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Dendritiform immune cells with reduced antigen-capture
capacity persist in the cornea during the asymptomatic phase
of allergic conjunctivitis
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BACKGROUND: Increased density and altered morphology of dendritic cells (DC) in the cornea and conjunctiva occur during active
allergic conjunctivitis. This study investigated whether inflammation (characterised by altered DC density and morphology) persists
during the symptom-free phase of allergic conjunctivitis.

METHODS: Twenty participants (age 43.3 + 14.3 years, 55% female) assessed during their active (symptomatic) phase of allergic
conjunctivitis were re-examined during the asymptomatic phase. Ocular allergy symptoms and signs were evaluated during both
phases, and five ocular surface locations (corneal centre, inferior whorl, corneal periphery, corneal limbus, and bulbar conjunctiva)
were examined using in vivo confocal microscopy (HRT ). DC were counted manually, and their morphology was assessed for cell
body size, presence of dendrites, presence of long dendrites and presence of thick dendrites using a grading system. Mixed model
analysis (DC density) and non-parametric tests (DC morphology) were used to examine differences between phases.

RESULTS: DC density at corneal locations did not change between the active and asymptomatic phases (p = 0.22). However,
corneal DC body size was smaller and fewer DC presented with long dendrites during the asymptomatic phase (p < 0.02). In
contrast, at the bulbar conjunctiva, DC density was reduced during the asymptomatic phase compared to the active phase
(p=0.01), but there were no changes in DC morphology.

CONCLUSIONS: Dendritiform immune cell numbers persist in the cornea during the symptom-free phase of allergic conjunctivitis,
whereas conjunctival DC appear to return to a baseline state. The morphology of these persisting corneal DC suggests their

antigen-capture capacity is reduced during the asymptomatic phase.
Eye (2023) 37:2768-2775; https://doi.org/10.1038/s41433-023-02413-2

INTRODUCTION
Dendritic cells (DC) are a subtype of immune cells which play a
pivotal role in the ocular surface defence system, and the initiation
of the immune response in allergic conjunctivitis [1-3]. A higher
density and altered morphology of DC has been shown in the
cornea and conjunctiva during the active, symptomatic phase of
allergic conjunctivitis using in vivo confocal microscopy (IVCM) [4].
In severe forms of ocular allergy including vernal keratoconjuncti-
vitis (VKC), DC have been described as hyperreflective cells with
dendritic processes and their density was higher at the corneal
and conjunctivital locations compared to the healthy group [5-7].

Allergic conjunctivitis has been described as an allergen-
induced inflammatory reaction that results in bothersome
symptoms and signs, reduced quality of life, and carries a
significant societal burden [8, 9]. The hallmarks of allergic
conjunctivitis include bulbar hyperaemia and itching, and current
ocular allergy treatments are titrated based on symptoms and
signs [10].

Persistent low-grade inflammation (ICAM-1/CD54 expression)
has been detected in the conjunctival and nasal epithelium of

rhinitis during asymptomatic periods [11, 12]. In allergic rhinitis,
subthreshold doses of allergens can cause inflammatory cell
infiltration at the mucosal level in the absence of allergy
symptoms [12, 13]. Persistent inflammatory infiltrates in the
respiratory epithelium of asthma patients have been associated
with increased susceptibility to viral infections [12]. It has been
suggested that as allergic rhinitis patients with minimal persistent
inflammation are at increased risk for developing allergy
symptoms, anti-inflammatory treatment should continue during
their symptom-free period [11]. This therapeutic approach in
patients with allergic rhinitis considers symptoms as the “tip of the
iceberg” with inflammation and hyperresponsiveness “below” or
in the submerged part of the iceberg [14].

Likewise, consideration of the baseline inflammatory state of
allergic conjunctivitis patients may help to inform and thus
achieve better outcomes for the management of their allergic eye
disease. A recent study reported higher DC density, longer
dendrites, and a larger cell field at the corneal centre during the
quiescent phase of VKC, when compared to a healthy control
group, indicating an ongoing subclinical inflammatory process
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during the quiescent phase [15]. Overexpression of proinflamma-
tory tear proteins was greater in VKC patients during both active
and quiescent phases compared to a group of non-allergic
patients, also suggesting ongoing inflammation during the
quiescent phase [16]. It is not known whether a similar sub-
clinical inflammation remains in the asymptomatic phase of the
more prevalent form of ocular allergy, allergic conjunctivitis.

In the present study, we investigated whether inflammation
(characterised by altered DC density and morphology) persists
during the symptom-free phase of allergic conjunctivitis.

METHODS

Study design and participants

A prospective, observational, two visit study was conducted. The
participants were a subgroup from a larger cross-sectional study involving
33 participants with allergic conjunctivitis and 33 healthy controls, the
results of which have been reported elsewhere [4]. Twenty allergic
participants who responded to the invitation to attend a second visit study
were included in the current study.

Ethics approval was obtained from the Sydney Children’s Hospital
Network Human Research Ethics Committee (HREC) (2019/ETH11844) and
HREC of UNSW Sydney (HC180930). The study followed the Declaration of
Helsinki, and informed consent was obtained from all participants.

Participants were included who were aged over 18 years, with or
without a prior diagnosis of allergic conjunctivitis, who had current
symptoms of ocular allergy or hay fever, and a positive skin prick test.
Standard skin prick test for ten common indoor and outdoor aeroallergens
in the Sydney region was conducted (Stallergenes, Antony, France, and
Inmunotek, alergie e immunologia, Spain): three grass pollens, tree pollen,
plant pollen, two dust mites, mould, cat, and dog dander. The skin prick
test was considered positive for an allergen wheal size >3 mm [17].

Exclusion criteria included: current use of topical or systemic anti-
histamine/mast cell stabilizer/nasal corticosteroid sprays, use of lubricants
in the week before the study, current immunotherapy for aeroallergens,
uncontrolled asthma, past anaphylactic episode, current pregnancy or
breastfeeding, regular contact lens wear, any current ocular surface disease
other than ocular allergy, Sjegren syndrome, active intraocular inflamma-
tion, history of corneal refractive surgery/ocular surgery, or systemic
conditions that can affect the ocular surface (e.g., diabetes, rheumatoid
arthritis).

Sample size was calculated using GPower 3.1 based on finding a mean
difference equal to or greater than the coefficient of repeatability for DC
density at the corneal centre [18]. A sample size of 20 participants would
have greater than 80% power to detect a mean difference of 28 cell/mm?
for DC density at the corneal centre (SD =35 cells/mm?) [18], including a
15% adjustment to allow for possible non-normal distribution in outcome
variable [19].

The first study visit (“active phase”) was conducted during September
2019 to January 2020 [20], when participants were experiencing symptoms
of allergic conjunctivitis. The second study visit (“asymptomatic phase”)
was conducted during July to August 2020 and when participants had
reported at least four symptom free weeks. Assessments were conducted
at both visits, as outlined below.

Ocular surface symptoms and signs

Participants completed symptoms questionnaires related to ocular allergy
(Aston University Allergy Questionnaire, AUAQ) [21] and dry eye (Ocular
Surface Disease Index, OSDI, Dry Eye Questionnaire, DEQ-5) [22, 23]. Non-
invasive tear break-up time was assessed using the hand-held tearscope
(Keeler Ltd, United Kingdom). A grid attachment was used to form a
reflection from the tear film. The time taken for the first break to appear on
the tear film (distorted grid pattern) was recorded using the timer on the
tearscope. Ocular surface redness was graded using the BHVI grading
system [24] corneal epithelial disorders, conjunctival chemosis, papillae,
and follicles were graded using the Japanese grading scale [25]. The
Oxford grading scale was used to grade ocular surface staining [26].

In vivo assessment of DC density and morphology using
confocal microscopy

An HRT Ill confocal microscope with a Rostock Corneal Module (Heidelberg
Engineering GmbH, Heidelberg, Germany) was used to capture images of
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corneal and conjunctival epithelial DC in vivo from the right eye. Five
locations of the cornea and conjunctiva were scanned in the following
order: corneal anatomical centre, corneal inferior whorl (densely inner-
vated area located in the inferonasal cornea), far peripheral cornea
(temporal, 1 mm inside limbus), limbal cornea (temporal), and bulbar
conjunctiva (temporal, 2-3 mm from the limbus). The corneal sub-basal
epithelium was detected at approximately 35-70 um depth and the
conjunctival epithelium at 5-20 um depth.

Image analysis. Five best-focused images overlapping by less than 20%
were selected from each corneal and conjunctival location; only 1 image
from the inferior whorl was included due to the small area. Images were
assessed for DC density and morphology by an experienced investigator
masked to the study phase (active or asymptomatic) and image location.

DC density. Bright hyperreflective cells of at least 10 um in size, with a
linear/ curvilinear cell body, with or without dendrites (both short and
long) located at the sub-basal corneal epithelium and distributed among
nerve fibres that do or do not cross them, or at the conjunctival epithelium,
were considered as DC [27]. DC density was counted manually and the
mean value of 5 images recorded as cells/mm? other than for the inferior
whorl where the value for a single image was recorded.

DC morphology. For DC morphology, cell body size and presence of
dendrites at all locations were assessed using a grading system [27]. Briefly,
cell body size was graded as small (10-25 um), medium (26-40 pm), or
large (> 40 um), based on the largest cell body size observed in any of the
5 images. The presence of any dendrites, the presence of long dendrites
and the presence of thick dendrites in any of the 5 images was recorded. In
addition, the presentation of DC in clusters (wire netting pattern) in the
conjunctival epithelium was noted [5].

Statistical analysis
To examine differences in symptoms and signs between the two phases,
the Wilcoxon Signed Ranks Test or Paired Sample t-test were used.

DC density was not normally distributed and therefore DC density values
were log-transformed after adding 0.5 to density values of zero before
entering into the mixed model. A linear mixed model with a random effect
for individuals, and fixed effects of study phase and ocular surface location
was used to examine differences in DC density between phases.

Wilcoxon Signed Ranks test (for cell body size) and McNemar test (for
presence of dendrites) were used to assess differences in DC morphology
between phases, at each location.

In addition, DC density and morphology during the asymptomatic
phase was compared to previously reported results for 33 healthy non-
allergic participants [4]. A linear mixed model with a random effect for
individuals and fixed effect of group and ocular surface location was used
to examine differences in DC density between groups. Mann- Whitney U
test (for cell body size) and Fisher’s Exact Test (for presence of dendrites)
were used to assess differences in DC morphology between groups, at
each location.

Associations between DC and ocular surface symptoms and signs were
initially assessed using univariate Spearman’s correlation (for DC density
and cell body size) and Mann-Whitney U test (for presence of dendrites).
Symptoms and signs that were significant at p < 0.01 (adjusted for multiple
comparisons) were added to a multivariate generalised estimating
equation. A backward elimination modelling approach was used, and
the final model included only those signs and symptoms that were
significantly associated with DC density or morphology at p <0.05.
Associations between significant changes in DC density between phases,
and changes in symptoms and signs (for continuous variables) which
occurred over the same time frame, were examined using Spearman'’s
correlation.

P <0.05 was considered statistically significant.

RESULTS

Twenty participants (mean age 43.3+14.3 years, 55% female)
completed the study. All participants tested positive to at least
one of the dust mites or pollen allergens in the skin prick test; 80%
tested positive to dust mites, 85% to at least one type of pollen,
and 65% were positive to both dust mites and pollen
(Supplementary Table 1).
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Table 1. Summary of findings for ocular surface symptoms and signs in allergic participants during the active (n = 20) and asymptomatic (n = 20)
phases of allergy.
Variable Active phase n =20 Asymptomatic phase n =20 p-value
Ocular surface symptoms AUAQ, Total symptom score (0-21) 7 (3-18) 3 (0-10) <0.001
Dryness (0-3) 1 (0-2) 1 (0-2) 0.04
Itchiness (0-3) 1 (0-3) 0 (0-2) <0.001
Burning (0-3) 0 (0-3) 0 (0-1) 0.03
Stinging (0-3) 0 (0-3) 0 (0-1) 0.08
Watering (0-3) 1 (0-3) 0 (0-2) 03
Redness (0-3) 1(0-2) 0 (0-2) 0.08
A need to rub eyes (0-3) 2 (0-3) 1 (0-2) 0.01
OSDI (0-100) 16.6 (2.0-45.8) 14.5 (0-37.5) 0.06
DEQ-5 (0-22) 9.0 (1.0-16.0) 7.0 (0-17.0) 0.04
Ocular surface signs Limbal redness (0-4, 0.1) 3.0 (1.5-4.0) 1.0 (0.5-2.5) <0.001
Bulbar redness (0-4, 0.1) 24 (1.7-3.5) 1.0 (0.50-2.1) <0.001
Palpebral redness (0-4, 0.1) 2.5 (2.0-3.5) 1.0 (0.5-2.0) <0.001
Corneal epithelial disorder (0-3, 1) 0 (0-0) 0 (0-0) 1.0
Bulbar conjunctival chemosis (0-3, 1) 1 (0-2) 0 (0-1) <0.001
Palpebral conjunctival papillae (0-3, 1) 0 (0-0) 0 (0-0) 1.0
Palpebral conjunctival follicle (0-3, 1) 0 (0-2) 0 (0-0) 0.01
Corneal staining (0-5, 1) 0 (0-0) 0 (0-0) 1.0
Conjunctival staining-Nasal (0-5, 1) 0 (0-2) 0 (0-1) 0.004
Conjunctival staining-Temporal (0-5, 1) 1 (0-2) 0 (0-1) 0.002
Non-invasive Tear film Break-Up Time 9.5 (5.8-17.5) 12.5 (5.8-24.0) 0.03
(seconds)
Ocular signs are graded in integers except for limbal, bulbar, and palpebral redness which were graded in 0.1 steps. Statistically significant values (p < 0.05) are
indicated in bold/italics. AUAQ Aston University Allergy Questionnaire, OSDI Ocular Surface Disease Index, DEQ-5 Dry Eye Questionnaire.
Values are reported in median (range).
The fixed effect of phase was not significant (F=0.82, p = 0.36)
Corneal Inferior Corneal Corneal Bulbar showing that overall, there were no significant differences in DC
centre whorl periphery limbus conjunctiva density between phases. Simple main effects showed an effect of
° phase only at the conjunctiva showing that DC density was
s elevated in the active phase compared to the asymptomatic
; phase (p =0.01) (Fig. 2a, Supplementary Table 2).
§ DC density was significantly different between allergic partici-
pants during the asymptomatic phase and a group of non-allergic
2 participants (F = 10.2, p = 0.002). Simple main effects showed that
g DC density was higher in allergic participants during the
g asymptomatic phase of allergy compared to the non-allergic
5 group at the corneal centre (p = 0.01), inferior whorl (p = 0.03) and
corneal periphery (p = 0.004) but was not significantly different at
Fig. 1 Representative IVCM images of corneal sub-basal and  the limbus or conjunctiva (Fig. 2b).

conjunctival epithelium in the active (top row) and asymptomatic
(bottom row) phase of allergic conjunctivitis. Arrows indicate DC
at bulbar conjunctiva, that were higher in density during the active
phase of allergy. Bulbar conjunctival DC in the active phase tended
to gather in cluster (top right). Image size =400 x 400 pm;
bar =50 pm.

Clinical findings

Ocular surface symptoms and signs in both phases (active and
asymptomatic) are shown in Table 1. More ocular allergy symptoms
were reported in the active phase of allergy with the AUAQ
(p < 0.04). Participants also reported more dry eye symptoms in the
active phase with the DEQ-5 (p = 0.04). During the active phase,
participants had higher limbal, bulbar, and palpebral redness,
conjunctival chemosis, follicles, and conjunctival staining (p < 0.01),
and a lower non-invasive tear break-up time (p = 0.03).

DC density

Representative IVCM images at each ocular surface location are
shown in Fig. 1.
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DC morphology
DC body size at the corneal centre, peripheral cornea and limbus
was smaller during the asymptomatic phase than the active phase
of allergic conjunctivitis (p<0.01), but not in the conjunctiva
(p = 1.0) (Fig. 3a).

The percentage of DC presenting with dendrites, with long
dendrites and thick dendrites was reduced during the
asymptomatic phase of allergy at almost all corneal locations,
however, these differences were only significant for the
presence of long dendrites at the corneal centre and limbus
(p <0.02) (Table 2a).

In the conjunctiva, DC tended to gather in a cluster with wire
netting pattern in 58% of participants during the active phase,
compared to 22% in the asymptomatic phase (Fig. 1).

DC morphology was significantly different in allergic partici-
pants during the asymptomatic phase compared to non-allergic
participants at the corneal limbus only. During the asymptomatic
phase of allergy, limbal DC bodies were smaller (p = 0.003), and a
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Allergic participants Non-allergic
Location during asymptomatic participants (n=33) p-value
phase (n=20)

Corneal centre 24.4 (7.8-153.4) 13.1(2.8-22.8) 0.01
Inferior whorl 28.1(18.7-96.8) 12.5(1.9-37.5) 0.03
Corneal periphery 48.7 (21.9-73.4) 20.0 (9.4 — 32.5) 0.004
Corneal limbus 75.6 (41.9-136.9) 58.1 (44.4 - 66.2) 0.10
Bulbar conjunctiva 0 (0-16.6) 0.6 (0-5.6) 0.70

Fig. 2 Dendritic cell density at various corneal and conjunctival
locations. Dendritic cell (DC) density across corneal and conjunctival
locations in participants during active (n=20) and asymptomatic
(h=20) phases of allergic conjunctivitis (a), and during the
asymptomatic phase of allergic conjunctivitis (n = 20), and in non-
allergic participants (n = 33) (b). Plots represent median (horizontal
black line), interquartile range (box), lower and upper extremes
(whiskers) and outliers lying above Q3 + 1.5*interquartile range and
below Q1-1.5%interquartile range (circles). Data in the table are
expressed as median (IQR). Data for the non-allergic participants are
from a previous study, reported elsewhere [4].

lower proportion of limbal DC presented with dendrites and with
long dendrites (p <0.01), than in non-allergic participants. There
were no differences between groups in DC morphology at the
corneal centre, periphery, inferior whorl or conjunctiva (p > 0.41),
Fig. 3b and Table 2b).

Associations between DC density and morphology and ocular
surface symptoms and signs

Weak associations were observed in univariate analysis between DC
body size and limbal, bulbar and palpebral redness, and conjunctival
staining (rho<0.27, p<0.01) and between presence of long
dendrites and limbal, bulbar and palpebral redness (p=0.001)
(Supplementary Table 3). No significant associations between DC
body size and presence of long dendrites and any of these signs
were evident in the multivariate model.

No associations were found between DC density, presence of
dendrites and presence of thick dendrites, and ocular surface
symptoms and signs.

The decrease in DC density in the conjunctiva between the
active and asymptomatic phase was not associated with
the changes in symptoms or signs which occurred over the
same time frame (—0.30 = rho <0.29, p = 0.32), supplementary
table 4.
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DISCUSSION

Corneal and conjunctival epithelial DC density and morphology
were assessed twice in vivo in allergic patients, during both active
and asymptomatic phases of allergic conjunctivitis. DC density at
the bulbar conjunctiva was decreased during the asymptomatic
phase compared to the active phase, but corneal DC density
remained elevated in both phases. In contrast, DC morphology at
the cornea changed between phases but remained unaltered at
the conjunctiva.

Inflammation in the cornea persisted during the asymptomatic
phase of allergic conjunctivitis. DC density in the cornea of allergic
participants during the asymptomatic phase was higher than in a
comparative non-allergic group. This confirms the presence of
ongoing corneal inflammation during the asymptomatic phase of
allergic conjunctivitis. Similarly, subclinical inflammation at the
corneal centre during quiescent VKC has previously been reported
in an IVCM study showing higher DC density in VKC patients
(44.03 +32.86 cells/mm?) compared to a non-allergic group
(20.68 + 13.69 cells/mm?) [15].

DC density at all corneal locations remained elevated during the
asymptomatic phase of allergy and was higher than in a
comparative non-allergic group at all corneal regions other than
the limbus. Comparison of limbal DC density during the
asymptomatic phase with healthy non-allergic participants
showed that limbal DC density during the asymptomatic phase
had returned to normal (non-allergic) levels in most but not all
participants.

These data suggest that some limbal DC may behave similarly
to conjunctival DC, due to their relative proximity to limbal
lymphatic vessels which may facilitate their migration toward the
draining lymph nodes [28, 29]. DC recruited from the blood to the
limbus in the presence of inflammation can increase limbal DC
density which then migrate toward the centre [30, 31]. In an
experimental mice model, intravenously injected bone marrow
derived antigen presenting cells were found to reach limbus first
and then migrated centripetally [32].

This study was the first to examine DC density and morphology
as a marker of allergic immune response in participants during
both active and asymptomatic phases of allergic conjunctivitis.
Allergic participants had mild to moderate symptoms and clinical
signs of allergic conjunctivitis which significantly decreased during
the asymptomatic phase. Symptoms are a unique marker of
allergic disease [10], and allergy therapeutic decision-making
remains primarily symptoms-guided [33]. Confirmation of the
presence of inflammation during the symptom-free period in
several allergic diseases is beginning to challenge this paradigm.
The findings from this study suggest that DC density and
morphology may be more sensitive markers of inflammation than
allergic symptoms and other clinical signs and should perhaps be
considered in the therapeutic decision-making for allergic eye
diseases. As there was no association between DC density,
morphology, and the ocular allergy symptoms/ signs, nor between
the changes in conjunctival DC and changes in symptoms/ signs
which occurred over the same time frame, this might suggest that
in mild and moderate state of the allergic conjunctivitis DC is a
more robust marker of inflammation compared to the clinical
presentation, this warrants further evaluation in ocular allergy of
various severities.

Low level persistent inflammation in asymptomatic allergy
patients may exacerbate allergic reactions during periods of acute
allergen increase. In allergic rhinitis patients who were clinically in
the asymptomatic phase, the presence of such minimal persistent
inflammation was related to a smaller dose of allergens needed to
provoke allergy symptoms [11, 34]. Avoidance of allergens such as
pollens and dust mites may not always be feasible and thus a
preventative approach which involves prophylactic treatment of
allergic patients during their asymptomatic phase could perhaps
be
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Fig. 3 Dendritic cell body size at various corneal and conjunctival locations. Dendritic cell (DC) body size across corneal and conjunctival
locations during the active (n = 20) and asymptomatic (n = 20) phase of allergic conjunctivitis (a), and during asymptomatic phase (n = 20) of
allergic conjunctivitis and non-allergic control group (n = 33) (b). Images devoid of dendritic cells were excluded. Data for the non-allergic

participants are from a previous study, reported elsewhere [4].

warranted in allergic conjunctivitis. Studies in allergic rhinitis
patients reported prophylactic treatment during asymptomatic
periods to be effective in delaying the onset and reducing
progression and severity of the disease [11, 35, 36].

The findings of this study suggest that the conjunctiva returns to
a non-inflamed state more rapidly than the cornea, in allergic
conjunctivitis. DC density at the conjunctival epithelium decreased
during the asymptomatic phase of allergic conjunctivitis compared
to the active phase, to a level comparable to that of a healthy non-
allergic group. In contrast, a subclinical inflammatory state was
observed during the symptom-free period in the nasal and
conjunctival epithelium in patients with allergic rhinitis who were
allergic to dust mites and in the nasal epithelium of allergic rhinitis
patients allergic to pollens [12, 37]. Expression of intercellular
adhesion molecule 1 (ICAM-1/CD54), and the presence of
eosinophils and neutrophils at the conjunctival and nasal mucosa
was detected in the absence of allergy symptoms in these patients
[12, 37, 38]. The more rapid return of conjunctival versus corneal
DC density to a baseline state could be explained by the presence
of lymphatic vessels in the conjunctiva but not the cornea.
Conjunctival lymphatic vessels may have a role in the trafficking of
DC in the conjunctiva including the elimination of DC from
conjunctival tissue [2, 39]. Conjunctival DC morphology did not
differ between the active and asymptomatic phases nor with the
non-allergic group. However, in more than half of the participants
during the active phase and a quarter in the asymptomatic phase,
conjunctival DC presented in a wire netting pattern, similar to that
previously reported in the conjunctiva of VKC patients [5]. This
appearance was not observed in the non-allergic group [4]. This
suggests a possible pattern-specific inflammatory response at the
conjunctiva and might be representative of a higher degree of
response during the active phase of allergy.

Corneal DC morphology was altered between the active and
asymptomatic phases of allergy, displaying a smaller cell body size

SPRINGER NATURE

and fewer dendrites. DC bodies and presence of dendrites did not
differ significantly during the asymptomatic phase compared to
the non-allergy group other than limbal DC which displayed
smaller cell bodies, and fewer dendrites and long dendrites. The
presence of fewer long dendrites is likely to indicate a less
activated DC state with reduced antigen capture capacity whereas
fewer thick dendrites may be associated with reduced migration
capacity [27]. In contrast, during the quiescent phase of VKC,
corneal DC were observed to have longer dendrites and a larger
cell field compared to a non-allergic group [15]. These differences
may reflect differences in the severity and pathophysiology of
allergic conjunctivitis and VKC [40]. Upon activation of the
immune system, several DC changes occur, including changes in
the size of cell body along with changes in the DC dendrite
appearance including length, thickness and number of dendrites
[41-46]. We have previously reported larger DC bodies and a
greater proportion of DC with dendrites and with long dendrites
in patients with active allergic conjunctivitis compared to a non-
allergy group [4]. We have also shown DC with longer dendrites in
patients with systemic allergy with and without ocular allergy
symptoms [47]. The in vivo assessments of DC activation
described in this study are based on morphology without
additional information regarding specific DC activation markers.
However, immunohistochemistry studies have previously corre-
lated morphology of DC with expression of activation markers
such as HLA-DR and MHC class Il. These studies showed that DC
with short dendrites have less capacity for antigen capture and are
mainly present in healthy eyes, whereas DC with long dendrites
are positive for activation markers and are mainly present in
inflamed eyes with enhanced antigen capturing capacity [48, 49].
Our data support the use of morphology as a possible and
accessible biomarker in allergic eye diseases.

Although IVCM has the distinct benefit of allowing imaging of
living tissue, it is not able to confirm cell phenotype and provide

Eye (2023) 37:2768 - 2775



Z. Tajbakhsh et al.

2773
. onfirm
edtoc
s requir ds
ell surface marker e of other metho ¢
ion about ¢ itic cells. Us results o
itical information in fact dendritic ss-validate the ible in
Cri d are . to Cross- . t poss
- bserve . istry iva but is no
93 cells o tochem iunctiva bu
g 5 the ding immunohis fit in the conjunc istent
3 ° M3 including Id be of bene ce of persiste
] 39 o 2 S2233 < VM Wozmea| tissue. dy showed the Prefﬁ: conju“Cti"af of
S G © N Q = human ¢ - his study t in tom-free
~ ? o < © S ~ ° thi t no . m
I &~ 209 & In conc!uslo?r'] the cornea b:ivitis during the S); tPF\)e limbus
s p inflammation ic conjunc romptly a f these
v 3 n i ts with allerg solve more p hology o .
= ° > S participan mation may re tions. The morpl n dendnte?)
£ 3 g 8 period. Inflam ther corneal |ocad size, fewer lo 3 during this
S 9 0 o e
a s T o o X g compare? 1I:§C (smaller cell reb Ca:;acity was redcll;ii)ns for furthher
g v £ o 0] I sisten igen-captu he foun lore the
> -] ] S m o per ir antigen R k lays the X d to explo .
2 ® Z2c o = sts thei This wor ities, an hical
© £ o sugge ic phase. . t severities, ograp
IS en d top
° w5 5 tomatic p of differ an
c g 9 asymp lar allergy rphology, nt.
& £ 3 ] @ ies of ocula ity, morp treatme
= 5 E o 3 £ studies o C density, f allergy
L] Sl R = D O
N [2 g 5o B = g sefulness  of rker of efficacy
(7] < In © . u . S ama
Il ° ! istribution a
s X 1] = dis
s x = 5
(V] -
> =
g Ix § e
I} ) Il [SAP L ] SUMMARY
o 2
£ g = ET R - own before ity and
= § 2 _ L 232 o o 5 hat was kn itic cell density an
9 o g 3 £ ] <= c W junctival dendritic ¢ active allergic
= [ - o ~— o njun during
° a < < I and co orted
2 = . ornea n rep

. er c bee .

S35 E §S o5 ° Al hlrgz morphology have been detected in EEE
[ L S| = e . . . i

o Y - I 223 5 alter tivitis. inflammation has beer patients in

£ S = S o conjunc low-grade inflam lium of rhinitis

+ - . - .

o ! 13838 E ® Persistent low d nasal epitheli

&= - 2 onjunctival an symptoms.

o2 B c of allergy sy

<3 3 absence

o £ o = =

L ~N 1% <

=

° 35 Il 2 o 8 dds :

2 =m S : a . ion
SR 5 s §RE What this study f ongoing inflamation
o S - ) > [T N - sence o . . of a
b © Z2c N 2 d the pre unctiva .

IS} o] firme . e conj iod.
25 g 8 2 N e e et the e teniie warker
w 2 = o ° < = . he corn during re sensi Id
] = L LS = in t S rers mo ou
£L 3 E 2 _B &8 S njunctivitis suffe hology may be a and signs and sh .
52 5 38,5 3 o Jo|ensity and morp llergic Symptomsu rgic eye diseases.
g e '; g p ° chinﬂammation than ?nanageme”t of alle

Ss 5 R - - ck; considered in the

v = N o 4] €

=] S - X c

c N o 2o o 2

b g = ° ET ° § & § ~§ dy are
95)- = 5 g XX § E 2 < '-o’\’ = om) o t ring the current S;u tZsetS/
CE 8 g3 2 8 2 & g ILITY analysed du ndeley.com/da

= ~ AILA ) d/or ta.me
gz &2 < < 5 DATA AV nerated during an ository, https://data.

- e ’
g9 g I The datasemtfe Mendeley Data rep
=] = SRS RS S ] ilable in
L .= [ e} . — vaila
& g 5 o 8 < ;_ g = % ixXBijny”'
© O SIS e s s o i -
) % Z. g S =© g “ dendritic cell in allergic con
== [ 2 SJ. The den
T o = = S : Ono SJ. .

g o £ REFERENFE Flynn T, Ohbayashi M, J, et al. New twists to ar;

° k] 8 ; § % 1. Manzouri Bo'culyS‘uff‘ 2008:6:70-8. s NJ, Dartt DA, Onlo Si'c eye disease. Curr Ey

— S i ’

S ] Qa junctivitis. C-H, Reye: is of allerg

e g I = . g g 3 2 Jun DR, Calder V, Kuo C- the pathogenesis rmatitis

%8 s A e 8 88 2 = 2. Saban "novel concepts in d atopic eczema/de

g o = S % g R & 3 s T old story: n 20 dritic cells and a

Qv ] 2 N & c = 2013;38:317-30. ieber T. Dendri 3:3:353-8. illa B, et al.

<5 £ ©~ Res. Koch S, Bie , unol. 2003;3: PE, Altavi P

[ S T3 Bubnoff D, Clin Imm di A, Gray PE, Altavill nctivitis.

o on in Allergy Igham X conju

s & s o ¥ 3 £ v drome. Curr Opin i B, Stapleton F, Alg hology in allergic -02426-x.

Eg E o 2 e = Tabakhsh 2, Golebiowski sty and altered org/10.1038/541433.023 ic cells in

= > S =222 ] S Tajbakhsh Z, itic cell densi i i.org/10. dendritic X

SE g >8¥ = & 8 2, ritic ce int. httpsy//do ial role for

) =l o 9 Increased denl?ne ahead of print. r;tsphi W. An essential r(:]focal microscopy. Clin

g2 H = g o Eye, 2023; OnWang T, Wang s, L'.'b laser scanning co -

S5 3 o £ s v > o a0 M Wang Ty Flen analysis by fancaglini M, Pannellni T,

3 f « W& 2 XT3 % vernal keratocg1i44.362—70- M, Carpineto P, C|aan;39med human cornea:

o o | S 2 44 ini M, infla

TZ o ‘: 9 €8 ST RE88 Y E Exp Allergy L, Nubile M, Lanzini M n in normal and i 1142:736-44.

s> g o o X = 2l & R & Q2 £ K 6. Mastropasqua dendritic cell distributio J Ophthalmol. 2006’f cal microscopy of

E=2 ) — = . ithelial den Am ing confo

e § ¢ el <s ¥ 2 2 al. Epithelial den: opy study. r scanning

52 8 Eag Q=2 5} ] eta. focal microsc J. In vivo lase 1;39:53-60. t al.

3.5 ¥ < O ™ S o o in vivo con W, Sun X, Xu J. hthalmol. 2011; eck M, De, e

v g > 2 - & Hong J, Zhu W, Sun Clin Exp Op ing A, Van Esbroeck M, D n with
o 2 : is. ing A, . ciatiol

S g. - o 2 3 t‘é’ -g . 5’ 7. \l;irSéﬂ keratOCOnJu;cqultFonteyne Y, HTSevr:oi: R?vanda and 'tSTaZS; Med Hyg.

T 5 g 2 E5583 S °Fw S, Nkurikiye J, Fo hool childre Am J T

s S 2, B cE sy g2 3> De Smedt S, Nkur ctivitis in school -based survey.

= 5 Sz 8 3 5 g é & = S 3 %T‘? & Vernal keratoconjun s: a population-ba

51 2 v 0 5 <= ~ = ® ® L == io-economic status:

£ 5§a=8 300)88%5'3 B

= o == C = c = I} ;85:711-7.

S T5TT 5 SE55z 28z o
v = = = 3

N g 52883, v

=z 2 U £ 0

=2 - [}

=5

E
RNATUR
SPRINGE
27682775

3) 37:276

Eye (202


https://data.mendeley.com/datasets/kxx8kjcyfx/1
https://data.mendeley.com/datasets/kxx8kjcyfx/1
https://doi.org/10.1038/s41433-023-02426-x

Z. Tajbakhsh et al.

2774

13.
14.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

. Smith AF, Pitt AD, Rodruiguez AE, Alio JL, Marti N, Teus M, et al. The economic

and quality of life impact of seasonal allergic conjunctivitis in a Spanish setting.
Ophthalmic Epidemiol. 2005;12:233-42.

. Bielory L, Delgado L, Katelaris CH, Leonardi A, Rosario N, Vichyanoud P. ICON:

Diagnosis and management of allergic conjunctivitis. Ann Allergy Asthma
Immunol. 2020;124:118-34.

. Canonica GW, Compalati E. Minimal persistent inflammation in allergic rhinitis:

Implications for current treatment strategies. Clin Exp Immunol. 2009;158:260-71.

. Ciprandi G, Buscaglia S, Pesce G, Pronzato C, Ricca V, Parmiani S, et al. Minimal

persistent inflammation is present at mucosal level in patients with asympto-
matic rhinitis and mite allergy. J Allergy Clin Immunol. 1995;96:971-9.

Kay AB. Asthma and inflammation. J Allergy Clin Immunol. 1991;87:893-910.
Storms WW. Minimal persistent inflammation, an emerging concept in the nature
and treatment of allergic rhinitis; the possible role of leukotrienes. Ann Allergy
Asthma Immunol. 2003;91:131-40.

. Csorba A, Maneschg OA, Resch MD, Nagy ZZ. Examination of corneal micro-

structure in the quiescent phase of vernal keratoconjunctivitis using in vivo
confocal microscopy. Eur J Ophthalmol. 2022; 33, https://doi.org/10.1177/
11206721221099778.

. Micera A, Di Zazzo A, Esposito G, Sgrulletta R, Calder VL, Bonini S. Quiescent and

active tear protein profiles to predict vernal keratoconjunctivitis reactivation.
Biomed Res Int. 2016;2016:9672082.

. Nelson H. Diagnostic procedures in allergy. I: Allergy skin testing. Ann Allergy.

1983;51:411-7.

. Tajbakhsh Z, Jalbert |, Stapleton F, Briggs N, Golebiowski B Diurnal and topo-

graphical changes in ocular surface epithelial dendritic cells in humans, and
repeatability of density and morphology assessment. Ophthalmic Physiol Opt,
2022; Online ahead of print. https://doi.org/10.1111/0p0.13087.

. Lehmann E, D’Abrera H. Nonparametrics: statistical methods based on ranks

Springer. New York [Google Scholar]. 2006.

Stennett PJ, Beggs PJ. Pollen in the atmosphere of Sydney, Australia, and rela-
tionships with meteorological parameters. Grana 2004;43:209-16.

Wolffsohn JS, Naroo SA, Gupta N, Emberlin J. Prevalence and impact of ocular
allergy in the population attending UK optometric practice. Cont Lens Anterior
Eye. 2011;34:133-8.

Chalmers RL, Begley CG, Caffery B. Validation of the 5-Item Dry Eye Questionnaire
(DEQ-5): Discrimination across self-assessed severity and aqueous tear deficient
dry eye diagnoses. Cont Lens Anterior Eye. 2010;33:55-60.

Schiffman RM, Christianson MD, Jacobsen G, Hirsch D, Reis BL. Reliability and
validity of the ocular surface disease index. Arch Ophthalmol. 2000;118:615-21.
Terry RL, Schnider CM, Holden BA, Cornish R, Grant T, Sweeney D, et al. CCLRU
standards for success of daily and extended wear contact lenses. Optom Vis Sci.
1993;70:234-43.

Takamura E, Uchio E, Ebihara N, Ohno S, Ohashi Y, Okamoto S, et al. Japanese
guideline for allergic conjunctival diseases. Allergol Int. 2011;60:191-203.

Bron AJ, Evans VE, Smith JA. Grading of corneal and conjunctival staining in the
context of other dry eye tests. Cornea 2003;22:640-50.

Chao C, Tajbakhsh Z, Stapleton F, Mobeen R, Madigan MC, Jalbert |, et al. Corneal
epithelial dendritic cells, tear neuropeptides and corneal nerves continue to be
affected more than 12 months after LASIK. Acta Ophthalmologica, 2022; Online
ahead of print. https://doi.org/10.1111/a0s.15270.

Jamali AH, Deshea L, Blanco T, Lopez MJ, Hamrah P. Resident plasmacytoid
dendritic cells patrol vessels in the naive limbus and conjunctiva. Ocul Surf.
2020;18:277-85.

Chauhan SK, Dohlman TH, Dana R. Corneal lymphatics: role in ocular inflamma-
tion as inducer and responder of adaptive immunity. J Clin Cell Immunol.
2014;5:1000256.

Jamali A, Seyed-Razavi Y, Chao C, Ortiz G, Kenyon B, Blanco T, et al. Intravital
multiphoton microscopy of the ocular surface: alterations in conventional den-
dritic cell morphology and kinetics in dry eye disease. Front Immunol.
2020;11:742. https://doi.org/10.3389/fimmu.2020.00742.

Narumi M, Kashiwagi Y, Namba H, Ohe R, Yamakawa M, Yamashita H. Con-
tribution of corneal neovascularization to dendritic cell migration into the central
area during human corneal infection. PLoS One. 2014;9:2109859.

Nakamura T, Ishikawa F, Sonoda K-H, Hisatomi T, Qiao H, Yamada J, et al. Char-
acterization and distribution of bone marrow-derived cells in mouse cornea.
Invest Ophthalmol Vis Sci. 2005;46:497-503.

Katelaris CH, Bielory L. Evidence-based study design in ocular allergy trials. Curr
Opin Allergy Clin Immunol. 2008;8:484-8.

Ciprandi G, Pronzato C, Ricca V, Passalacqua G, Bagnasco M, Canonica GW.
Allergen-specific challenge induces intercellular adhesion molecule 1 (ICAM-1 or
CD54) on nasal epithelial cells in allergic subjects. Relationships with early and
late inflammatory phenomena. Am J Respir Crit Care Med. 1994;150:1653-9.
Pitsios C, Papadopoulos D, Kompoti E, Manoussakis E, Garris V, Petalas K, et al.
Efficacy and safety of mometasone furoate vs nedocromil sodium as prophylactic

SPRINGER NATURE

treatment for moderate/severe seasonal allergic rhinitis. Ann Allergy Asthma
Immunol. 2006;96:673-8.

36. Yonekura S, Okamoto Y, Yamamoto H, Sakurai T, linuma T, Sakurai D, et al.
Randomized double-blind study of prophylactic treatment with an antihistamine
for seasonal allergic rhinitis. Int Arch Allergy Immunol. 2013;162:71-8.

37. Ricca V, Landi M, Ferrero P, Bairo A, Tazzer C, Canonica GW, et al. Minimal
persistent inflammation is also present in patients with seasonal allergic rhinitis. J
Allergy Clin Immunol. 2000;105:54-7.

38. Ciprandi G, Buscaglia S, Pesce G, Lotti R, Rolando M, Bagnasco M, et al. Effects of
conjunctival hyperosmolar challenge in allergic subjects and normal controls. Int
Arch Allergy Immunol. 1994;104:92-6.

39. Steven P, Gebert A. Conjunctiva-associated lymphoid tissue - current knowledge,
animal models and experimental prospects. Ophthalmic Res. 2009;42:2-8.

40. Katelaris CH. Ocular allergy: Implications for the clinical immunologist. Ann
Allergy Asthma Immunol. 2003;90:23-7.

41. Ward BR, Jester JV, Nishibu A, Vishwanath M, Shalhevet D, Kumamoto T, et al.
Local thermal injury elicits immediate dynamic behavioural responses by corneal
Langerhans cells. Inmunology 2007;120:556-72.

42. Aggarwal S, Kheirkhah A, Cavalcanti BM, Cruzat A, Jamali A, Hamrah P. Correlation
of corneal immune cell changes with clinical severity in dry eye disease: An
in vivo confocal microscopy study. Ocul Surf. 2021;19:183-9.

43. Chinnery HR, Zhang XY, Wu CY, Downie LE. Corneal immune cell morphometry as
an indicator of local and systemic pathology: A review. Clin Exp Ophthalmol.
2021;49:729-40.

44, Lagali NS, Badian RA, Liu X, Feldreich TR, Arnlév J, Utheim TP, et al. Dendritic cell
maturation in the corneal epithelium with onset of type 2 diabetes is associated
with tumor necrosis factor receptor superfamily member 9. Sci Rep. 2018;8:14248.

45. Lee EJ, Rosenbaum JT, Planck SR. Epifluorescence intravital microscopy of murine
corneal dendritic cells. Invest Ophthalmol Vis Sci. 2010;51:2101-8.

46. Levine H, Hwang J, Dermer H, Mehra D, Feuer W, Galor A. Relationships between
activated dendritic cells and dry eye symptoms and signs. Ocul Surf. 2021;21:186-92.

47. Tajbakhsh Z, Jalbert |, Kolanu S, Stapleton F, Golebiowski B. Density and mor-
phology of corneal epithelial dendritic cells are different in allergy. Curr Eye Res.
2019;45:675-9.

48. Mayer WJ, Mackert MJ, Kranebitter N, Messmer EM, Gruterich M, Kampik A, et al.
Distribution of antigen presenting cells in the human cornea: correlation of
in vivo confocal microscopy and immunohistochemistry in different pathologic
entities. Curr Eye Res. 2012;37:1012-8.

49. Kim MK, Kim J. Properties of immature and mature dendritic cells: phenotype,
morphology, phagocytosis, and migration. RSC Adv. 2019;9:11230-8.

ACKNOWLEDGEMENTS

The authors acknowledge the Eye Research Group at the School of Optometry and
Vision Science for supporting this research through the provision of clinical facilities.
The authors are grateful to Dr. Thomas John Naduvilath for assistance with some of
the statistical analyses.

AUTHOR CONTRIBUTIONS

ZT contributed substantially to the conception and design of this work, she was
responsible for; data acquisition, data analysis, and interpretation, drafting the
manuscript, and revising it critically for important and intellectual content. 1J, FS, and
BG contributed substantially to the conception and design of this work, they were
responsible for; the interpretation of data for the work and revising the manuscript
critically for important and intellectual content. AA contributed to data acquisition, data
analysis, and critical review of the manuscript. BG and NB contributed substantially to
data analysis and interpretation of the results. PG and BA facilitated data acquisition. PG,
BA, AA, and RM reviewed the manuscript critically. ZT, 1J, FS, BG, AA, NB, PG, BA, and RM
approved the final version of this manuscript submitted to be published and agreed to
be accountable for all aspects of the work in ensuring that questions related to the
accuracy or integrity of any part of the work are appropriately investigated and resolved.

FUNDING

This research did not receive specific funding from agencies in the public,
commercial, or not-for-profit sectors. The first author received a fee remission
scholarship from UNSW Sydney and the Australian Government Research Training
Program Scholarship. This study was also supported by the University of New South
Wales (UNSW) and the Faculty of Science Research Infrastructure Scheme. The
funding sources have no involvement in the study design, conduct of the research,
collection, analysis and interpretation of data, writing of the report, preparation of the
article or in the decision to submit the article for publication. Open Access funding
enabled and organized by CAUL and its Member Institutions.

Eye (2023) 37:2768 - 2775


https://doi.org/10.1177/11206721221099778
https://doi.org/10.1177/11206721221099778
https://doi.org/10.1111/opo.13087
https://doi.org/10.1111/aos.15270
https://doi.org/10.3389/fimmu.2020.00742

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41433-023-02413-2.

Correspondence and requests for materials should be addressed to Zahra Tajbakhsh.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Eye (2023) 37:2768 - 2775

Z. Tajbakhsh et al.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

SPRINGER NATURE


https://doi.org/10.1038/s41433-023-02413-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Dendritiform immune cells with reduced antigen-capture capacity persist in the cornea during the asymptomatic phase of allergic conjunctivitis
	Introduction
	Methods
	Study design and participants
	Ocular surface symptoms and signs
	In vivo assessment of DC density and morphology using confocal microscopy
	Image analysis
	DC density
	DC morphology

	Statistical analysis

	Results
	Clinical findings
	DC density
	DC morphology
	Associations between DC density and morphology and ocular surface symptoms and signs

	Discussion
	Summary
	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




