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ARTICLE INFO ABSTRACT
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Purpose: We aimed to clarify the role of particulate allergen exposure to the conjunctiva in the development of
allergic conjunctivitis.
Methods: We administered ragweed pollen suspension, pollen extract, pollen shell, particulate air pollutants, and

E;ISI; their combinations to the mouse conjunctiva five days a week without prior sensitization. Clinical signs were
Shell scored. Histological changes, cellular infiltrations, mRNA expressions, lymph node cell recall responses, and

serum immunoglobulin levels were assessed. Immune cell-depleting antibodies and ST2 knockout mice were
used to investigate the cellular and molecular requirements.

Results: Pollen suspension, but not the extract or shell alone, induced robust eosinophilic conjunctivitis,
accompanied by a proliferative response of epithelial cells. A combination of pollen extract and shell completely
restored eosinophil accumulation. In addition, eosinophilic conjunctivitis was induced by a mixture of partic-
ulate air pollutants and pollen extract. Mechanistically, eosinophil accumulation was ameliorated by deficiency
of the IL-33 receptor ST2 and abolished by depleting CD4™ T cells. Pollen shells, but not the extract, induced IL-
33 release from conjunctival epithelial cells in vivo.

Conclusions: Our results indicate the non-redundant roles for the allergens’ particulate properties and soluble
factors in the development of allergic conjunctivitis.

1. Introduction

Ocular allergy is a common allergic manifestation [1-4]. Its preva-
lence has increased in the past decades [3,5,6] and is estimated to have
reached approximately 50% in Japan [1] and 40% in the US [3]. Sea-
sonal allergic conjunctivitis (SAC) and perennial allergic conjunctivitis
(PAC) are the most common but least severe forms, while vernal

keratoconjunctivitis (VKC) and atopic keratoconjunctivitis (AKC) are
relatively rare but severe forms that potentially lead to corneal
involvement and ultimately to vision loss [1,2,4,7-10]. The proliferative
lesions such as giant papillae are observed in VKC, and in some cases of
AKC [2,7-10]. In addition, giant papillary conjunctivitis (GPC) may
develop as a result of mechanical irritation such as contact lenses [2,7,
11].
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The ocular allergy often accompanies other allergic conditions such
as allergic rhinitis, atopic eczema [1,12], asthma [13], and food allergy
[2,14]. Among them, the most popular comorbidity is the allergic
rhinitis; however, isolated ocular symptoms have also been documented
in 6% of the general population [3]. Importantly, the sensitized allergen
patterns confirmed by skin test were skewed to the weed pollens in
patients with ocular symptoms, compared to the grass, mold, or indoor
allergens [3]. However, it remains obscure what properties of weed al-
lergens are essential to sensitize patients to cause solely ocular
symptoms.

Epidemiological studies have been performed to elucidate the asso-
ciation between particulate air pollutants and conjunctivitis [15,16]. In
addition, their association with allergic conjunctival diseases has been
reported [1,17,18]. For instance, particulate matter (PM) exposure in-
creases outpatient visits of allergic conjunctivitis [17]. The levels of
PM10, which is a PM with an aerodynamic diameter less than 10 pm, are
associated with the prevalence of VKC [1]. Furthermore, the skin prick
test response to Asian dust has been found to correlate with the mean
wheal diameters for pollens and fungi, implying its adjuvant effect [18].
Although the mechanistic studies on the effect of particulate air pol-
lutants on the ocular surface are relatively limited [19-23], their bio-
logical and immunomodulatory effects on the airways have been
extensively studied [24]. However, since the lower respiratory tract is
accessible to only small particles with a median aerodynamic diameter
under 2.5 pm, the effect of larger particles such as pollen grains onto the
mucosal surface has been less characterized.

Interleukin (IL)-33 is an epithelial cell-derived cytokine, which is
considered as one of the key regulators of type 2 immunity [25,26]. It is
stored in the nuclei in the steady state, and actively released upon
detection of external damage, potential pathogens, or allergens [25-29].
Necrotic cells also release IL-33 slowly from their chromatin [30].
Thereafter, the protease activity from various sources including allergen
proteases from various pollens, fungi, mites, and cockroaches act as
amplifiers of IL-33 activity [25,31,32].

IL-33 has been implicated in allergic conjunctival diseases [33]. The
serum level of IL-33 was found to be elevated in the Cedar pollen allergic
rhinoconjunctivitis patients [34]. In addition, local expression of IL-33
in giant papillae of AKC patients was confirmed in the epithelial cells
as well as in the vascular endothelial cells [35]. Functionally, in a
sensitization-elicitation type of murine allergic conjunctivitis model,
exogenous IL-33 augmented eosinophil accumulation [36]. On the other
hand, IL-33 deficiency, but not thymic stromal lymphopoietin (TSLP) or
IL-25 deficiency, ameliorated conjunctivitis in the elicitation phase [37].
Furthermore, transgenic expression of IL-33 in epithelial cells in vivo
provoked spontaneous keratoconjunctivitis resembling phenotypes of
AKC, with marked increase of type 2 innate lymphoid cell (ILC2) pop-
ulation in the cornea [38]. Instillation of papain-soaked contact lenses to
murine eyes induced IL-33 expression, leading to eosinophil accumu-
lation dependently on TSLP, basophils, and ILC2, but not on T cells [39].
These observations suggest that IL-33 plays a role both in the innate type
of conjunctival inflammation and in the elicitation phase of allergic
conjunctivitis. However, the role of allergens’ particulate properties on
the release of IL-33 remains unclear.

In addition to the above-mentioned observation that a substantial
percentage of the population develops ocular allergic symptoms without
concomitant rhinitis or other allergies [3], it has been reported that up
to 60% of ocular allergy patients consulting ophthalmologists had solely
ocular symptoms [40]. Furthermore, the patients with elevated levels of
tear IgE, without detectable serum allergen specific IgE have been re-
ported [41-43]. Thus, we hypothesized that these patients might have
been sensitized to allergens through their eyes. To address this hy-
pothesis, we chose ragweed (RW) pollens as allergens, and repeatedly
applied them to the mouse conjunctiva. Intriguingly, RW pollen sus-
pension, but not its extract, induced allergic symptoms, accompanied by
robust accumulation of eosinophils. By generating virtually protein-free
pollen shells, we attempted to dissect the mechanisms underlying this
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novel particulate pollen-induced mucosal sensitization model of allergic
conjunctivitis.

2. Methods

For more information, see the Methods section in this article’s Sup-
porting Information.

2.1. Mice

C57BL/6 (B6) mice were bred in the animal facility of Juntendo
University or purchased from Sankyo Labo Service Corporation (Tokyo,
Japan). ST2 knockout mice were generated at TransGenic Inc (Fukuoka,
Japan) using CRISPR/Cas9 method. All the animal experiments were
approved by the ethical committee of Juntendo University (approval
number 2020136) and performed in accordance with the Association for
Research in Vision and Ophthalmology (ARVO) statement for the animal
use in Ophthalmic and Vision Research.

2.2. Conjunctival sensitization model of allergic conjunctivitis

Allergic conjunctivitis was induced by repeated topical application
of pollen suspension five days a week without prior sensitization. Each
mouse conjunctival sac received 0.5 mg of pollen grains suspended in
2.5 pL of PBS. Pollen grains of RW (Ambrosia artemisiifolia, from Pol-
ysciences, PA, USA), Asian dust, or PM (urban dust; both from the Na-
tional Institute for Environmental Studies, Japan) were used at the same
concentration. PBS eye drops were used as controls. Mouse eyes were
scored for the signs of immediate hypersensitivity responses 30 min after
topical challenges, according to previously published criteria with slight
modification [37,44]. Briefly, conjunctival redness, chemosis, tearing,
and eyelid edema were graded as 0 (absent), 1 (mild), 2 (moderate), or 3
(severe). Signs that appeared to be in the middle of the grades were
scored in increments of 0.5. Scores of the left and right eyes were
averaged to calculate the final clinical score assigned to each mouse.
Mice were sacrificed 24 h or indicated time after the last challenge and
subjected to analysis.

2.3. Preparation of ragweed pollen extract, shells, defatted, crushed, or
heated pollens

To prepare RW pollen extract, the pollen grains were homogenized at
a final concentration of 200 mg pollen per mL of PBS, and soluble
fraction was extracted at 4 °C overnight. (See supplementary methods
for details.)

The shells of RW pollen were produced following a previously pub-
lished protocol [45]. Briefly, the pollens were defatted with acetone
under reflux at 60 °C overnight, followed by an incubation in phosphoric
acid at 60 °C for 7 d. After washing, the pollens were incubated in 6%
w/v KOH solution at 80 °C for 6 h, twice. Washed pollen shells were
dried overnight. Pollen shells were weighed and suspended in PBS or RW
extract at the same particle concentrations as RW pollen preparations.
(See supplementary methods for details.)

To prepare the crushed pollens, raw pollen grains were bead-
homogenized using TissueLyser II (Qiagen, Germany). Crushed pollens
were resuspended in PBS and broken morphology was confirmed under
the microscope.

Heated pollen was prepared by incubating the raw pollen suspension
in PBS at 72 °C for 10 min. After cooling, the suspension was adminis-
tered to the mice.
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3. Results

3.1. Repeated topical application of pollen suspension induces allergic
conjunctivitis

We asked whether conjunctival exposure to pollen alone can induce
sensitization and allergic conjunctivitis by repeated application of RW
pollen suspension or its extract to the conjunctival sac (Fig. 1A).
Intriguingly, pollen suspension, but not its extract, induced signs of
acute allergic conjunctivitis in three weeks (Fig. 1B). Histological ex-
amination of the pollen suspension-treated mouse conjunctiva revealed
accumulation of eosinophils and proliferative responses of epithelial
cells (Fig. 1C and Supplementary Figure E1). Eosinophilic inflammation
was readily observed in two weeks, and it further increased upon
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repeated challenges (Fig. 1C-E). Conjunctival expression of Muc5ac was
decreased reflecting the decrease of filled goblet cells, while the
expression of periostin was increased indicating the development of Th2
type inflammation (Fig. 1C and F). Lymph node cells stimulated with the
pollen extract produced mainly Th2 type cytokines, although interferon
gamma, which also has a role in the development of allergic conjunc-
tivitis [46], was also detected (Fig. 1G). Although local tissue IgE con-
tent started to increase in two weeks (Supplementary Figure E2), the
systemic RW-specific humoral responses were delayed; RW-specific
IgG1 was detectable in two weeks, and RW-specific IgE and IgG2a fol-
lowed in five weeks (Fig. 1H). These results illustrate that the repeated
conjunctival exposure to pollen suspension can effectively sensitize the
mice and induce allergic conjunctivitis.
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Fig. 1. Topical challenges to the conjunctiva sensitize mice to develop allergic conjunctivitis. (A) Diagram for inducing allergic conjunctivitis. (B) The clinical scores
on the first and the last challenges. N, normal control; Ext, ragweed pollen extract. (C) Giemsa staining of the conjunctival tissue at 200x magnification. Bar, 50 pm.
(D) Representative eosinophil frequency in the conjunctiva after three weeks of challenges. (E) Time-course of eosinophil and neutrophil frequency analyzed by flow
cytometry. **p < 0.01 by two-way ANOVA. (F) mRNA expressions in conjunctiva were quantified by gPCR using 18S as an internal control. Expressions levels in the
normal conjunctiva were normalized to one. *p < 0.05, ****p < 0.0001 by Student’s t-test. (G) Cytokine production from 0 or 20 pg/mL of the ragweed extract
(RWe)-stimulated draining lymph node cells were quantified by ELISA. *p < 0.05 by Student’s test with Welch’s correction. (H) Serum immunoglobulins were
quantified by ELISA. sIgE, specific IgE. *p < 0.05, ***p < 0.001 by repeated measure ANOVA with Geisser-Greenhouse’s correction and Holm-Sidak’s multiple
comparison (for IgE) or Friedman test with Dunn’s multiple comparison test (for IgG1 and IgG2a). Data represents mean + S.E.M.
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3.2. Shells and soluble factors are necessary and sufficient to induce
allergic conjunctivitis

Next, we asked which pollen factors are required to induce eosino-
philic conjunctivitis. To address this question, we produced RW pollen
shells, essentially lacking protein and lipid content (Fig. 2A-C) [45]. In
addition to the pollen shell, extract, and the mixture of shell and extract,
the crushed, defatted, and heat inactivated RW pollens were used.
Clinical signs were ameliorated in the absence of soluble factors or
shells, and fully restored by the combination (Fig. 2D). Furthermore, the
combination of pollen shells and RW extract, but not the shell or extract
alone, induced robust accumulation of eosinophils. Defatted, crushed, or
heat-inactivated pollens showed intermediate activity in inducing
eosinophilic inflammation (Fig. 2E and F). Flow cytometric analysis of
accumulating cells in the conjunctiva further revealed a marked increase
of ST2'CD4" T (Tpath2) cells, which are known to produce a large
amount of IL-5 in response to antigen presentation [47] (Fig. 2G). The
number of ST27CD4" T cells well correlated with the eosinophil
numbers in this setting, suggesting that the magnitude of type 2
inflammation is influenced by both the pollen shell and the extract
(Fig. 2H). Accordingly, the IL-5 production of extract-stimulated
draining lymph node cells showed a similar pattern to the eosinophil
numbers (Fig. 2I and J). These results demonstrate that the pollen shells
and soluble factors play non-redundant roles in inducing Th2 type
allergic inflammation.

In order to test the pollen shell-dependency in the elicitation phase,
we further performed the conventional allergic conjunctivitis model,
which is induced by systemic sensitization followed by topical chal-
lenges. Interestingly, the pollen shells were also required for the elici-
tation phase of the conventional allergic conjunctivitis (Supplementary
Figure E3A-D). In addition, the eosinophil number showed a strong
correlation with the number of CD4+ST2+ T cells (Supplementary
Figure E3E), suggesting that the similar mechanisms are operating in
both models.

3.3. ST2 is required for full expression of the pollen suspension-induced
allergic conjunctivitis

Epithelial cells are known to release pro-allergic cytokines such as IL-
33, IL-25, and TSLP upon detection of mucosal damage or the invasion
by pathogens [25,26]. In addition, RW extract has been reported to
induce IL-33 expression in epithelial cells through toll-like receptor 4
(TLR4) stimulation [48]. Since IL-33 is known to induce Th2 cells and
enhance production of IL-5 from ST27CD4™ T cells in the lung [49,50],
we investigated the possible roles of the IL-33/ST2 pathway in the
development of conjunctivitis. The total IL-33 tissue content was not
significantly altered by the induction of conjunctivitis (Supplementary
Figure E4A). However, the nuclear IL-33 intensity was decreased, sug-
gesting that the IL-33 is released from the nuclear storage (Supple-
mentary Figure E4B, C). To directly examine the role of LI-33/ST2
pathway, we generated ST2 deficient mice by genome editing (Supple-
mentary Figure E5) and applied RW pollen suspension to them. Defi-
ciency of ST2 ameliorated the acute clinical signs as well as eosinophil
accumulation in the conjunctiva (Fig. 3A-E). When lymph node cells
were stimulated with the RW extract, the production of IL-5 was
significantly decreased in ST2 knockout mice (Fig. 3D). These results
indicate that the IL-33/ST2 pathway enhances acquired immune re-
sponses during the development of allergic conjunctivitis.

3.4. Depletion of CD4" T cells abrogates the development of eosinophilic
conjunctivitis

Next, we set out to explore the cellular requirement for the
conjunctival allergic inflammation. The cells that express ST2 on their
surface in the conjunctival tissue include mast cells, ILC2s, and a sub-
population of CD4™" T cells (Supplementary Fig. ESA and B). To test the
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involvement of CD4" T cells and/or ILC2s, we injected anti-CD4
depleting antibody or anti-Thyl.2 antibody [51] to the conjunctiva
one day before starting RW pollen exposure (Fig. 4A). After two weeks of
induction, the acute clinical signs were suppressed in both the groups
(Fig. 4B). Moreover, a single injection abrogated eosinophil accumula-
tion completely (Fig. 4C-F). Although the final numbers of the lymph
node cells were not decreased (Fig. 4G), their recall response was
reduced (Fig. 4H), suggesting that the Th2 type inflammation against
RW is specifically suppressed in these mice. These results indicate that
the acquired immunity involving CD4" T cells is operative in the
development of allergic conjunctivitis.

3.5. Particulate pollutant promotes RW extract-induced allergic
conjunctivitis

Particulate pollutants such as Asian dust and the PM from the diesel
exhaust are implicated in the exacerbation of allergic rhinoconjuncti-
vitis. We hypothesized that the particulate pollutants might mimic the
effect of pollen shells during allergen exposure to the conjunctiva. To
test this possibility, we mixed RW extract with Asian dust or PM and
applied it to the mouse conjunctiva (Fig. 5A). Acute clinical signs were
more severe when the extract was mixed with particulate pollutants
(Fig. 5B). However, the signs were observed with the particulate pol-
lutants alone as well (Fig. 5B), as reported in the case of PM2.5 [19,23]
in mice. Eosinophil infiltration was significantly increased when the
pollen extract was mixed with Asian dust and tended to increase when
mixed with the PM (Fig. 5C-F). Although Asian dust or PM might cause
injury to the epithelial layers, increase of the neutrophil infiltration was
not observed (Fig. 5D-F), indicating that the caused injury was minor if
any. RW extract-stimulated lymph node cells produced Th2 type cyto-
kines, which correlated with eosinophil accumulation (Fig. 5G and H).
Collectively, these results suggest that the particulate air pollutants act
like adjuvants and promote sensitization via the conjunctival mucosa
and development of allergic conjunctivitis.

3.6. Pollen shell induces IL-33 release from conjunctival epithelial cells

Finally, to explore the possible role of the pollen shells in the in-
duction of the allergic conjunctivitis, we examined IL-33 release in the
conjunctiva. In the steady state, IL-33 was detected in the nuclei of the
epithelial cells and some stromal cells (Fig. 6A, B, and F). Upon RW
pollen administration, IL-33 was released from epithelial cells in 1 h and
began to be restored in 2 h (Fig. 6B-E). However, the release was not
observed in stromal cells (Fig. 6B). Most importantly, only the prepa-
rations containing shells, but not extract alone, were able to induce
significant IL-33 release from the epithelial cells (Fig. 6E and F), sug-
gesting a possible role for pollen shells in driving the IL-33-ST2 axis in
the development of allergic conjunctivitis.

4. Discussion

Previous studies on pollen-induced allergic conjunctivitis have uti-
lized sensitized models to investigate the mechanisms underlying
conjunctivitis development in the elicitation phase. In the present study,
we asked whether conjunctival exposure to particulate allergens induces
sensitization and develops local ocular allergic diseases. Repeated
topical application of RW pollen suspension to the conjunctiva induced
acute clinical signs as well as histological changes, including eosinophil
infiltration and a decrease in goblet cell density. Depletion of CD4" T
cells in conjunctiva abrogated eosinophilic inflammation, demon-
strating the essential role of acquired immunity. Mucosal sensitization
required both pollen shells and soluble factors to recruit ST2"CD4" T
cells and eosinophils to the conjunctiva. In fact, genetic deletion of the
IL-33 receptor ST2 reduced the magnitude of the conjunctivitis, as well
as sensitization. Furthermore, the mixture of RW extract and particulate
air pollutant induced similar eosinophilic conjunctivitis. Finally, pollen
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Fig. 2. Pollen shells and soluble factors cooperate to induce allergic conjunctivitis (A) Microscopic observation of the pollen shells. Arrowheads indicate holes made
during shell preparation. Bar, 10 pm. (B) Relative weight of the shell compared to raw whole pollen grain. (C) Protein concentrations of 2 mg/mL pollen suspension
and the same grain concentrations of heated (72 °C for 10 min), defatted (acetone reflux overnight), and shell particles. (D) Clinical score. *p < 0.05, ****p < 0.0001
by one-way ANOVA with Holm-Sidak’s multiple comparisons. (E) Giemsa staining of the conjunctiva. Bar, 50 pm. (F) Conjunctival eosinophil populations among
CD45" cells. (G) Cell numbers of indicated populations in the conjunctiva. (F, G) *p < 0.05, **p < 0.01 by Kruskal-Wallis test with Dunn’s multiple comparison. (H)
Correlation of CD4"ST2" T cell and eosinophil numbers in the conjunctiva. (I) Cytokine production from the RW extract-stimulated draining lymph node cells. (J)
Eorrelation of the IL-5 production from lymph node cells and eosinophil numbers in the conjunctiva. Data represents mean + S.E.M.
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Fig. 3. The IL-33/ST2 pathway contributes to the mucosal sensitization and eosinophil accumulation (A) Clinical scores. (B) Giemsa staining of the conjunctiva. Bar,
50 pm. (C, D) Eosinophil populations among CD45" cells in the conjunctiva. (E) Whole and eosinophil cell numbers were enumerated. (F) Cytokine production of the
RW extract-stimulated draining lymph node cells. Data represents mean + S.E.M. *p < 0.05, ***p < 0.001, ****p < 0.0001 by Student’s t-test with
Welch’s correction.

shells stimulated conjunctival epithelial cells to release IL-33 in vivo. activities [57], in addition to the innate immune receptor agonists [48].
These results suggest that the particulate property shared by some Furthermore, pollens have been shown to possess reactive oxygen spe-
airborne allergens cooperates with soluble factors to induce mucosal cies (ROS)-generating activity, which exacerbates the sensitized model
sensitization leading to allergic conjunctivitis. of allergic conjunctivitis [58]. Our result that the heated pollens have
The immunomodulatory effect of antigen exposure to the conjunc- diminished activity imply that such ROS-generating activity, LPS-like
tival mucosal surface has been investigated in the context of tolerogenic activity that is potentially labile to heat [59], and/or the protease ac-
immunoregulation [52-56]. In these studies, the application of pure tivity are the important elements on the soluble factor side. However,
protein antigen ovalbumin (OVA) to the healthy conjunctiva induced the pollen shells were required to induce IL-33 release from epithelial
anergic T cells or regulatory T cells and suppressed delayed-type hy- cells and to cause eosinophilic inflammation. One possible mechanism is
persensitivity induced at the ear pinna [53,54]. This tolerogenic that the shell wall component that is durable to the heat, acid, and base
response was mediated by the goblet cells, and retinoic acid was found treatment can be sensed by the yet unknown receptor expressed on the
to be a factor suppressing Thl responses [55,56]. However, benzalko- epithelial cells. In fact, it has been reported that the conjunctival cells in
nium chloride (BAK)-induced epithelial damage abolished the tolero- VKC patients overexpress multiple pattern recognition receptors [60]. In
genic activity [53]. Tolerance was restored when an NF-kB inhibitor was line with this, the crushed pollens retained some activity to induce
applied together [52]. These observations clearly demonstrate that the eosinophilic conjunctivitis. Another possibility is that the mechanical
inert pure proteins such as OVA or self-antigens are recognized as safe sensing by either the epithelial cells or the peripheral nerves induces the
substances by the immune system. However, natural antigens such as IL-33 release. However, the exact mechanism remains to be explored.
pollens and house dust mite allergens have a wide range of protease In our mucosal sensitization model, RW-specific IgE production was
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represents mean + S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by ANOVA with Tukey’s multiple comparison.

somewhat delayed compared to the eosinophil infiltration. In light of the
report that the T cell response recruits eosinophils more efficiently than
IgE-mediated mast cell activation does [61], Th2 cell-dependent re-
sponses may be predominant in our model. As such, infiltrating
ST27CD4" T cell numbers significantly correlated with the eosinophil
numbers. Moreover, depletion of CD4" T cells completely abrogated the
eosinophil infiltration. Although the antigens with protease activities
were used in this study, this aspect is in sharp contrast with the
papain-soaked contact lens model of eosinophilic ocular inflammation,
in which ILC2 plays a role, but T cells are dispensable [39]. However,
this does not exclude the contributions of ILC2 and mast cells in our
model.
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The concept of “local ocular allergy” and the local sensitization have
been proposed for VKC and allergic conjunctivitis patients for more than
three decades [41-43,62]. In those cases, the suspected allergen-specific
IgE could not be detected in the sera, but the tear IgE or the conjunctival
provocation test was found to be positive. In addition, the patients with
no detectable tear IgE or serum allergen-specific IgE have been
described [41,43]. Although we have not measured IgEs locally pro-
duced in tears, we found elevated levels of IgE in the conjunctival tissue
before the serum IgE levels increase. The model presented here may
serve as a useful tool to further investigate the mechanisms underlying
the development of local ocular allergy.

We observed thickening of squamous cell layers and a decrease in
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ANOVA analysis.

filled goblet cells, irrespective of the kind of particulate components.
Apparently, the proliferation of epithelial layers seems to be correlated
with the extent of eosinophil infiltration. The proliferative response of
epithelial layer has been documented in VKC papillae [63]. On the
contrary, there was a decrease in Muc5ac expression in our model.
However, the decrease of filled goblet cells after allergen challenges
have been documented in the conventional systemically sensitized

159

models of allergic conjunctivitis [64]. In addition, both the increase and
decrease of Muc5ac levels have been reported depending on the time
points after the allergen challenge [64]. Therefore, it requires careful
investigation to understand the pathological significance of filled goblet
cell number decrease observed in our model.

The single ocular symptoms found in 6% of the general population
[3] support the notion of local ocular sensitization. At the clinics of
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pediatricians, the comorbidity rate of allergic conjunctivitis and rhinitis
has been estimated to be 92-97% [12]. On the other hand, 60% of ocular
allergy patients visiting ophthalmologists have been reported to display
solely ocular symptoms [40]. This discrepancy may not necessarily be
surprising. However, considering the fact that ocular allergy is often
underdiagnosed and untreated [2,65], more attention should be paid to
the local ocular sensitization to improve the daily life of the patients
[66].

In conclusion, we demonstrated that the conjunctival mucosa func-
tions as a stage of sensitization, where the allergens’ particulate prop-
erties and soluble factors play non-redundant roles. Further
investigation is required to elucidate their specific roles in the devel-
opment of local allergic conjunctivitis.
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Supplementary Methods
Preparation of ragweed pollen extract and shells

To prepare RW pollen extract, pollen grains were suspended in deionized water and
homogenized using a bead crusher TissueLyser Il (Qiagen, Germany). Ten times concentrated
PBS was added to adjust the final concentration to 200 mg/mL in PBS. Soluble factors were
extracted by rotating at 4°C overnight, and insoluble debris was removed by repeating a one-
hour centrifugation at 14,000 x g three times. The supernatant was filtered through a 0.22 ym

membrane (Merck, NJ, USA) to obtain the sterile RW extract.

The shells of RW pollen were produced following a previously published protocol '. Briefly, 1 g of
RW pollens was defatted with 9 mL of acetone under reflux at 60°C overnight. The defatted
grains were filtered and air-dried overnight. This preparation was used as “defatted” pollens.
The defatted pollens were suspended in 20 mL of phosphoric acid and incubated at 60 °C for 7
d. The pollen grains were separated by vacuum filtration, and washed with hot water, followed
by acetone, 2 M HCI, 2 M NaOH, water, acetone, and ethanol. After drying overnight at room
temperature, washed pollens were incubated in 17.5 mL of 6% w/v KOH solution at 80 °C for 6
h. The pollens were separated by centrifugation and resuspended in 17.5 mL of fresh KOH
solution to be incubated for another 6 h at 80°C. Pollen shells were then filtered, washed with
hot water, followed by acetone. After air drying, pollen shells were weighed and suspended in
PBS or RW extract. The solution was introduced into the shells by freezing at -30°C. The shell
particle concentration was adjusted to the same particle number per mL as the raw RW pollen

preparations.

To prepare the crushed pollens, raw pollen grains were bead-homogenized using TissuelLyser Il



Crushed pollens were resuspended in PBS and broken morphology was confirmed under the

microscope.

Heated pollen was prepared by incubating the raw pollen suspension in PBS at 72°C for 10 min.

After cooling, the suspension was administered to the mice.

Antigen stimulation of lymph node cells

Cervical lymph nodes were collected in a sterile manner and single cell suspension prepared
from them was cultured in RPMI supplemented with 10% heat-inactivated fetal calf serum
(FCS), non-essential amino acids (ThermoFisher Scientific, USA), sodium pyruvate (FujiFilm,
Japan), B-mercaptoethanol, penicillin, and streptomycin. Cells were seeded at 5 x 10° cells/mL
and stimulated by 20 pg/mL of ragweed (RW) extract for 120 h. The supernatant was harvested

and frozen at -30°C until analysis.

Flow cytometry

The mouse conjunctiva was dissected using surgical scissors. The tissues were minced and
digested in RPMI1640 supplemented with 10% FCS, 1 mg/mL collagenase (FujiFilm) and 0.5
mg/mL DNase | with continuous stirring for 1 h at 37°C. The dispersed cell suspension was
filtered through a nylon mesh, and cells were counted. The washed cells were blocked with anti-
CD16/CD32 antibody (clone 2.4G2) for 10 min at 4°C. The cells were further incubated with

surface-staining antibodies at 4°C for 20 min.

Fluorescence intensity was measured by FACSVerse (BD Biosciences, USA). Data were

analyzed using the FlowJo software (BD Biosciences).



Histology

After euthanasia, a mouse conjunctival biopsy was obtained. Giemsa staining was performed
for the paraformaldehyde-fixed paraffin-embedded sections. For IL-33 staining, the mouse
conjunctiva was fixed with paraformaldehyde in situ for 5 min and collected thereafter. After a
total of 25 minutes fixation, the tissue was thoroughly rinsed with PBS and embedded in OCT
compound (Sakura Finetech, Japan). Cryosections were blocked with 2% skim milk and
incubated with anti-IL-33 antibody (AF3626, R&D Systems), AlexaFluor 647-conjugated anti-
Ki67 antibody (clone 11F6, Biolegend, CA, USA), and/or AlexaFluor 488-conjugated anti-
EpCAM antibody (clone G8.8, Biolegend), followed by Dylight649 anti-goat IgG antibody
(Jackson ImmunoResearch Laboratories, PA, USA). After staining with DAPI, the coverslips
were mounted with SlowFade Diamond (ThermoFisher Scientific). Fluorescence was acquired
using LSM-700 confocal microscope system (Carl Zeiss, Germany) and IL-33 positivity was

quantified using inForm software version 2.4 (PerkinElmer, MA, USA).

RNA extraction and quantitative reverse-transcription PCR

Total RNA was extracted from mouse conjunctival tissues by RNeasy Mini kit (Qiagen,
Germany) according to the manufacturer’s instructions. Complementary DNA was synthesized
using ReverTra Ace gPCR RT Master Mix (TOYOBO, Japan). Real-time PCR was performed
using QuantiNova SYBR Green PCR Kit (Qiagen) on StepOnePlus System (Thermo Fisher

Scientific).



Enzyme-linked Immunosorbent Assay (ELISA)

Chemiluminescence enzyme immunoassay were performed to analyze mouse sera and lymph
node cell culture supernatants. 384-well black microplates (Greiner Bio-one, Germany) were
coated with 5 pg/mL of RW extract or the capturing antibodies. After blocking with 30%
ImmunoBlock reagent (KAC, Japan), diluted mouse serum or the culture supernatant was
applied to the wells and incubated for 2 h at room temperature. After washing, the plates were
incubated with biotin-conjugated detection antibodies together with avidin-HRP (BioLegend, CA,
USA) for 1 h. After extensive washing, Western Lightning ECL Pro (PerkinElmer) was added as
a substrate, and luminescence was measured by GloMax luminescence plate reader (Promega,
USA). For the analysis of tissue IL-33 and IgE content, colorimetric ELISA was performed for
the tissue homogenate. The conjunctival tissue was collected, weighed, and homogenized in
PBS supplemented with 0.1% NP40 and Halt Protease Inhibitor Cocktail (Thermofisher) using
BioMasher Il (Nippi, Tokyo, Japan). After centrifuge, the supernatant was collected. The protein
concentration was measured by BCA protein assay (BioRad, CA, USA). The protein

concentration was adjusted to 250 ug/mL before analysis.

Statistics

Statistical analysis was performed using Prism 8 software (GraphPad, CA, USA). Data are
presented as mean + S.E.M. in all figure parts in which error bars are shown. Groups were
analyzed by two-tailed t-test with Welch’s correction or ANOVA with Dunnett's multiple
comparison unless otherwise indicated. P values of <0.05 were considered statistically

significant.
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Figure E1. Topical challenges induce epithelial proliferative response.

(A) Immunofluorescence staining of Ki67 in the conjunctiva. Bar, 20 uym. (B) Quantification of

Ki67 positive cells. *p<0.05 by Welch’s t-test.



Supplementary Figure E2.
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Figure E2. Local tissue IgE content start to increase in two weeks.
The IgE tissue content in the conjunctiva was measured by ELISA. IgE content normalized by

protein concentration (A) and that in the whole conjunctiva (B) are shown. *p<0.05 by Welch’s t-

test. **p<0.01 by ANOVA for linear trend.



Supplementary Figure E3.
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Figure E3. Pollen shells are required for the elicitation phase of conventional allergic

conjunctivitis model.

(A) Clinical score. (B) Conjunctival eosinophil populations among CD45+ cells. (C,D) Cell
numbers of total (C) or indicated populations (D) in the conjunctiva. (E) Correlation of CD4*ST2*
T cell and eosinophil numbers in the conjunctiva. *p<0.05 and **p<0.01 by Kruskal-Wallis test

with Dunn’s multiple comparison against PBS group.
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Supplementary Figure E4.
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Figure E4. IL-33 is mobilized by the induction of allergic conjunctivitis.

(A) The IL-33 tissue content in the conjunctiva was measured by ELISA. (B)
Immunofluorescence staining of IL-33 in the conjunctiva after indicated periods of pollen
administration. Bar, 100 ym. (C) The IL-33 staining intensity was quantified. *p<0.05, ***p<0.001

by ANOVA with Holm-Sidak’s multiple comparisons.
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Supplementary Fig E5.
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Figure E5. Mast cells, CD4" T cells, and ILC2s express ST2 in the conjunctiva.
Gating strategies for measuring ST2 expressions in mast cells and CD4* T cells (A) or in ILC2s

(B). Lin, lineage.
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