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Purpose: Contact lens–induced discomfort (CLD) remains a primary factor in discon-
tinuation or prevention of contact lens wear. Thus, we investigated the role of ocular
surface immune cells in subjects with CLD.

Methods: Habitual contact lens (CL) wearers with CLD (n = 19; 38 eyes) and without
CLD (n = 21; 42 eyes) as determined by the Contact Lens Dry Eye Questionnaire-8 was
included in a trial. Enrolled subjects used either of the two types of CL (designated as
CL-A or CL-D). Ocular surface cells from the bulbar conjunctivawere obtained by impres-
sion cytology. The collected cells were phenotyped using fluorochrome-conjugated
antibodies specific for leukocytes (CD45+), neutrophils (CD66b+,High,Low), macrophages
(CD163+), T cells (CD3+CD4+, CD3+CD8+), natural killer (NK) cells (CD56+, High, Low),
natural killer T (NKT) cells (CD3+CD56+), and gamma delta T (γ δT) cells (CD3+γ δTCR+)
by flow cytometry. Further, corneal dendritic cell density (cDCD) was also determined
using in vivo confocal microscopy.

Results: Significantly higher proportions of CD45+ cells were observed in subjects
with CLD compared to those without CLD. The percentages of CD66bTotal,Low, CD163+,
pan T cells, CD4+T cells, CD8+T cells, CD56Total,High,Low (NK) cells, and NKT cells, as well
as the CD4/CD8 ratio, were significantly higher in CLD subjects. The proportion of T
cells (CD4, CD8, CD4/CD8 ratio, NKT cells) and macrophages exhibited a direct associ-
ation with discomfort score. The percentages of CD45+, CD66bTotal,Low, CD163+, CD3+,
CD56Total,High,Low, and NKT cells and cDCD were significantly higher in CLD subjects
wearing CL-D. The percentages of CD66bHigh, CD4+T cells, CD8+T cells, NKT cells, and
CD4/CD8 ratio were significantly higher in CLD subjects wearing CL-A.

Conclusions: Increasedproportions of ocular surface immune cells are observed in CLD,
and the lens type could impact the immune cells associated with CLD.

Translational Relevance: The association between the proportion of altered ocular
surface immune cell subsets and contact lens–induceddiscomfort underpins the impor-
tance of considering immune-related aspects during contact lens development and in
the clinical management of ocular surface pain.

Introduction

Over 140 million people use contact lenses (CLs)
worldwide,1 and CLs have improved the quality of
vision and life among their users. However, 12%
to 51% of CL users have discontinued their use,2–5

primarily due to contact lens–induced discomfort
(CLD).2,5 Decades of CL research and development
have resulted in significant improvements in materi-
als and optical and mechanical designs, as well as
multipurpose solutions to enhance comfort and safety
for CL wearers. Despite the progress, CLD remains
the foremost reason why consumers abandon use of
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their CLs,2,5 highlighting the need to further eluci-
date the mechanisms underpinning CLD. Regardless
of the subjectivity and psychological aspects associated
with reporting CLD, the spectrum of causal factors
that do contribute to CLD includes the physical and
chemical characteristics of CL material, the CL ocular
surface/tear film interface, and CL-induced molecular
alteration on the ocular surface that reduces threshold
of nociception.6–8

The influence of polymer chemistry and various
other material attributes, including water content,
hydration, ionicity, oxygen transmissibility, modulus,
and mechanical factors such as coefficient of friction,
wettability, and surfacemodification, have been investi-
gated intensively for their contributions toCLD.7 None
of these attributes, with the one exception of coefficient
of friction, has appeared to be associated directly with
CLD. Because CLD affects only a subset of CL users,
it would be beneficial to determine the ocular surface
profiles of molecular and cellular components with the
ability to influence nociception at the ocular surface
in these subjects. Inflammatory factors are known to
mediate pain by reducing the threshold to nocicep-
tive stimuli via sensitization of polymodal nocicep-
tors, thermoreceptors, and mechanonociceptors and
by altering the expression or conformation of ion
channels.9,10 Levels of inflammatory mediators at the
ocular surface are altered following CL use, includ-
ing those reporting CLD.11 Hence, tear film dynam-
ics and lipid layer disruption due to CL use contribute
to changes in ocular surface inflammatory factors and
discomfort.6,8,9 The magnitude of the changes in these
factors following CL use could vary among subjects
depending on the presence of ocular surface comor-
bidities, subject-specific responses to CLs, and possibly
the type of CL used, thus predisposing some to CLD.

The ocular surface structural cells could also
contribute to the levels of inflammatory factors in
response to various stimuli and immune response.12,13
Changes in the proportions of immune cell subsets
and their activity on the ocular surface would result in
compromise of corneal epithelial barrier function and
disruption in ocular surface homeostasis, resulting in
discomfort and vision disturbance.14–17 A variety of
immune cells are known to be present in the corneal
and ocular surface mucosa to render protection and
maintain homeostasis. Neutrophils, natural killer (NK)
cells, macrophages, dendritic cells (DCs), and T-cell
subsets are some of the innate and adaptive immune
cells present on the ocular surface that have been impli-
cated in ocular surface conditions such as dry eye
disease (DED) and keratoconus.16,18–21 However, the
proportion of these cells and that of other immune
cell subsets on the ocular surface of subjects with

CLD are yet to be investigated. Further, the knowl-
edge regarding the orchestrated interaction between
immune cells and structural cells of tissues in various
tissues and organs22 suggests the need to study the
status of immune profiles on the ocular surface in
the context of CLD. Flow cytometry–based pheno-
typing of cells obtained from the impression cytology
procedure is one of the most commonly used methods
for assessing the status of inflammatory and immune
status of the ocular surface in human subjects.23–26
Hence, in the current study, we investigated the propor-
tions of total leukocytes, neutrophils, macrophages,
DCs, NK cells, pan-T cells, CD4 T cells, CD 8 T cells,
and gamma delta T (γ δT) cells on the ocular surface of
subjects with and without CLD and on two different
types of CLs in a non-invasive manner using conjunc-
tival impression cytology samples.

Methods

Study Cohort and Design

This study was a non-masked, non-randomized,
non-interventional, stratified, four-arm parallel group,
multi-visit clinical trial (CTRI/2017/12/010950). The
study was approved by the respective institutional
ethics committees of Narayana Nethralaya, Bangalore
(EC ref. no. C/2017/12/03) and Sankara Nethralaya,
Chennai. Subjects were enrolled into one of four arms
as shown in Table 1 based on their habitual CL type, the
difference between comfortable wearing time (CWT)
and average wearing time (AWT), and their Contact
Lens Dry Eye Questionnaire-8 (CLDEQ-8) scores.

Inclusion and Exclusion Criteria

Inclusion Criteria
1. The subject must read, understand, and sign the

statement of informed consent and receive a fully
executed copy of the form.

2. The subject must appear able and willing to
adhere to the instructions set forth in this clini-
cal protocol.

3. The subject must appear able and willing to
adhere to a no-CL-wear period of at least a
month.

4. The subject must be between 18 and 45 (inclusive)
years of age at the time of screening.

5. The subject must currently be wearing one
of the two habitual contact lenses in both
eyes for at least 3 months. The habitual
lens types included in the study were CL-A
(1-DAY ACUVUE MOIST; Johnson & Johnson
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Table 1. Study Cohort Characteristics

1 2 3 4

Habitual contact lens 1-DAY ACUVUE
MOIST (CL-A)

1-DAY ACUVUE
MOIST (CL-A)

DAILIES
AquaComfort Plus

(CL-D)

DAILIES
AquaComfort Plus

(CL-D)
Discomfort status Asymptomatic Symptomatic Asymptomatic Symptomatic
Difference between CWT and AWT (h) <1 ≥3 <1 ≥3
CLDEQ-8 score at baseline ≤7 ≥15 ≤7 ≥15
Sample size (subject; eyes), n 10; 20 9; 18 11; 22 10; 20
Male; female, n 7; 3 1; 9 3; 9 4; 6
Age (y), mean ± SD 25.0 ± 5.1 24.8 ± 5.4 22.8 ± 2.4 26.1 ± 4.6

Figure 1. CLDEQ-8 scores for CLD subjects wearing the different
lens types. The graph indicates the CLDEQ-8 scores for subjects
without CLD (As) and with CLD (S). A, CL-A users; D, CL-D users. CL-A
As (20 eyes, n= 10), CL-A S (18 eyes, n= 9), CL-D As (22 eyes, n= 11),
and CL-D S (20 eyes, n= 10). The bar graph represents mean± SEM.
*P < 0.05, **P < 0.01, ***P < 0.001 (Mann–Whitney test).

Vision, Jacksonville, FL) and CL-D (DAILIES
AquaComfort Plus; Alcon, Geneva, Switzer-
land). Habitual CL wear was defined as having
a minimum wearing time of 3 hours per day,
minimum of 3 days per week for at least 3
months.

6. The subject must have visual acuity of at least
20/40 or better in each eye with their habitual
lenses.

7. Subjects must meet one of the following crite-
ria in order to be classified as either asymp-
tomatic or symptomatic group: for the asymp-
tomatic group, CLDEQ-8 score of ≤7 and differ-
ence between CWT and AWT of <1 h/day; for
the symptomatic group, CLDEQ-8 score of ≥15
and difference between CWT and AWT of >3
h/day. The baseline CLDEQ-8 scores of the four
study groups at the time of recruitment are shown
in Figure 1.

8. The subject must have healthy eyes with no
evidence of abnormality or disease (i.e., no active

ocular pathological conditions or infections of
any type).

9. The subject must have a pair of spectacles that
provide corrected binocular visual acuity of 20/40
or better. If they have no spectacles, subjects must
have unaided binocular visual acuity of 20/40 or
better.

Exclusion Criteria
1. The subject is currently pregnant or lactating.
2. The subject has any diseases (e.g., Sjögren’s

syndrome), allergies, infectious disease (e.g.,
hepatitis, tuberculosis), contagious immunosup-
pressive diseases (e.g., HIV), autoimmune disease
(e.g., rheumatoid arthritis), diabetes, or other
diseases, by self-report that are known to inter-
fere with contact lens wear and/or participation
in the study.

3. The subject has unacceptable lens fit with their
habitual lenses in either eye based on a study
investigator’s judgement.

4. The subject has any extended wear modality.
5. The subject has used medications, including

topical eye drops, for the management of ocular
surface discomfort or any other condition in the
last 3 months.

Study Design

Following enrollment into the study, the subjects
were categorized into one of the two categories (CL-
A or CL-D). Following two weeks of CL wear,
the wearer’s discomfort was recorded based on a
visual analog scale (VAS) that is frequently used
to measure temporal characteristics of contact lens
discomfort and is useful for assessing qualities such as
duration, onset, and chronicity. Thereafter, impression
cytology samples were collected from each study eye as
described below to phenotype the immune cells on the
ocular surface.
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Impression Cytology

Ocular surface cells were collected non-invasively
by impression cytology using an impression cytology
device (EYEPRIM; Opia Technologies, Paris, France)
at the sixth visit for each subject as per the manufac-
turer’s instructions. The sampling area of impression
cytology was central bulbar conjunctiva inferior and
proximal to the cornea. After the impression cytol-
ogy sampling, the membrane from the device with the
cellular material was ejected and collected in a 1.5-mL
microcentrifuge tube. Two-thirds of the membrane of
the impression cytology device was cut and immedi-
ately immersed in pre-chilled phosphate-buffered saline
(PBS, pH 7.4) with fixative (0.05% paraformaldehyde)
in 1.5-mLmicrocentrifuge tubes and stored at 4°C until
further processing.

Immunophenotyping by Flow Cytometry

The cells bound to the membrane of the impres-
sion cytology device were detached prior to stain-
ing with the relevant cell-type–specific fluorochrome-
conjugated antibodies. Briefly, the cells from the
membrane were detached by gentle agitation (500 rpm)
at 4°C using a ThermoMixer (Eppendorf, Hamburg,
Germany) in PBS with fixative for 30 minutes; the
membrane was removed and centrifuged (1600 rpm for
5 minutes). The pellet was resuspended in 50 μL of
ice-cold staining buffer (5% fetal bovine serum [FBS]
in 1× PBS, pH 7.4), and the cell surface molecule
staining and analysis protocol were performed as
follows. The fluorochrome-conjugated antibodies used
to phenotype immune cells included leukocytes (CD45;
allophycocyanin [APC]-H7, clone 2D1; BD Pharmin-
gen, San Diego, CA); neutrophils (CD66b; AF647,
cloneG10F5; BDPharmingen); macrophages (CD163;
fluorescein isothiocyanate [FITC], clone GHI/61; BD
Pharmingen); T cells (CD3; phycoerythrin [PE], clone
HIT3a; BD Pharmingen); γ δT cells (γ δ T-cell receptor
[γ δTCR]; peridinin chlorophyll protein [PerCP]-Cy5.5,
clone B1; BD Pharmingen); and NK cells (CD56;
PeCy7, clone B159; BD Pharmingen). CD4 and CD8
T cells were phenotyped using BD Multitest (BD
Pharmingen), a four-color direct immunofluorescence
panel (FITC, PE, PerCP, and APC) for CD3, CD8,
CD45, and CD4. Staining of cell surface markers was
done using fluorochrome-conjugated antibody cocktail
diluted in staining buffer (50 μL) and incubated
for 45 minutes at room temperature. The cells were
washed twice and then resuspended in 400 μL 1× PBS
(pH 7.4) for data acquisition. Data acquisition was
performed on a BD FACS-Canto II flow cytometer
using BD FACSDiva software (BD Bioscience), and

post-acquisition analysis was done using FCS Express
6 Flow Research Edition. The analysis included a
compensation protocol to adjust for the spectral
overlap between the multiple fluorochromes used for
the different cell surface molecules. The compensa-
tion matrix was calculated from single stained controls.
Universal negative and fluorescence minus one control
were used to determine gating regions. A gating strat-
egy was employed for immune cell subset identifica-
tion after acquisition, where the cells were first defined
based on side scatter (SSC) and CD45-positive stain-
ing followed by identification of cell subsets based on
positive staining, as shown in Supplementary Figures
S1 and S2.

Corneal Dendritic Cell Density Assessment
by In Vivo Confocal Microscopy

Corneal dendritic cell density (cDCD) in the
study subjects was measured by in vivo confo-
cal microscopy (IVCM) imaging using a Rostock
Corneal Module/Heidelberg Retina Tomograph II
(RCM/HRTII; Heidelberg Engineering, Heidelberg,
Germany) as described previously.27 All subjects
underwent a 2-month no-CL period to wash off the

Figure 2. Dendritic cells at the level of subbasal nerve plexus in the
cornea. The representative image for each of the study categories
shows dendritic cells (indicated by yellow arrows) at the subbasal
nerve plexus region. Panels shown are representative IVCM images
with frame size 400 × 400 μm. (a) Representative image from CL-A
userwithout CLD (asymptomatic). (b) Representative image fromCL-
D user without CLD (asymptomatic). (c) Representative image from
CL-A user with CLD (symptomatic). (d) Representative image from
CL-D user with CLD (symptomatic).
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effects of CL wear. Both eyes were included for IVCM-
based investigations in the subjects. Prior to the proce-
dure, 0.5% proparacaine drops were used to anesthetize
the cornea. The cDCD (cells/mm2) and dendritiform
structures were quantified using Cell Count software
(Heidelberg Engineering).27,28 Figure 2 shows repre-
sentative IVCM images from the study cohort with
corneal dendritic cells.

Statistical Analysis

The distribution status of the dataset was deter-
mined by the Shapiro–Wilk normality test. Statisti-
cal analyses including the Mann–Whitney test and
Spearman’s rank correlation were performed with
either Prism 6.0 (GraphPad Software, San Diego,
CA) or MedCalc 12.5 (MedCalc Software, Ostend,
Belgium). P < 0.05 was considered to be statistically
significant.

Results

Ocular Surface Immune Cell Subset Profile in
CLD

A significant increase in discomfort rating was
recorded in symptomatic subjects compared to asymp-
tomatic subjects using either type of CL (Fig. 3).
No significant difference was observed between
symptomatic subjects using the different types of
CL (Fig. 3). Leukocytes and all of the immune cell
subsets intended to be phenotyped were identified

Figure 3. VAS score in CLD subjects wearing the different lens
types after 2 weeks of CL wear. The graph indicates the VAS scores
in subjects without CLD (As) and with CLD (S). A, CL-A users; D, CL-D
users. CL-A As (20 eyes, n = 10), CL-A S (18 eyes, n = 9), CL-D As (22
eyes, n = 11), and CL-D S (20 eyes, n = 10). The bar graph represents
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (Mann–Whitney
test).

in the impression cytology samples. A significantly
higher percentage of CD45+ (pan leukocyte marker)
cells was observed in the cell population obtained by
impression cytology in subjects with CLD compared
to those without CLD (Fig. 4a). The percentages of
CD45+CD66bTotal (neutrophil) and CD45+CD66bLow
(inactive neutrophil) cells were observed to be signifi-
cantly higher in subjects with CLD, but no difference
was noted in the percentage of CD45+CD66bHigh

(activated neutrophil) cells between subjects with
and without CLD (Fig. 4b). The proportion of NK
cell subtypes (CD45+CD56Total, CD45+CD56Low,
CD45+CD56High) and CD45+CD163+ (macrophages)
was significantly greater in CLD subjects as shown
in Figures 4c and 4d. The proportion of CD45+CD3+
(pan T cell marker) cells, CD45+CD3+CD4+ (T
helper) cells, CD45+CD3+CD8+ (cytotoxic T) cells,
and CD45+CD3+CD56+ (NKT) cells, as well as the
CD4+/CD8+ ratio, were significantly higher in CLD
subjects (Figs. 4e–4h, 4j). No difference was observed
in the proportion of CD45+CD3+γ δTCR+ (γ δT)
cells between subjects with and without CLD (Fig. 4i).
cDCD showed no difference between subject groups
with and without CLD (Fig. 4k). The proportion of
macrophages, pan T cells, CD4 T cells, CD8 T cells,
and NKT cells and the CD4/CD8 ratio exhibited a
direct association with the discomfort score (Table 2).
These findings indicate the presence of altered ocular
surface immune cell subsets in subjects suffering from
CLD.

Effect of Lens Type on the Profile of Ocular
Surface Immune Cell Subsets in CLD

Lens type–specific differences in the ocular surface
immune cell subsets in subjects with and without CLD
are shown in Figures 5 to 8. A significantly higher
proportion of CD45+ cells was observed in CLD
subjects wearing CL-D compared with those wearing
CL-A (Fig. 5a). Similar observations were made
regarding the proportions of neutrophils, inactive form
of neutrophils, and macrophages (Figs. 5b, 5c, 5e). In
contrast, the percentage of activated neutrophils was
significantly higher in CLD subjects wearing CL-
A compared with those wearing CL-D (Fig. 5d).
In addition, the proportion of inactive/quiescent
neutrophils was significantly lower in non-CLD
subjects wearing CL-D compared with those wearing
CL-A (Fig. 5c).

NK cells and their subtypes (based on CD56 expres-
sion, CD56Low and CD56High) were also significantly
higher in CLD subjects wearing CL-D compared with
those wearing CL-A (Figs. 6a–6c). Similar to what
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Figure 4. Profiles of ocular surface immune cell subsets in CLD. (a) The graph indicates the percentage of CD45+ cells (pan leukocyte
marker) in the impression cytology samples from subjects without CLD (As, asymptomatic) and with CLD (S, symptomatic) as determined
by flow cytometry. (b) The graph indicates the percentage of CD45+CD66bTotal (neutrophils), CD45+CD66bLow (inactive neutrophils), and
CD45+CD66bHigh (activated neutrophils). (c) The graph indicates the percentages of NK cell subtypes (CD45+CD56Total, CD45+CD56Low,
CD45+CD56High). Other graphs indicate (d) CD45+CD163+ cells (macrophages), (e) CD45+CD3+ cells (pan T cells), (f ) CD45+CD3+CD4+

cells (T helper cells), (g) CD45+CD3+CD8+ cells (cytotoxic T cells), (h) CD4+/CD8+ ratio, (i) CD45+CD3+γ δTCR+ cells (γ δT cells), and (j)
CD45+CD3+CD56+ cells (NKT cells). (k) The graph indicates the average cDCD (cells/mm2) as determined by IVCM in subjects without CLD
(As) and with CLD (S). (a–j) As (42 eyes, n = 21); S (38 eyes, n = 19). (k) As (14 eyes, n = 7); S (12 eyes, n = 6). The bar graph represents mean
± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001 (Mann–Whitney test).

Table 2. Association Between Discomfort Scores and
Ocular Surface Immune Cell Subset Proportions in the
Study Subjects

VAS Score

R P

Pan leukocytes
CD45+ cells −0.161 0.159

Neutrophils
CD66bTotal cells −0.201 0.077
CD66bLow cells −0.119 0.301
CD66bHigh cells −0.110 0.340

Macrophages
CD163+ cells −0.225 0.048

NK cells
CD56Total cells −0.116 0.313
CD56High cells −0.148 0.195
CD56Low cells −0.048 0.679

T-cell subsets
Pan CD3+ T cells −0.25 0.028
CD4+ T cells −0.541 <0.0001
CD8+ T cells −0.418 0.0002
CD4/CD8 ratio −0.262 0.024
γ δT cells 0.066 0.568
NKT cells −0.257 0.023

R, Spearman’s rank correlation coefficient.

was observed with inactive/quiescent neutrophils, the
CD56Total and CD56Low NK cells were significantly
lower in non-CLD subjects wearing CL-D compared
with those wearing CL-A (Figs. 6a, 6b). NKT cell
numbers was significantly higher in the CLD subjects
irrespective of the type of lens used (Fig. 6d). The
number of γ δT cells, on the other hand, was not
observed to be altered based on CLD status or the type
of lens worn (Fig. 6e).

Overall, the number of T cells was higher in the
CLD subjects; the increase was significant in CL-D
users and nearly significant in CL-A users (Fig. 7a).
The number of CD4 and CD8 T cells was significantly
greater in CL-A users with CLD compared with those
wearing CL-D with CLD (Figs. 7b, 7c). The CD4/CD8
ratio was higher in subjects with CLD in both CL-A
and CL-D users (Fig. 7d). It is interesting to note that
the number of CD4 and CD8 T cells was significantly
lower in non-CLD subjects wearing CL-A compared
with those wearing CL-D (Figs. 7b, 7c). Significantly
higher cDCD was observed in CL-D users with CLD
compared with CL-A users with CLD (Fig. 8). cDCD
was not observed to differ between CL-A or CL-D
users without CLD (Fig. 8). The observations indicate
that CLD and lens type are associated with an altered
proportion of immune cell subsets on the ocular
surface.
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Figure 5. Neutrophil andmacrophage profiles for CLD subjects wearing the different lens types. The graphs indicate the percentage of (a)
CD45+ (pan leukocytemarker); (b) CD45+CD66bTotal (neutrophils); (c) CD45+CD66bLow (inactive neutrophils); (d) CD45+CD66bHigh (activated
neutrophils); and (e) CD45+CD163+ (macrophages) in the impression cytology samples from subjects without CLD (As) and with CLD (S) as
determined by flow cytometry. A, CL-A users; D, CL-D users. CL-A As (20 eyes, n= 10), CL-A S (18 eyes, n= 9), CL-D As (22 eyes, n= 11), CL-D
S (20 eyes, n = 10). The bar graph represents mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 (Mann–Whitney test).

Figure 6. NK cells subsets and γ δT cell profiles for CLD subjects wearing the different lens types. The graph indicates the percentage of
(a) CD45+CD56Total (total NK) cells; (b) CD45+CD56Low (cytotoxic NK) cells; (c) CD45+CD56High (cytokine-producing low cytotoxic NK) cells;
(d) CD45+CD3+CD56+ (NKT) cells; and (e) CD45+CD3+γ δTCR+ cells in the impression cytology samples from subjects without CLD (As) and
with CLD (S) as determined by flow cytometry. A, CL-A users; D, CL-D users. CL-A As (20 eyes, n= 10), CL-A S (18 eyes, n= 9), CL-D As (22 eyes,
n = 11), CL-D S (20 eyes, n = 10). The bar graph represents mean ± SEM. *P < 0.05, **P < 0.01 (Mann–Whitney test).
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Figure 7. CD4 and CD8 T-cell profiles for CLD subjects wearing the different lens types. The graph indicates the percentage of (a)
CD45+CD3+ (pan T cell marker) cells; (b), CD45+CD3+CD4+ (CD4 T helper) cells; (c) CD45+CD3+CD8+ (CD8 cytotoxic T) cells; and (d)
CD4+/CD8+ T-cell ratio in the impression cytology samples from subjects without CLD (As) and with CLD (S) as determined by flow cytom-
etry. A, CL-A users; D, CL-D users. CL-A As (20 eyes, n= 10), CL-A S (18 eyes, n= 9), CL-D As (22 eyes, n= 11), CL-D S (20 eyes, n= 10). The bar
graph represents mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001 (Mann–Whitney test).

Figure 8. cDCD changes in CLD. The graph indicates the average
cDCD (cells/mm2) in subjects without CLD (As) and with CLD (S). A,
CL-A users; D, CL-D users. CL-A As (4 eyes, n = 2), CL-A S (8 eyes, n
= 4), CL-D As (10 eyes, n = 5), CL-D S (4 eyes, n = 2). The bar graph
represents mean ± SEM. *P < 0.05 (Mann–Whitney test).

Discussion

Inflammatory factors, including immune cells and
their secreted mediators, have been found to be
associated with an aberrant nociceptive response.29–31
Modulation of these factors is being explored in the
management of pain.32–34 DED is one of the most
important and common ocular surface conditions
other than CLD that is associated with discomfort or
pain with an aberrant inflammatory and nociceptive
component.27,35–37 The demonstration of a positive
correlation between the proportion of ocular surface
immune cells and their specific secreted factors in the
tear fluid suggests a contribution of immune cells to the
ocular surface inflammatory milieu.19 Recent studies
have described the status of ocular surface immune
cell subset proportions in DED patients.18,20,21,27,38,39
Specifically, a direct association between ocular surface
discomfort and the proportion of immune cells such
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as corneal dendritic cells, total leukocytes, neutrophils,
and CD4 T cells has been reported.18,27,28 An inverse
relationship between ocular surface discomfort and
the proportion of NK cells was also observed.18 It is
important to note that patients with keratoconus do
not commonly complain about ocular surface discom-
fort, but the proportion of neutrophils and T cells has
not been found to be elevated.19 Hence, ocular surface
discomfort may be associated with a distinct immune
profile.

Our data demonstrate that the CLD-associated
immune cell profile was largely similar to that for
patients with DED.18 However, the proportions of
NK and NKT cells were observed to be higher in the
CLD patients compared with controls, in contrast to
those of patients with DED.18 The levels of NK cells
in the peripheral blood were significantly higher in
endometriosis patients with pelvic pain compared with
women with stable disease without pelvic pain.40 In
both physiological and pathological conditions, periph-
eral nociceptive (including pruriceptive) neurons may
express a variety of immune-related receptors, such as
chemokine receptors and immunoglobulin (Fc) recep-
tors that are usually found on immune cells.41 Certain
ligands such as chemokines and immune complexes
may induce abnormal neuronal hyperexcitability and
even the discharge of ectopic action potentials, thus
producing the sensation of pain, discomfort, or itch in
immune-related disease.41

Various neuroimmune interactions studied at
peripheral, sensory, and central nervous system levels
have suggested that innate immunity plays a criti-
cal role in central sensitization and in establishing
acute pain as a chronic condition.42 The interactions
between the peripheral nervous system and immune
system primarily involve pain and discomfort sensiti-
zations.10 In response to stimuli, nociceptors release
various mediators from their terminals that potently
activate and recruit immune cells. Infiltrated immune
cells further promote the sensitization of nocicep-
tors and the transition from acute to chronic pain by
producing cytokines, chemokines, lipid mediators, and
growth factors.43 Such interactions may be the cause
of the immune cell alterations we observed in subjects
with CLD.

It is interesting to note that the type of CL worn
contributed to the immune cell profiles observed in
symptomatic wearers. CLD subjects using CL-D lenses
demonstrated higher proportions of total leukocytes,
total neutrophils, macrophages, NK cell subsets, and
cDCs. CLD subjects wearing CL-A lenses demon-
strated higher proportions of activated neutrophils,
CD4 T cells, and CD8 T cells. However, increases in
the proportion of pan T cells and NKT cells and

the CD4/CD8 ratio were observed in CLD subjects
with either CL-A or CD-D use. This suggests a possi-
ble CL-specific immune cell profile imbalance on the
ocular surface of CLD subjects. The disruption of
tear film dynamics and generation of physical stimuli
such as friction following CLwear can induce secretion
of cytokines and chemokines on the ocular surface.6
Thesemay initiate migratory signals that bring immune
cells to the ocular surface and possibly activate them,
which in turn results in the production of inflamma-
tory factors that can alter nociception.9,10,44 There-
fore, at the ocular surface, enhanced numbers of T cells
are a critical immunological factor in CLD. Indeed, in
chronic pain, emerging evidence suggests that inhibit-
ing the pro-nociceptive aspects of T cells is a poten-
tial management strategy for chronic pain.34 The CL-
A–specific increase in neutrophils remains to be better
understood, although neutrophils are associated with
increased itch sensations on skin in animal models.45

Because we are at the beginning of our investigation
into the mechanisms of action for CLD and the patient
database is relatively limited at this time, it is possi-
ble that additional factors may contribute to the ocular
immune cell phenotypes we observed in this study, such
as an overlap between CLD and DED46 or ocular
allergy,47 despite our effort to minimize these influence
via stringent exclusion criteria based on clinical presen-
tations. Our findings highlight the urgency and impor-
tance of further investigation into immune responses
and regulations at the cellular andmolecular levels with
larger patient populations of varying ethnicity, more
diverse contact lens materials, and better differentia-
tion among CLD, DED, and ocular allergy. In conclu-
sion, our study demonstrates, for the first time, to the
best of our knowledge, that alterations in immune cell
subsets on the human ocular surface due to the use of
CLs correspond to subjects’ responses toCLusage. The
results have important implications for the manage-
ment of CL intolerance.
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