48) or 0.06 mg (n = 44), or vehicle (n =
43) [25], while those in the phase III ONSET-2 study (n =
758) were randomized to receive varenicline solution 0.03
mg (n =260) or 0.06 mg (n = 246), or vehicle (n = 252) [26]
(Fig. 1). These doses of varenicline solution (and vehicle)
were delivered with each actuation of an intranasal spray
device; patients administered one 0.05 mL spray in each
nostril twice daily for 4 weeks [25, 26]. Randomization was
not stratified by baseline factors in ONSET-1 [25], but was
stratified according to preprocedure anaesthetized STS (<5
mm vs >5 mm), preprocedure EDS (<60 vs >60) and study

Primary endpoint

‘ assessed at 28 days

Proportion of pts
achieving 210 mm
improvement in

anaesthetized STS
in study eye from BL
to day 28

LSM change in
anaesthetized STS

in study eye from BL
to day 28

solution dosage approved in the USA are reported in the animated
figure (available online). BID twice daily, BL baseline, DED dry eye
disease, LSM least squares mean, NA not reported, OR odds ratio, pts
patients, STS Schirmer test score
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site in ONSET-2 [26]. Use of artificial tears was permitted
during the studies [20, 26].

The primary efficacy endpoint in ONSET-1 was the
change in the anaesthetized STS in the study eye from base-
line to day 28 [25], whereas that in ONSET-2 was the pro-
portion of patients achieving a > 10 mm improvement in
anaesthetized STS in the study eye from baseline to week 4
[26]. Secondary endpoints included the change from base-
line in EDS, as assessed in a controlled adverse environ-
ment (CAE) chamber (at day 21 in ONSET-1 and day 28
in ONSET-2) and in the clinic (at day 28 in both ONSET-1
and -2) [25, 26].

Baseline demographics and ocular assessments were
generally similar between the varenicline solution 0.03 mg
and vehicle groups in both trials [25, 26]. Across the four
treatment groups, the mean age of patients ranged from
~ 58-67 years; the majority were female (71-80%) and
White (81-93%). Baseline anaesthetized STS and EDS score
ranged from 4.5-5.1 and 58.1-65.2, respectively (Table 1)
[25, 26].

Four weeks of treatment with varenicline solution
0.03 mg resulted in statistically significant and clinically
meaningful improvements in signs and symptoms of DED
(Table 1) [25, 26]. In terms of basal tear film production,

the improvements in anesthetized STS from baseline to day
28 and the proportions of patients achieving a > 10 mm
improvement in anaesthetized STS at week 4 were signifi-
cantly (p < 0.001) greater with varenicline solution than
with vehicle in both studies (Table 1) [25, 26].

A post hoc exploratory analysis conducted on the pri-
mary endpoint of ONSET-1 using a last observation car-
ried forward (LOCF) approach to account for missing data
yielded comparable results to the primary analysis [25]. The
least squares mean (LSM) improvements in anesthetized
STS from baseline were 11.7 (95% CI 9.24-14.26) mm in
the varenicline solution group (n = 48) versus 3.2 (95% CI
0.62-5.80) mm in the vehicle group (n = 43) [p < 0.0001]
[25]. Similarly, post hoc analyses performed on the primary
endpoint of ONSET-2 showed that significantly (p <0.03)
greater proportions of varenicline solution than vehicle
recipients achieved a > 10 mm improvement in anaesthetized
STS, irrespective of the baseline severity of basal tear pro-
duction [odds ratios (ORs) of 3.46 (95% CI 1.99-6.04) and
1.83 (95% CI 1.03-3.24) for anaesthetized STS <5 and >5
mm] or DED symptoms [ORs of 3.37 (95% CI 1.81-6.29)
and 2.05 (95% CI 1.22-3.46) for EDS < 60 and > 60]) [26].

In ONSET-1, varenicline solution significantly improved
EDS from baseline relative to vehicle, as assessed in the

Table 1 Efficacy of varenicline solution nasal spray 0.03 mg twice daily in the treatment of dry eye disease: results of randomized, dou-

ble-masked, vehicle-controlled, multicentre phase II (ONSET-1; MYSTIC) and III (ONSET-2) trials

Study Regimen STS? EDSY
(no. of pts)
LSM ABL® LSM-TD > 10 mm ABL® LSM ABL*® LSM-TD
(mm) [BLY] (mm) [95% CI] (% of pts) (mm) [BLY] (mm) [95% CI]
Short-term studies
ONSET-1 [25] VAR (48) 11.47[4.8] 8.5 [5.0-12.1]**  52%%* —16.0[63.7] —11.6 [- 20.1 to — 3.0]*
VEH (43) 3.21[4.5] 14 —4.4165.2]
ONSET-2 [26] VAR (260) 11.3[5.1] 5.0 [3.4-6.6]** 47 3% — 10.38 [58.5] —29[-74101.6]
VEH (252) 6.3 [4.9] 27.8f —7.4%[58.1]
Longer-term study
MYSTIC [27] VAR (41) 10.8* [5.5] NR 36.6 NR
VEH (41) 6.0 [5.3] NR 24.4 NR

Results are for the ITT population using the LOCF approach, except where indicated. Results for ONSET-1 are from post hoc analyses

BL baseline, ABL change from BL, CAE controlled adverse environment, EDS eye dryness score, /77 intent-to-treat, LOCF last observation car-
ried forward, LSM least squares mean, NR not reported, pts patients, STS Schirmer test score (with anaesthesia), 7D treatment difference, VAR

varenicline solution, VAS visual analogue scale, VEH vehicle
*p = 0.006, **p < 0.0003 vs VEH
20n a 0-35 mm scale; a higher score indicates a better outcome

®0n a 100 mm VAS, where 0 = ‘no discomfort’ and 100 = ‘maximal discomfort’. Assessed in a CAE

“To day 28/week 4 (ONSET-1 and -2) or day 84/week 12 (MYSTIC)
4Mean value

°To day 21/week 3 in ONSET-1; to day 28/week 4 in ONSET-2
Primary endpoint

£Modified ITT (VAR, n = 187; PL, n = 169)
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CAE chamber (Table 1) and in the clinic [LSM treatment
difference (varenicline solution vs vehicle) of — 13.3 mm;
p = 0.021] [25]. In comparison, varenicline solution did
not significantly improve EDS from baseline in the CAE
chamber compared with vehicle in ONSET-2 (Table 1),
potentially because of limitations imposed by social dis-
tancing requirements during the coronavirus disease 2019
pandemic, which restricted use of the CAE chamber and
collection of symptom data in ~30% of the study popu-
lation [26]. In terms of EDS assessed in the clinic, the
improvement from baseline to day 28 with varenicline solu-
tion was significantly greater than with vehicle by week 2
[LSM treatment difference (varenicline solution vs vehicle)
of — 3.7 mm; nominal p = 0.049]; this trend continued at
week 4 [LSM treatment difference of — 4.4 mm; nominal
p =0.038] [26].

3.1.1 Pooled Data

Varenicline solution was effective in increasing basal tear
production, regardless of baseline severity of DED symp-
toms, according to an LOCF analysis of data pooled from
ONSET-1 and -2 [28]. The mean improvement in anesthe-
tized STS from baseline to week 4 was significantly (p <
0.01) greater among varenicline solution 0.03 mg than vehi-
cle recipients in both the baseline EDS <40 subgroup (8.4
vs 4.1 mm) and the baseline EDS > 40 subgroup (9.9 vs 3.9
mm). Similarly, significantly (p < 0.03) more varenicline
solution 0.03 mg than vehicle recipients achieved a > 10
mm improvement in anaesthetized STS at week 4 in both the
baseline EDS <40 subgroup (30.9 vs 18.5%; OR of 3.02)
and the baseline EDS > 40 subgroup (38.8 vs 17.9%; OR of
3.17) [28].

Varenicline solution was administered bilaterally (i.e. to
each nostril) in these studies and the pooled analysis also
showed that basal tear production was increased in fellow
eyes as well as in study eyes [28]. For study eyes, the LSM
improvement in anesthetized STS from baseline to week 4
was 10.5 mm in varenicline solution 0.03 mg recipients ver-
sus 5.0 mm in vehicle recipients; the corresponding results
for the fellow eyes were 8.8 versus 2.8 mm (values estimated
from a graph). Similarly, more varenicline solution 0.03 mg
than vehicle recipients achieved a > 10 mm improvement in
anaesthetized STS at week 4, based on outcomes in study
eyes [OR of 2.86 (95% CI 1.98-4.14)] as well as in fellow
eyes [OR of 3.53 (95% CI 2.34-5.31)] (values estimated
from a graph) [28].

3.2 MYSTIC Study
Eligible patients enrolled in the phase I MYSTIC study (n =

123) were randomized to receive varenicline solution 0.03
mg (n =41) or 0.06 mg (n = 41), or vehicle (n = 41) [27].

As in the ONSET studies, these doses of varenicline solution
(and vehicle) were delivered with each actuation of an intra-
nasal spray device; patients administered one spray (0.05
mL) in each nostril twice daily for 12 weeks. The primary
efficacy endpoint was the change in the anesthetized STS in
the study eye from baseline to day 84 [27].

Baseline characteristics were generally similar with
respect to mean age (51 years in the varenicline solution
group vs 56 years in the vehicle group), female sex (78%
vs 80%) and anaesthetized STS (5.5 vs 5.3; Table 1); all
patients were Hispanics/Latinos [27].

Varenicline solution 0.03 mg significantly improved tear
film production in patients with DED over a 12-week period
(Table 1) [27]. Notably, tear production increased as early as
5 min after administration of varenicline solution and was
maintained throughout the 84-day study, with no evidence of
drop-off in efficacy or development of tolerance with long-
term use [27]. Just over one-third of varenicline solution
recipients compared with one-quarter of vehicle recipients
experienced a > 10 mm improvement in anaesthetized STS
at week 12, although the between-group difference was not
statistically significant (Table 1) [27].

4 Tolerability of Varenicline Solution

Varenicline solution nasal spray was generally well toler-
ated in the ONSET-1 and -2 and MYSTIC studies (Sect. 3)
[25-27]. Overall, a total of 349 patients in these three tri-
als received at least one dose of varenicline solution at the
approved strength (0.03 mg in each nostril twice daily;
Sect. 5), with the majority having 31 days of treatment
exposure (maximum treatment exposure was 105 days) [20].
The most common adverse reactions reported in varenicline
solution recipients included sneezing (82%), cough (16%),
throat irritation (13%), and instillation-site (nose) irritation
(8%) [20].

In ONSET-2, 16.5% and 97.3% of patients receiving
varenicline solution (n = 260) reported at least one ocu-
lar treatment-emergent adverse event (TEAE) and at least
one non-ocular TEAE, respectively, compared with 16.3%
and 57.0% of patients receiving vehicle (n = 251) [26].
Conjunctival hyperaemia (4.6% with varenicline solution
vs 2.8% with vehicle) and reduced visual acuity (3.5% vs
4.4%) were the most common ocular TEAEs, with most of
these events not considered to be related to the study drug.
Sneezing was the most common non-ocular TEAE reported
by patients receiving varenicline solution (Fig. 2). Nearly all
varenicline solution recipients sneezed at least once during
treatment (93.8% vs 28.3% of vehicle recipients), with the
majority (84.5%) of sneezing occurring within the first min-
ute post administration. Other non-ocular TEAEs frequently
reported byvarenicline solution recipients included cough,
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throat irritation and instillation site irritation (Fig. 2). Most
non-ocular TEAEs were considered mild and were reported
by more varenicline solution than vehicle recipients (Fig. 2).
In ONSET-2, no serious TEAESs or deaths were considered
to be related to the study drug. Five patients (1.9%) in the
varenicline solution group and four (1.6%) in the vehicle
group experienced TEAEs that led to treatment discontinu-
ation [26].

In MYSTIC, 9.8% and 14.6% of patients receiving
varenicline solution (n = 41) reported at least one ocu-
lar TEAE and at least one non-ocular TEAE, respec-
tively, compared with 9.8% and 22.0% of patients receiv-
ing vehicle (n = 41) [27]. The four varenicline solution
recipients who experienced ocular TEAEs all had reduced
visual acuity considered to be related to the study drug.
In comparison, reduced visual acuity was not considered
to be related to the study drug in any of the three vehi-
cle recipients who reported this ocular TEAE. The most
common non-ocular TEAE was transient sneezing (lasting
1-2 min), which was reported by two patients (4.9%) in
each treatment group and in all cases was considered to be
related to the study drug. Most TEAEs were mild in sever-
ity; no severe TEAEs, serious TEAEs or deaths occurred.
TEAE:s leading to treatment discontinuation were reported
in one varenicline solution recipient (headache on day 1)
versus three vehicle recipients (nausea, dizziness and nasal
discomfort on day 1; chest pain and dyspnoea on day 1;
depression on day 30). Notably, discontinuations generally
occurred early in the study, suggesting that TEAEs did not
increase over time [27].

Sneezing

|

Cough B VAR (n = 260)

O VEH (n = 251)

Throat irritation

Instillation site irritation

Nasopharyngitis

10 20 30 40 50 60 70 80 90 100
Incidence (% of patients)

o

Fig.2 Non-ocular treatment-emergent adverse events reported in
> 5% of patients treated with varenicline solution 0.03 mg or vehicle
in each nostril twice daily in the ONSET-2 trial [26]. VAR varenicline
solution, VEH vehicle
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5 Dosage and Administration of Varenicline
Solution

Varenicline solution nasal spray is indicated for the treat-
ment of the signs and symptoms of DED in the USA [20].
It is available in a device that delivers 0.03 mg of vareni-
cline with each 0.05 mL spray; the recommended dosing
regimen is one spray in each nostril twice daily (= 12 h
apart) [20].

Consult local prescribing information for further details
regarding priming instructions, contraindications, warnings
and precautions and use in special populations.

6 Current Status of Varenicline Solution
in the Management of Dry Eye Disease

Twice-daily, bilateral administration of varenicline solution
nasal spray was an efficacious and generally well tolerated
treatment for DED, as shown in the 4-week ONSET-1 and -2
studies (Sect. 3.1). Benefits were seen in both (study and fel-
low) eyes, and basal tear production was increased, regard-
less of the baseline severity of DED symptoms (Sect. 3.1.1).
Moreover, the efficacy and safety of this novel therapeutic
modality was maintained over the longer-term, as demon-
strated in the 12-week MYSTIC study (Sect. 3.2). Across
these trials, improvements in the signs and symptoms of
DED resulting from pharmacological neuroactivation of the
NLR/TPP with varenicline solution were statistically signifi-
cant and clinically meaningful (Sect. 3). Of note, varenicline
solution had a rapid onset of action, with an increase in tear
film production seen as early as 5 min after the first admin-
istration; future studies will address how long the increase
in tear production persists post treatment [27]

Consistent with the nasal route of delivery, varenicline
solution recipients reported comparatively few ocular
TEAE:s; in particular, there were no cases of burning or
stinging (Sect. 4). The most common TEAESs reported by
varenicline solution recipients included sneezing (a well-
documented reflex response to stimulation of the trigeminal
nerve in the nasal cavity) and cough, which, in most cases,
were mild and transient and occurred <1 min after admin-
istration (Sect. 4).

The generalizability of the ONSET and MYSTIC study
results is variously aided by trial design features, such as
enrolment not being dependent on DED symptom sever-
ity (EDS score), the lack of a placebo run-in period (often
used in DED trials to exclude patients who respond to vehi-
cle treatment) and the permitted use of artificial tears as
needed [25-27]. Nonetheless, additional long-term studies
are desirable as the MYSTIC study population was limited
to Hispanic or Latino patients [27, 29]. Real-world stud-
ies designed to confirm the effectiveness of varenicline
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solution for the treatment of DED in clinical practice are
also warranted.

Based on the results of the ONSET studies, varenicline
solution has become the first pharmacological neuroactivator
of the NLR/TPP to be approved for the treatment of DED
in the USA (Sect. 1). As described hereafter in this section,
the novel method of administration and mechanism of action
of varenicline solution offers a number of potentially useful
advantages over existing topical therapies for DED.

Normal tear film consists of aqueous fluid, electrolytes
and an array of mucin glycoproteins, lipids and proteins
(including trophic/wound healing, innate defence/antimicro-
bial and anti-inflammatory/antioxidant factors) that enable
it to perform its basic functions of lubricating and protect-
ing the ocular surface [30]. As such, there is an important
distinction between intranasally administered varenicline
solution and topically applied artificial tears in terms of
how these differing treatment modalities fundamentally
address DED symptoms: the former is designed to increase
the secretion of endogenous tears (with all of their lubricant
and protective properties), whereas the latter are intended
to mimic the secretion of natural tears without replicating
their complex composition (and hence all of their various
functions) [31, 32]. Moreover, efficacy findings for vareni-
cline solution compare favourably with those for topical anti-
inflammatory drugs (cyclosporine and lifitegrast) in terms
of the speed of onset and/or extent of increase in natural
tear production, albeit based on indirect comparisons that
are inherently limited in nature [27, 33, 34]. The outcomes
of head-to-head studies are therefore awaited with interest.
Notably, varenicline solution stimulates natural tear film pro-
duction from the LFU through a physiologically relevant
pathway that is independent of trigeminal afferent nerves
in the cornea and conjunctiva, which can be damaged in
patients with chronic DED [35].

By avoiding contact with the ocular surface, varenicline
solution bypasses the challenge of ocular delivery in terms
of limited bioavailability and, moreover, may reduce or pos-
sibly even eliminate some of the common administration-
related ocular TEAES associated with topical therapies, such
as burning and instillation-site pain/irritation (Sect. 1). Intra-
nasal delivery also spares the ocular surface from exposure
to excipients and/or preservatives commonly used in eye
drops that can potentially exhibit ocular toxicity and further
exacerbate the signs and symptoms of DED (Sect. 1).

From the patient perspective, varenicline solution
offers the option of a non-ophthalmic preparation for
those who may prefer this mode of delivery over an
ophthalmic one [29]. Such patients could include those
wishing to reduce the ocular treatment burden if they are
already using topical eye drops for other ocular conditions
(e.g. glaucoma), those who have difficulty independently

administering topical eye drops to treat their DED (e.g.
due to tremors, dexterity issues or neck deformities) and
contact lens users who must otherwise coordinate oph-
thalmic administration with the wearing of their lens [26,
27, 29]. As regards the latter, the efficacy of varenicline
solution in treating the signs and symptoms of DED is
currently being evaluated in 75 daily disposable contact
lens wearers in an investigator-initiated, randomized,
double-masked, placebo-controlled, single-centre study
(NCT05161208).

In conclusion, therefore, varenicline solution nasal
spray is a rapidly-acting, effective and generally well toler-
ated treatment for DED that, by virtue of its novel method
of administration and mechanism of action, offers several
potentially useful advantages over existing topical ocular
therapies in terms of increasing endogenous tear secretion
and reducing ophthalmic treatment burden.

Data Selection Varenicline Solution: 57 records

identified

Duplicates removed 10

Excluded during initial screening (e.g. press releases; 0
news reports; not relevant drug/indication; preclinical
study; reviews; case reports; not randomized trial)

Excluded during writing (e.g. reviews; duplicate data; 12
small patient number; nonrandomized/phase I/I1 trials)

Cited efficacy/tolerability articles 6
Cited articles not efficacy/tolerability 29

Search Strategy: EMBASE, MEDLINE and PubMed from 1946
to present. Clinical trial registries/databases and websites were
also searched for relevant data. Key words were varenicline,
OC-01, Tyrvaya, intranasal, dry eye disease, DED, keratitis sicca.
Records were limited to those in English language. Searches last
updated 19 Sep 2022.
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