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Introduction

Purpose: Dupilumab, a monoclonal antibody directed against the interleukin-4 recep-
tor subunit o (IL-4Ra) of IL-4 and IL-13, is increasingly being used to control atopic
disease. Dupilumab use has been associated with a poorly understood conjunctivitis. In
this study, we sought to investigate the hypothesis that dupilumab use and the associ-
ated IL-13 blockade causes a relative ocular mucin deficiency.

Methods: Tear levels of mucin 5ac (Muc5AC) and total tear protein levels were evaluated
from 28 eyes of 14 patients. Bilateral tear samples were acquired from seven patients
on dupilumab and seven patients with no exposure to dupilumab. Study subjects were
age and gender matched. In addition to tear samples, photographic documentation of
ocular surface findings and a questionnaire of ocular surface symptoms were obtained.
Between-group mean differences were calculated.

Results: Compared with control, ocular Muc5AC levels normalized to total tear
protein was statistically significantly lower. The average Muc5AC levels for persons on
dupilumab was 1.54 + 0.58 ng/mg and that of controls was 7.99 + 1.16 ng/ mg. Persons
on dupilumab reported a statistically increased occurrence of ocular fatigue/eye strain,
uncomfortable sensation, pain, red eye, and itching.

Conclusions: This study demonstrates for the first time, a relative deficiency of Muc5AC
in patients on dupilumab.

Translational Relevance: The results of this study support the previously reported
role of IL-13 in increasing goblet cell density and associated Muc5AC production.
Further efforts are underway to better understand the relative contribution of Muc5AC
deficiency in the overall presentation of conjunctivitis associated with dupilumab use.

AD September 2017 with numerous other approval
under way.!-%-7
Throughout the various trials for approval of

Dupilumab, trade name Dupixent (Sanofi and
Regeneron Pharmaceuticals), is a monoclonal antibody
that acts as an interleukin-4 (IL-4) receptor alpha
antagonist that blocks the signaling of IL-4 and IL-
13.1:2 It is increasingly being used clinically to control
over expression of such Th2 cytokines found in a
variety of allergic diseases.>** Dupilumab was first
approved by the US Food and Drug Administration for
eczema in March 2017 followed by approval for moder-
ate to severe asthma in October 2018. Dupilumab was
then approved for moderate to severe atopic dermati-
tis (AD) in March 2019 and chronic rhinosinusitis
with nasal polyposis in June 2019.° Similar approval
has been achieved outside the United States, with the
European Medicine Agency authorizing dupilumab for
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dupilumab, conjunctivitis has been identified. In
various phase 3 clinical trials, patients with AD treated
with dupilumab had a 14% to 19% rate of conjunctivi-
tis, whereas patients with AD treated with a placebo
had an 8% rate of conjunctivitis.>*1° Although the
increased rate of conjunctivitis was reported, its under-
lying etiology was not explored. In the setting of
AD, it is not uncommon for patients to have a
comorbidity of allergic conjunctivitis.'! How might
a therapeutic that is so powerful in suppressing
atopic disease of the skin cause worsening of aller-
gic conjunctivitis?'->1%-13 Dermatologists prescribed
topical steroid eye drops for persons with conjunctivi-
tis.!»> In the setting of introduction of topical steroids,
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in these trials only 1 of 425 patients discontinued
dupilumab because of conjunctivitis.>10-14:15

As with many debilitating conditions, patients
are willing to withstand significant side effects if
they perceive the overall benefit of the medication
results in positive outcomes. Although limited, current
studies by ophthalmologists have reported a rate of
ocular surface disease as high as 23% for patients
on dupilumab.!-812.14-16 Of concern, some of these
cases involve cicatrizing disease.'*!” With the varied
specialty focus of dermatology and ophthalmology, it is
not surprising that a higher incidence of ocular surface
disease associated with dupilumab use has been identi-
fied in the ophthalmology setting compared to derma-
tology centered trials. Therefore, it is essential to under-
stand the mechanisms underlying dupilumab conjunc-
tivitis and the apparent paradox in worsening ocular
symptoms with improving systemic symptoms. As one
patient stated, “How could something so good for my
skin be so bad for my eyes?”

Pflugfelder and colleagues have reported on the
direct correlation of IL-13 on goblet cell production
and mucin levels.'® It stands to reason that block-
ade of IL-13 may lead to a mucin deficiency. The
purpose of this study was to investigate the tear
levels of Mucin SAC (Muc5AC) in the presence or
absence of dupilumab treatment. A secondary aim
was to assess self-reported ocular surface symptoms
of persons on dupilumab, as well as document clinical
findings associated with dupilumab-associated mucin
deficiency (DAMD) and the overall dupilumab-related
ocular surface disease.

Subjects and Methods

Subjects

This study protocol to compare Muc5AC levels
in the tears of persons on dupilumab and normal
control subjects was approved by the University of
California San Diego College of Medicine institu-
tional review board. The study was compliant with the
Health Insurance Portability and Accountability Act
as well as the tenets of the Declaration of Helsinki
for clinical research. All participants provided written
informed consent after the purpose and associated
possible consequences of the study were explained.
This study was a prospective observational study at
a single institution. Seven persons using dupilumab
and seven healthy age- and gender-matched control
subjects were used. All persons were asked to refrain
from contact lens use or topical ocular lubrication or
medication on the day of tear collection. All subjects
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completed questionnaires about their frequency of
ocular symptoms.

Tear Sample Collection

A total of 28 eyes from 14 subjects were analyzed
in the study. Tear samples were collected sequentially
from the right and then left eye of each subject using
a Weck-Cel cellulose eye spear (Beaver-Visitec Inter-
national, Inc., Waltham, MA). The day of tear collec-
tion, subjects were instructed to disuse contact lens
use. Tears were collected by gently collecting tears with
Weck-Cel spears that absorb tears in the inferior cul-
de-sac. Tear samples were collected over a period of
3 minutes in each eye with a 5-minute interval between
tear collection between eyes. Tears were eluted from
Weck-Cel by incubating the spear in 30 uLL phosphate-
buffered saline for 20 minutes. The samples were then
spun down at 4400 rpm for 10 minutes using an Eppen-
dorf Centrifuge (Westbury, NY). Samples were then
stored at 37°F until analysis.

MuC5AC and Tear Protein Measurement

All tear samples were assayed in triplicate. The
concentration of MUCSAC in the tear samples was
quantified by enzyme-linked immunoassay using the
Human MUCS5AC ELISA Kit (LifeSpan Biosciences,
Seattle, WA) according to the manufacturer’s guide-
lines. The tear samples, as well as the recombinant
human MUCS5AC standard solutions provided with
the kit were measured in triplicate at 450 nm. Next, a
standard microwell Bradford assay using the manufac-
turer’s protocol was performed (Bio-Rad, Hercules,
CA) to determine the total tear protein for each sample
using bovine serum albumin as a protein standard. For
each MUCS5AC sample, the concentration was normal-
ized to total tear protein and expressed as MUCSAC
protein (nanograms) per TPC (milligrams).

Ocular Symptom Questionnaire

To assess ocular surface disease symptoms in each
of the subjects and controls, a questionnaire was
provided to each subject. No clarification or coach-
ing on how to answer questions was provided to the
subjects beyond simply telling them to circle the answer
that best described their symptoms. The particular
questionnaire we used has been previously validated in
trials of ocular surface disease with mucin deficiency in
particular.!” The questionnaire included 12 questions
pertaining to the symptoms of ocular surface disease.
For each of the 12 questions, an answer of always,
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Figure 1.

Severe presentation of DAMD. Slit lamp photos of a patient with DAMD demonstrating ocular surface disease including

(A) blepharoconjunctivitis with mucoid discharge, madarosis, and periocular dermatitis; (B) diffuse bulbar and palpebral conjunctivitis; and
(C) moderate keratitis with absence of stromal infiltrates, and minimal anterior chamber inflammation.

often, sometimes, or never was circled (Supplementary
Material).

Statistical Analysis

Data are presented as the mean + standard devia-
tion. We used Student z-test with a significance level
of P < 0.05. We performed all analyses using the
software R.

Clinical Features

All patients on dupilumab referred to our ophthal-
mology clinic had ocular symptoms from dupilumab.
Ophthalmologist referral before starting dupilumab
did not occur at our institution; therefore, no comment
on prevalence of side effects or findings in cases
that had mild enough ocular side effects that did
not result in referral cannot be assessed. All subjects
from this study had some degree of conjunctivi-
tis, keratitis, and blepharitis. In certain persons, the
degree of ocular surface inflammation was quite severe
(Fig. 1). For most subjects, dupilumab resulted in a
bilateral moderate conjunctivitis with limbal hyper-
emia (Figs. 2-3). Because this was not a longitudi-
nal study, the absence of these findings could only be
confirmed in one patient who had been seen in our
clinic for unrelated causes before starting dupilumab
(Fig. 2C). One patient had what clinically appeared to
be a keratinized area of conjunctiva thatstained with
Lissamine Green (Fig. 3D).

MUCS5AC Levels

In age- and gender-matched controls recruited from
patients and office staff free of ocular surface disease,

Figure 2. Moderate presentation of DAMD. Slit-lamp photos of a
patient with DAMD demonstrating moderate ocular surface disease
including (A) moderate bulbar and palpebral conjunctivitis and
(B) mild keratitis. (C) Before initiating dupilumab, the patient had
minimal ocular surface disease with no evidence of conjunctivitis,
keratitis, or blepharitis.

the ocular level of Muc5AC was reduced in persons
on dupilumab. Specifically, compared with control
(N = 14), ocular Muc5AC levels normalized to total
tear protein in eyes of subjects (N = 14) were found to
be reduced (P > 0.05). The average Muc5AC levels for
persons on dupilumab was 1.54 &+ 0.58 ng/mg and that
of controls was 7.99 + 1.16 ng/mg (Fig. 4).
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Figure 3.

DAMD response to topical therapy. Slit-lamp photos of a patient with DAMD who improved with topical ocular therapy. (A) Upon

presentation, the patient had moderate diffuse bulbar and palpebral conjunctivitis. With the initiation of topical steroids and lifitegrast, the
patient had a reduction of ocular surface inflammation but maintained (B) a degree of temporal conjunctival inflammation with (C) fibrotic
changes and (D) an area of potential keratinization that stained with Lissamine Green.
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Figure 4. Muc5AC levels with dupilumab and controls. Tear
Muc5AC levels normalized to tear total protein in persons on
dupilumab are reduced as compared with healthy subjects. The
average Muc5AC levels for persons on dupilumab was 1.54 +
0.58 ng/mg and that of controls was 7.99 £+ 1.16 ng/mg.

Questionnaire Results

Persons with DAMD displayed a constellation
of ocular symptoms including varying degrees of
conjunctivitis, blepharitis, and Kkeratitis accompa-
nied by expected ocular symptoms. The result of
the questionnaire revealed persons on dupilumab
reported a statistically increased occurrence of ocular
fatigue/eye strain, uncomfortable sensation, pain, red
eye, and itching (Tables 1 and 2). Although not statis-
tically significant because of the small sample size,
persons on dupilumab also trended toward increased
dry sensation, heavy sensation, sensitivity to bright
light, blurred vision, and ocular discharge (Tables 1
and 2).

This paper demonstrates for the first time DAMD.
This finding shows that dupilumab blocks IL-13 and
a known correlation between IL-13 and mucin levels
exists. Persons with DAMD displayed a constella-
tion of ocular symptoms including varying degrees
of conjunctivitis, blepharitis. and keratitis. Most
persons with DAMD had bilateral mild-to-moderate
conjunctivitis with limbal hyperemia. Compared with
control, ocular Muc5AC levels normalized to total tear
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Table 1. Ocular Surface Disease Questionnaire

Percentage of Subjects With Symptoms By Frequency

EECTTET TR ST ST T
| 8

Ocular Fatigue / Eye Strain ol 57 57 B ] 43 o [ 14 0
Uncomfortable Sensation 14 43 29 .: 57 E 29 0 Ij 29 0
Dry Sensation 14l | 43 ] 290 s7 0 | a3 ] 29 [ 14 0
Heavy Sensation [ 5700 86 14[] 14 || 29 0 0 0
Sensitivity to Bright Light 290 | 43 [] 140 ] 43 [ 29 o | 29[] 14
Pain L] 290 1000 ] 43 0 29 0 0 0
Blurred Vision L] 29 | 29 @ | 43 29 [ 14[] 14 [ 14 0
Discharge 5700 g6 | 14 14 || 29 0 0 0
Foreign Body Sensation [l 570 57 [ 140 | 43 29 0 0 0
Red Eye ol | 43 [ 140 57 29 0 0 0
Itching 0 43 || 140 57 57 o | 29 0
Excess Tearing | Y g6 [ 14]] 14 | 43 0 0 0

[ |cases [ |Controls

To assess ocular surface disease symptoms in each of the subjects and controls, a questionnaire was provided to each
subject. The questionnaire included 12 questions pertaining to the symptoms of ocular surface disease. For each of 12
questions, an answer of always, often, sometimes, or never was circled. Persons on dupilumab reported a statistically increased
occurrence of ocular fatigue/eye strain, uncomfortable sensation, pain, red eye, and itching.

Table 2. Trends in Ocular Surface Disease Symptoms

Symptom Case Avg. Score (SD) Control Avg. Score (SD) P Value
Ocular fatigue/eye strain 2.7 (+0.8) 1.4 (£0.5) 0.0041
Uncomfortable sensation 2.7 (£1.7) 1.6 (£0.5) 0.0300
Dry sensation 2.6 (£1.0) 1.9 (£0.9) 0.0941
Heavy sensation 1.7 (£1.0) 1.1(£0.4) 0.1030
Sensitivity to bright light 2.6 (£1.3) 1.9 (£1.1) 0.3341
Pain 2.0(40.8) 1.0 (£0.0) 0.0177
Blurred vision 2.1 (£1.7) 1.6 (£0.8) 0.2797
Discharge 1.7 (£1.0) 1.1(£0.4) 0.2308
Foreign body sensation 1.7 (£1.0) 1.4 (£0.5) 0.4571
Red eye 2.6 (£0.8) 1.6 (£0.5) 0.0382
Itching 3.1(40.7) 1.6 (4+0.5) 0.0002
Excess tearing 2.0(£1.0) 1.1(£0.4) 0.0781

Score: 1-Never 2-Sometime 3-Often 4-Always

Persons with DAMD compared with age- and sex-matched controls had an increase incidence of symptoms associated with
ocular surface disease. The result of the questionnaire revealed persons on dupilumab reported a statistically increased occur-
rence of ocular fatigue/eye strain, uncomfortable sensation, pain, red eye, and itching. Although not statistically significant
with the small sample size, persons on dupilumab also trended toward increased dry sensation, heavy sensation, sensitivity
to bright light, blurred vision, and ocular discharge.

SD, standard deviation.

protein was statistically significantly lower. The average In addition to mucin deficiency, histological analy-
Muc5SAC levels for persons on dupilumab was 1.54 &+  sis of conjunctival biopsies from patients on dupilumab
0.58 ng/mg and that of controls was 7.99 + 1.16 ng/mg. has shown marked decrease and, in certain patients,
Persons on dupilumab reported a statistically increased complete absence of goblet cells.® The median conjunc-
occurrence of ocular fatigue/eye strain, uncomfortable tival intraepithelial goblet cell density was 33 cells/mm?
sensation, pain, red eye, and itching. in persons on dupilumab versus 323 cells/'mm? in
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healthy controls. In addition to a paucity of goblet cells,
persons on dupilumab had a multicellular immune
cell stromal infiltrate. This infiltrate comprised primar-
ily T cells (CD34/CD4+) and eosinophils. In regard
to treatment for these patients, would a recombi-
nant topical mucin be sufficient to abrogate dupilumab
associated conjunctivitis? The authors suspect the
answer may not be so straightforward.

In addition to demonstrating a link between IL-13
and goblet cell and mucin production, Pflugfelder and
colleagues have also explored the role of goblet cells
in promoting antigen-presenting cell tolerance, thereby
suppressing 1L-12 production and TH1 polarization.
With this in mind, DAMD may be just the tip of the
iceberg with goblet cell loss disturbing ocular immune
homeostasis. Further studies are critical to not only
benefit patients on dupilumab but also to inform the
understanding of mucin and goblet cell function in
ocular surface disease.

Dupilumab binds to the alpha subunit of the 1L-4
receptor, thereby blocking IL-4 and IL-13 signaling.”’
In addition to the effect on goblet cells and mucin
production, it is feasible some degree of dupilumab’s
ocular side effects are due to perturbation of these
signaling pathways separate and apart from goblet cell
homeostasis. For example, a recent paper outside the
ocular literature has demonstrated selective suppres-
sion of IL-23 by IL-4 and IL-13, which in turn reduces
Th17 function.”! From the work of Reza Dana’s group,
it is known that interferon-y-expressing Th17 cells are
present and are potentially even requisite for severe
ocular surface autoimmunity.?

Other hypothesized mechanisms for dupilumab’s
ocular side effects include worsening of allergic
conjunctivitis. One such hypothesis suggests IL-4 and
IL-13 signaling inhibition results in increased activity
of OX40L and other ligands known to worsen aller-
gic conjunctivitis.” Another hypothesis is based on the
documented transient increase in cosinophils found
upon the initiation of dupilumab. It has been hypoth-
esized these increased eosinophils are responsible for
ocular side effects.! These hypotheses may not fully
explain the pathogenesis because the ocular side effects
of dupilumab tend to not appear acutely when start-
ing the medication, but over a period of weeks or
sometimes a month. Further, the phenotype of DAMD
patients, at least in the clinical judgment of the authors,
appears separate from that of allergic conjunctivitis.
In fact, it is this paradox of improving atopic disease
and allergic conjunctivitis findings and worsening of
a distinct form of ocular inflammation that prompted
this study.

The demonstration of goblet cell loss and decreased
mucin may be a fruitful area for exploration as
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the primary cause of the deleterious effects of
dupilumab on the ocular surface. Goblet cells have
been shown to play a fundamental role in decreas-
ing ocular inflammation, reducing corneal permeabil-
ity, and decreasing evaporative tear loss.”*>* Goblet cell
loss has been implicated in a variety of well-studied
ocular surface diseases, including allergic conjunc-
tivitis, ocular cicatricial pemphigoid, and Sjogren
syndrome.”*>~? In seminal work by Argueso et al., it
was found that patients with Sjogren syndrome have
a concomitant loss of goblet cells and Muc5SAC and
SPEDF messenger RNA are substantially decreased
in the conjunctiva of such patients.”® Moreover,
Argueso’s group demonstrated that Spdef null mice
lack conjunctival goblet cells.”’® The patients in this
study with DAMD have an ocular surface phenotype
that is reminiscent of that in Spdef null mice. Goblet
cells are also known to respond to transforming growth
factor-beta signaling and indeed appear sensitive to a
variety of external and inflammatory stimuli. Accord-
ingly, disruption of transforming growth factor-beta
signaling has been shown to improve ocular surface
disease symptoms in an experimental model of autoim-
mune keratoconjunctivitis sicca.’” Another example of
goblet cells central role in ocular surface homeostasis is
demonstrated by the finding that goblet cell secretion is
modulated by leukotrienes and is reduced by resolvins
D1 and E1.3' Pflugfelder and colleagues have also
demonstrate that neutralization of interferon-gamma
decreases loss of goblet cells in an experimental dry eye
model.*

Taken together, it appears that the various inflam-
matory pathways regulate both the number of goblet
cells but also function in various pathogenic conditions.
Importantly, this relationship appears to be two-way,
with goblet cells proving immunomodulatory crosstalk
with other cellular mediators. Goblet cells have been
shown to act as antigen-presenting cells to dendritic
cells in the conjunctival stroma.>’ In the same way
various inflammatory cytokines control goblet cell
number, goblet cells have been shown to maintain
dendritic cells in an immature state.** In the small
intestine, goblet cells have been shown to bridge the
gap from lumen to the underlying dendritic cells. By
sampling the luminal environment and carrying that
information to dendritic cells in the underlying epithe-
lium, dendritic cells can sense environmental insults
without a break in barrier integrity.>” In the authors’
opinion, it is likely that much like goblet cells in the
gut, goblet cells in the conjunctiva will emerge as major
players in ocular surface immunology. Accordingly, it
is conceivable that dupilumab’s effects on the ocular
surface are entirely the result of mucin and goblet cell
deficiency.
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Despite the pioneering work of many of the groups
described previously, therapeutic options in DAMD
are limited because of the poorly understood mecha-
nisms regulating goblet cell differentiation in the
conjunctiva. For the majority of patients who have
been plagued by atopic disease their entire life, the
ocular side effects are outweighed by the systemic
benefits and thus they may be DAMD if they do. Lifite-
grast ophthalmic solution (Xiidra) 5%, cyclosporine
ophthalmic emulsion (Restasis) 0.05%, tacrolimus,
topical steroids, and topical lubricants have been
reported to be effective in this condition.>-814.35-38
Tellingly, mast cell stabilizers and antihistamines
appear to be of minimal benefit. If primarily a mucin
deficiency, it stands to reason that treatment of DAMD
should involve mucin replacement. Currently, a recom-
binant form of mucin is not available. A few thera-
peutics whose primary mechanism is thought to be
increased mucin production are approved outside the
United States, including rebamipide in Japan.

This study has a number of limitations. First,
the patients referred to the ophthalmology clinic
on dupilumab had ocular side effects and thus no
comment on prevalence or normal degree of symptoms
can be ascertained. As one would expect based upon
the symptomatic nature of our patients, the degree of
signs and symptoms appeared more than that previ-
ously reported in all comers on dupilumab in the
dermatology literature. In addition, the sample size in
this study was small. Nevertheless, it is telling that in
this enriched population, even with small sample size,
a significant difference in MucSAC levels as well as
reported ocular surface disease symptoms was found
between subjects and controls.

Another significant limitation of this study was
the single timepoint when patients were analyzed.
Although patients were asked to refrain from topical
ocular medications and lubrication on the day of tear
collection, the use of topical ocular medication before
the day of tear collection was not eliminated as a
variable. Because only one healthy control used any
ocular medication/lubrication, artificial tears in the
one case using drops, the subjects were on a variety
of topical ocular medications and lubricants. Because
patients were found to clinically and symptomati-
cally improve on these various therapies, it is unlikely
that the use of these medications was the cause of
the observed decline in tear mucin levels. Neverthe-
less, a prospective study looking at all patients started
on dupilumab with monitoring of Muc5SAC as well
as corresponding ocular irritation and inflammation
would be illustrative.

Although our study does prove that patients on
dupilumab with ocular symptoms do have decreased
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mucin levels, it fails to address three critical questions.
Do patients with ocular symptoms from dupilumab
introduction already have low Muc5AC levels before
starting the medication and dupilumab destroys any
Muc5AC reserve? Do all patients that start dupilumab
have a decline in Muc5AC levels and, if so, is this
percentage decline relatively stable from person to
person? Clearly, a prospective study in which Muc5AC
and goblet cell density is measured before initiation
of dupilumab and followed over time would be of
great benefit. Similarly, the evaluation of mucin levels
longitudinally after the introduction of topical steroids,
cyclosporin, Lifitegrast, rebamipide, or other agents
thought to be helpful in DAMD as well as the corre-
lation to clinical signs and ocular surface disease
symptoms would be very illustrative. Nevertheless, this
study represents an important direction to explore in
the better understanding of dupilumab induced ocular
surface disease. Moreover, this study further highlights
what appears to be a critical role of mucin and goblet
cells in a healthy ocular surface.

In conclusion, this study demonstrates for the first
time, a relative deficiency of Muc5AC in patients
on dupilumab. These results support the previously
reported role of IL-13 in increasing goblet cell density
and associated Muc5AC production. Persons with
DAMD displayed a constellation of ocular symptoms
including varying degrees of conjunctivitis, blepharitis,
and keratitis. Most persons with DAMD had bilat-
eral, moderate conjunctivitis with limbal hyperemia.
Persons on dupilumab reported a statistically increased
occurrence of ocular fatigue/eye strain, uncomfortable
sensation, pain, red eye, and itching. Further efforts are
under way to better understand the relative contribu-
tion of Muc5AC deficiency in the overall presentation
of ocular surface disease associated with dupilumab
use.
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