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Purrosk. To evaluate the role of CD4" T helper cells in benzalkonium chloride (BAC)-
induced ocular surface disorder in C57BL/6 mice.

MerHoDps. Topical 0.075% BAC was applied twice daily in C57BL/6 mice for 7 consecutive
days; PBS-treated and untreated mice served as controls. Adoptive transfer of CD4" T cells
isolated from the BAC-treated mice or PBS-treated mice into nude mice was conducted
to identify the roles of CD4" T cells, with untreated nude mice as controls. Oregon
green dextran staining, PAS staining, and the phenol red cotton test were carried out in
these two models. The gene and protein levels of T-bet, IFN-y, RORyt, and IL-17 were
detected by quantitative RT-PCR and ELISA, respectively. The activation and subsets of
CD4* T cells were identified by double immunofluorescent staining and flow cytometry.

REesurts. An increase in CD4TCDG69", CD4TIFN-y*, and CD4"IL-17" cells was induced
by BAC in C57BL/6 mice. IFN-y, IL-17, Thl, Th17, and the transcription factors
T-bet and RORyt were increased in BAC-treated mice compared with control mice. In
addition, ocular surface damage, including corneal barrier dysfunction, goblet cell loss,
and decreased tear production, was induced by BAC. Interestingly, adoptive transfer of
CD4* T cells isolated from BAC-treated mice into nude mice resulted in ocular surface
manifestations similar to those of direct topical BAC treatment of C57BL/6 mice, including
increased CD4™" T cells, IFN-y, IL-17, and ocular surface disorders.

Concrusions. Topical application of BAC induced a dry-eye-like ocular surface disorder
partly through the CD4" T cell-mediated inflammatory response.
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B enzalkonium chloride (BAC) is commonly used as a
preservative in ophthalmic solutions due to its antimi-
crobial activities.!? Studies have demonstrated, though, that
long-term use of topical BAC induces toxic effects, including
tear film instability, corneal barrier dysfunction, and the loss
of conjunctival goblet cells, all of which cause dry-eye-like
ocular surface damage,">* However, the precise mechanism
must be further explored.

The conjunctiva is a continuous membrane that serves
as the junction between the eyeball and the eyelids. The
conjunctiva is also a mucosa-associated lymphoid tissue.’
There are many immune cells in the normal conjunctiva,
such as T helper cells and macrophages.® When exoge-
nous antigens initially contact mucosal membranes, they
encounter potent innate and adaptive immune surveillance
mechanisms.” Immune cells in conjunctiva serve as a barrier
against infection and exogenous material; however, immune
responses may cause ocular surface damage and result in
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immune-mediated ocular surface disorders, including dry
eye®

CD4" T cells are residents of the ocular surface and
include Th1l, Th2, Th17, and Treg cells. Activated CD4"
T cells release inflammatory cytokines, leading to ocular
surface damage; for example, IFN-y released by Thl
cells causes epithelial cell apoptosis, squamous metapla-
sia, and loss of goblet cells’!! and IL-17 released by
Th17 cells causes corneal barrier dysfunction.!? Although
the immunopathogenesis of the ocular surface immune
response remains largely unknown, growing evidence
indicates that excessive ocular microenvironmental stress
promotes the activation of autoreactive lymphocytes.'?>'4

There is some evidence indicating that BAC induces tear
film instability and tear film breakup time,'>-'® which induces
inflammation and initiates the immune response.® Galletti’s
group'” has shown a loss of immune tolerance after expo-
sure to BAC. Few studies have focused on the association
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between the toxicity of BAC and the immune response. Our
previous research demonstrated that topical administration
of BAC increased CD4" T cells infiltration in the ocular
surface,'® but the role of CD4*% T cells in BAC treatment of
the ocular surface remains unknown.

In the present study, we further investigated the associ-
ation between BAC toxicity and the immune response by
focusing on the role of CD4" T cells and the CD4™ T cell-
mediated inflammatory response in C57BL/6 mice.

MATERIALS AND METHODS
Animals

Female C57BL/6 mice and nude mice, 10 to 12 weeks old
(Shanghai SLAC Laboratory Animal Center, Shanghai, China),
were used in this study. All mice were kept in a standard-
ized environment as follows: a constant temperature of 25°
+ 1°C, a relative humidity of 60% =+ 10%, and alternating
12-hour light/dark cycles (8:00 AM to 8:00 PM). All exper-
iments were conducted in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and
Vision Research, and animal experimental procedures were
approved by the Animal Ethics Committee of Xiamen Univer-
sity School of Medicine (approval ID XMUMC: 2017-2-10).

BAC Treatment

C57BL/6 mice were randomly divided into a BAC treatment
group, a PBS treatment group, and an untreated (UT) group.
The BAC treatment group was topically treated with 5 pL of
0.075% BAC (Sigma-Aldrich, St. Louis, MO, USA) in PBS, and
the PBS-treated and UT group served as controls. The mice
received BAC or PBS treatment twice daily (9:00 AM and
9:00 PM) for 7 consecutive days. The Schirmer test was
performed in all groups on day 7. On day 7, all mice were
sacrificed, and the eyes and adnexa were dissected for histo-
logical analysis (n = 5) and inflammatory factor detection

(n =5).

CD4™" T Cell Isolation and Adoptive Transfer
Experiment

To evaluate the role of pathogenic CD4" T cells, adop-
tive transfer experiments were performed as previously
described.'!"'° Briefly, CD4" T cells in the spleen and cervi-
cal lymph nodes (CLNs) were collected from the BAC-treated
and PBS-treated mice by negative selection using rat anti-
mouse CD4-conjugated magnetic microbeads (MACS system;
Miltenyi Biotec, Bergisch Gladbach, Germany). The cells
were washed with PBS before being used for adoptive trans-
fer experiments. A total of 5 x 10° CD4" T cells were trans-
ferred intraperitoneally into nude mice. The nude mice were
divided into three groups: (1) BAC-treated nude mice that
received CD41 T cells isolated from BAC-treated C57BL/6
mice, (2) PBS-treated nude mice that received CD4" T cells
isolated from PBS-treated C57BL/6 mice, and (3) UT nude
mice, which served as a control group. At 5 days after adop-
tive transfer, all nude mice were sacrificed.

Measurement of Tear Volume

The volume of tear secretion was measured using Zone-
Quick phenol red cotton threads (Yokota, Tokyo, Japan)
before the mice were sacrificed at the same time (7:00 PM)
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in the standard environment. One millimeter of phenol red
thread was placed on the conjunctival sac at approximately
one-third of the lower eyelid from the lateral canthus. Each
eye was tested for 15 seconds. The red part of the thread
was measured in millimeters, and the average length was
considered the final length.

Corneal Oregon Green Dextran Staining

Invitrogen Oregon Green dextran (OGD, 70,000 MW, cata-
log no. D7172; Thermo Fisher Scientific, Waltham, MA, USA)
staining was conducted in all groups as reported previ-
ously to assess the corneal epithelial barrier.'? Topical appli-
cation of 1 yL OGD (50 mg/mL) was performed on the
murine ocular surface for 1 minute, and then the corneas
were washed five times with 1 mL PBS. The corneas were
observed with a stereoscopic zoom microscope (AZ100;
Nikon, Tokyo, Japan) under fluorescence excitation at
470 nm. The mean fluorescence intensity of OGD-positive
staining in the central area of the cornea with a diameter of
2 mm was measured and analyzed using NIS-Elements 4.1
software (Nikon USA, Melville, NY, USA).

Measurement of Goblet Cell Density

The ocular tissues of the mice were dissected. The right
eyeballs were embedded in paraffin. PAS reagent (catalog
no. 395B-1KT; Sigma-Aldrich) was used to stain goblet cells.
Digital images of paraffin sections were captured with a light
microscope (Eclipse 50i; Nikon). The number of goblet cells
was counted in the superior and inferior conjunctiva using
NIS-Elements software.

Immunofluorescence Staining

The left eyeballs were embedded in optimal cutting tempera-
ture (OCT) compound (Tissue-Tek, catalog no. 4583; Sakura
Finetek USA, Torrance, CA, USA). Frozen sections (5 pm
thick) were fixed with acetone for 15 minutes at —20°C.
Subsequently, the samples were washed three times with
PBS, followed by blocking with 2% BSA in PBS for
1 hour at room temperature. The samples were then incu-
bated with monoclonal rabbit anti-CD4 antibody (1:200,
3.475 pg/mL, catalog no. ab183685; Abcam, Inc., Cambridge,
MA, USA) and counterstained with polyclonal rabbit anti-IL-
17 antibody (1:200, 5 pg/mL, catalog no. ab79056; Abcam)
and monoclonal mouse anti-IFN-y antibody (1:50, 4 pg/mL,
catalog no. sc-12755; Santa Cruz Biotechnology, Dallas, TX,
USA) diluted with 1% BSA overnight at 4°C. After they were
washed three times with PBS, the samples were incubated
in secondary antibody (goat-anti-rabbit IgG conjugated with
Alexa Fluor 488, goat-anti-rabbit IgG conjugated with Alexa
Fluor 594, or goat-anti-rat IgG conjugated with Alexa Fluor
594; Thermo Fisher Scientific) diluted with 1% BSA for
1 hour at room temperature. Finally samples were counter-
stained with 4',6-diamidino-2-phenylendole (DAPI, catalog
no. H-1200; Vector Laboratories, Inc., Burlingame, CA, USA).
The results were photographed with a Leica upright micro-
scope (DM2500; Leica Microsystems, Wetzlar, Germany).

Immunohistochemistry

Cryosections were immunostained for CD4 using primary
rat anti-mouse CD4 antibody (1:100, 5 ng/mL, catalog no.
553647; BD Biosciences Pharmingen, San Diego, CA, USA)
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for 60 minutes, goat anti-rat antibody (1:50, 10 pg/mL, cata-
log no. 559286; BD Biosciences Pharmingen) diluted in 1%
BSA for 30 minutes, and Vectasta VECTASTAIN Elite ABC
system using NovaRED reagent (catalog no. PK-6100; Vector
Laboratories). The sections (three slides per animal) were
photographed using a Nikon Eclipse 50i digital camera. The
total number of CD4" T cells in the conjunctiva was counted
using NIS-Elements software.

Paraffin sections were immunostained with primary
rabbit anti-mouse T-bet (1:500, 1 pg/mL, catalog no.
PA540573; Thermo Fisher Scientific) or rabbit anti-mouse
RORyt (1:3000, 0.209 ng/mL, catalog no. ab207082; Abcam)
antibodies as previously described.?* The sections (three
slides per animal) were photographed using a Nikon Eclipse
50i digital camera.

ELISA

One sample consisted of the pooled conjunctiva of both
eyes or CLNs of one animal. Protein was extracted with
cold radioimmunoprecipitation assay buffer (catalog no.
R0278; Sigma-Aldrich). The Pierce BCA Protein Assay Kit
(catalog no. 23225; Thermo Fisher Scientific) was used to
measure the total concentration of protein. The protein in
the same tissue was diluted to the same concentration,
and 20 pg of each sample was added to the sample well.
The levels of IFN-y (IFN gamma Mouse ELISA Kit, cata-
log no. BMS606; Thermo Fisher Scientific) and IL-17 (IL-
17 Mouse ELISA Kit, catalog no. BMS6001; Thermo Fisher
Scientific) in the conjunctiva or CLNs were quantified in
accordance with the manufacturer’s protocols for the ELISA
kits. The optical absorbance was measured at 450 nm with
a microplate reader (Bio-Tek ELx800; Bio-Tek Instruments,
Inc., Winooski, VT, USA), and the protein concentrations
were calculated by using a standard curve.

Flow Cytometry Assays

Single cells isolated from the lymph nodes were
stained for 30 minutes with FITC-conjugated anti-CD4
(1:200, 2.5 pg/mL; BD Biosciences) and PE/Cyanine7 anti-
mouse CDG69 Antibody (1:200, 1 pg/mL, catalog no. 104512;
BioLegend, San Diego, CA, USA) and washed. They were
then were resuspended with Cell Staining Buffer (catalog
no. 420201; BioLegend). For intracellular cytokine stain-
ing, cells were restimulated with Cell Stimulation Cocktail
(catalog no. 423303; BioLegend) for 5 hours. Cells were
fixed with 4% paraformaldehyde and permeabilized with
Intracellular Staining Permeabilization Wash Buffer (catalog
no. 421002; BioLegend); they were then stained with PE
anti-mouse IL-17A Antibody (1:100, 2 pg/mL, catalog no.
506903; BioLegend) and APC anti-mouse IFN-y Antibody
(1:100, 2 pg/mL, catalog no. 505810; BioLegend). Stained
cells were analyzed with a CytoFLEX S Flow Cytometer
(Beckman Coulter, Indianapolis, IN, USA). Flow cytometry
data were plotted and quantified with FlowJo software
(FlowJo LLC, Ashland, OR, USA).

RNA Extraction and Real-Time PCR

Total RNA of the conjunctiva or CLNs was extracted using
a PicoPure RNA Isolation Kit (catalog no. KIT0204; Thermo
Fisher Scientific) and stored at -80°C. One sample consisted
of the pooled conjunctiva of both eyes or CLNs of one
animal. The RNA (1 pg) was reverse transcribed into cDNA
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using a reverse transcription kit (catalog no. RR047A; Takara
Bio, Shiga, Japan). Real-time PCR was conducted with a
SYBR Premix ExTaq Kit (catalog no. RR420A; Takara Bio).
The primer sequences of the genes are listed in the Table.
Each reaction (total volume, 10 pL) consisted of 1 pL of
cDNA, 0.2 pL of each forward and reverse primer, 5 pL
of reaction mixture (Takara Bio), and 3.6 pL of nuclease-
free water. A three-step amplification program was utilized
for the real-time PCR as follows: 45 cycles of 95°C for
10 seconds, 60°C for 5 seconds, and 72°C for 20 seconds.
The PCR products were analyzed with a melting curve anal-
ysis performed after each LightCycler run.

Statistical Analysis

The Mann-Whitney #-test was applied to analyze the data.
P < 0.05 was considered statistically significant. Calculations
were performed using Prism 7 software (GraphPad Soft-
ware, Inc., San Diego, CA, USA). The probability of reject-
ing an incorrect hypothesis is known in statistics as the test
of power (1 - B). Generally, the test of power is required
to be above 0.8. The power calculation of every statistical
analysis in this study was greater than 0.8. Because a type
II error typically does not happen, we determined that five
mice would be a proper sample size.

RESULTS

The CD4" T Cell-Mediated Inflammatory
Response Was Activated by BAC in the Ocular
Surface

The effects of topical administration of 0.075% BAC on CD4"
T cells on the ocular surface of mice were examined. After
7 consecutive days, more CD4" T cells infiltrated the
conjunctiva in the BAC treatment group (48.53 £ 10.04) than
in the PBS group (19.42 + 2.23) (P = 0.008) (Figs. 1A, 1B). In
CD4" T cells isolated from draining nodes, flow cytometry
(FCM) analysis showed that CD69" T cells were significantly
upregulated after BAC treatment (from 19.22% + 2.58% to
40.66% =+ 3.90%) (P = 0.008) (Fig. 1C). These results indicate
that CD4™" T cells were activated and upregulated after topi-
cal application of BAC. Immunofluorescence double staining
further showed that the ocular mucosal tissue was infiltrated
by many Th1 and Th17 cells, which were absent in the PBS
group (Fig. 1D). FCM analysis also showed that, in CD4" T
cells, IFN-y* cells and IL-17" cells slightly increased after
BAC treatment (from 21.3% =+ 2.52% to 27.16% =+ 1.96%,
P = 0.016; from 24.5% £ 1.25% to 31.9% + 3.61%, P = 0.008,
respectively) (Fig. 1E).

As evaluated by quantitative RT-PCR, mRNA expression
of IFN-y and IL-17 was dramatically upregulated in the
conjunctival tissue (IFN-y, 7.36 £ 2.75-fold, P = 0.008;
IL-17, 8.11 + 3.40-fold, P = 0.008) of BAC-treated mice
compared with that of PBS-treated mice. IFN-y and IL-
17 protein levels in conjunctival tissue, as measured by
ELISA, increased significantly to 1657.31 £ 295.23 pg/mL
and 5060.58 £+ 461.36 pg/mL in BAC-treated mice, respec-
tively, levels that were 1.34-fold (P = 0.016) and 1.46-fold
(P = 0.016) higher than those in PBS-treated mice (IFN-y,
1236.70 + 217.95 pg/mL; IL-17, 3472.36 + 828.66 pg/mL)
(Figs. 2A, 2B). Because CLNs are an important organ in the
immune system,?!"*?> we also examined alterations of those
cytokines in CLNs.
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TaBLE. Mouse Primer Sequences Used for Quantitative RT-PCR
Gene Sense Primer Antisense Primer
B-actin CCTAAGGCCAACCGTGAAAAG AGGCATACAGGGACAGCACAG
IFN-y AAATCCTGCAGAGCCAGATTAT GCTGTTGCTGAAGAAGGTAGTA
IL-17 CGCAATGAAGACCCTGATAGAT CTCTTGCTGGATGAGAACAGAA
RORyt AAGGCAAATACGGTGGTGTGG CAGGACGGTTGGCATTGATGA
T-bet CTAAGCAAGGACGGCGAATGT CTTTCCACACTGCACCCACTT
PBS. - BAC - 2a] Negative Control
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Ficure 1. Effects of BAC on the infiltration of CD4™ T cells in the conjunctiva and CLNs. (A) Representative image of CD4" T cell staining in
the conjunctiva. Scale bars: 50 pm. (B) Statistical analysis of the number of CD4" T cells in the conjunctiva. The data are shown as the mean
+ SD. P < 0.01 (1 = 5). (C) Representative FCM plots of CD4TCDG69T T cells. (D) Representative image of IFN-ytCD4% and IL-17tCD4+
T cells in the conjunctiva. Scale bars: 50 um. (E) Representative FCM plots of IFN-y TCD4" and IL-177CD4" T cells.

Interestingly, IFN-y and IL-17 were significantly increased
at the mRNA level (IFN-y, 6.39 + 2.72-fold, P = 0.008; IL-
17, 10.01 £+ 4.04-fold, P = 0.008) and protein level (IFN-y,
564.90 + 120.19 pg/mL; IL-17, 1608.16 + 387.46 pg/mL)
in the BAC treatment group. These levels were 2.44-fold
and 2.42-fold higher than those of the PBS-treated group
(IFN-y, 231.72 £ 35.04 pg/mL, P = 0.008; IL-17, 664.82 +
375.40 pg/mL, P = 0.016) (Figs. 2A, 2B). These findings
indicate that IFN-y and IL-17 were largely stimulated in the
ocular mucosa and draining CLNs in BAC-treated mice.

We then examined the expression of Thl-specific tran-
scription factor T-bet and Th17-specific transcription factor
retinoic acid-related orphan receptor gamma t (RORyt),
which mediates Thl and Th17 cell release of IFN-y and
IL-17. The gene expression of T-bet and RORyt was signif-
icantly upregulated by 1.76 £+ 0.27-fold (P = 0.008) and
1.46 + 0.21-fold (P = 0.008), respectively, in the conjunc-
tiva of BAC-treated mice compared with those of PBS-treated
mice (Fig. 2C). In the conjunctiva of BAC-treated mice, the
expression of T-bet and RORyt dramatically increased, and
they were weakly expressed in the PBS group, as determined
by immunohistochemistry (Fig. 2D).

Natural killer (NK)/natural killer T (NKT) cells could
be producing IFN-y,?> and gamma delta T cells could be

secreting IL-17.2* To determine whether IFN-y and IL-17
were produced by NK/NKT cells and gamma delta T cells,
we tested NK/NKT cells (DX5") and gamma delta T cells
(gamma delta TRC') by FCM. There was no increase in
NK/NKT cells or gamma delta T cells after BAC treatment
(Fig. 2E). These results indicate that IFN-y and IL-17 are
secreted primarily by CD4" T cells.

Taken together, these results suggest that topical admin-
istration of BAC results in CD4" T cell infiltration and the
release of Thl-secreted IFN-y and Th17-secreted IL-17.

Ocular Surface Damage Was Observed Following
Topical Application of BAC

Because it has been reported that IL-17 induces corneal
barrier dysfunction and IFN-y results in the loss of conjuncti-
val goblet cells,”1? we then examined the ocular surface toxi-
city of BAC. We assessed corneal barrier dysfunction through
OGD staining. There was widespread punctuate staining on
BAC-treated mouse corneas (Fig. 3A), whereas there was
little staining on PBS-treated and UT mouse corneas. The
OGD intensity score showed that the average OGD intensity
in the corneas of BAC-treated mice was 14.73 &+ 2.28/mm?,
which was dramatically higher than that in the PBS-treated
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Ficure 2. Effects of BAC on CD4™" T cell-mediated inflammation in the conjunctiva and CLNs. (A) Statistical analysis of the gene expression
and protein levels of IFN-y in the conjunctiva (CON]J) and CLNs after topical application of BAC. (B) Statistical analysis of the gene expression
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Ficure 3. Effects of topical application of BAC on the ocular surface. (A) Representative images of OGD staining in the conjunctiva. Scale
bars: 500 pm. (B) Representative images of PAS staining in the conjunctiva. Scale bars: 100 pm. (C) Statistical analysis of the OGD intensity

data. (D) Statistical analysis of the mean number of goblet cells. (E) Statistical analysis of tear production. The data are shown as the mean

e

+ SD. P <0.05, P <0.01, P < 0.001 (n = 5 or 10).

group (2.17 + 0.53/mm?) (P = 0.008) (Fig. 3C). PAS stain-
ing showed that the number of conjunctival goblet cells
was significantly decreased from 39.0 + 6.0 cells/mm for
the PBS-treated group to 7.0 £ 1.6 cells/mm for the BAC-
treated group (P = 0.04) (Figs. 3B, 3D). Tear production
was decreased from 5.525 £+ 0.63 mm for the PBS-treated
mice (P = 0.001) to 1.9 £+ 0.49 mm for the BAC-treated
mice (Fig. 3E). These results indicate that topical applica-
tion of 0.075% BAC induced ocular surface damage, includ-
ing corneal barrier dysfunction, goblet cell loss, and reduced
tear production.

Similar Ocular Surface Damage and Inflammatory
Cell Infiltration Were Induced by Adoptive
Transfer of CD4" T Cells in Nude Mice

To evaluate the role of CD4" T cells in the development of
dry-eye-like ocular surface disorder, we conducted a clas-
sic adoptive transfer experiment in nude mice. CD4" T
cells isolated from C57BL/6 mice were subjected to BAC
treatment and then adoptively transferred into nude mice.
The effects of the transfer CD4" T cells on the ocular
surface in nude mice were then investigated on day 5
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Ficure 4. Adoptive transfer of CD4" T cells isolated from BAC-treated mice induced the infiltration of CD4" T cells and activation of
CD4™" T cell-mediated inflammation in nude mice. (A) Experimental design for adoptive transfer of CD4" T cells. (B) The purity of the
isolated CD4™" T cells was almost 95%, whereas the non-CD4" T cells were almost depleted. The blue histograms show FCM analysis before
isolation; the red histograms are after CD4" isolation. The percentage of isolated cells in the CD4" T cell fraction is depicted in the graph.
(C) Representative image of CD4™ T cell staining in the conjunctiva and statistical analysis of the number of CD4" T cells in the conjunctiva.
Scale bars: 50 um. (D) Representative image of CD4" T cell staining in the colon, kidney, liver, and spleen. Scale bars: 50 um. (E) Statistical
analysis of gene expression and protein levels of IFN-y and IL-17 in the conjunctiva and CLNs of nude mice. The data are shown as the

mean £ SD. *P < 0.05, “P < 0.01 (n = 5).

after transfer (Fig. 4A). FCM determined that the purity of
the isolated CD4" T cells was almost 95%. Non-CD4" T
cells (i.e., CD8" T cells, B220" B cells, DX5" NK cells,
CD11ct dendritic cells, and CD11b* macrophages) were
almost completely depleted (each, <1%) (Fig. 4B). The
control group consisted of nude mice that received CD4" T
cells isolated from PBS-treated C57BL/6 mice and UT nude
mice. These three groups were referred to as BAC-treated
nude mice, PBS-treated nude mice, and UT nude mice.
CD4" T cell infiltration in the conjunctiva in BAC-treated
nude mice (78.85 + 2.67 cells) was higher than that in PBS-
treated nude mice (52.55 £ 2.12 cells) (P = 0.008) (Fig.
4C). The isolated CD4" T cells did not migrate to the liver,
kidney, spleen, or colon (Fig. 4D), verifying that CD4" T
cells had been successfully transferred into the nude mice.
Furthermore, the gene expression levels of IFN-y and IL-
17 were significantly upregulated in BAC-treated nude mice
compared with PBS-treated nude mice: in the conjunctiva,
2.05 + 0.24-fold for IFN-y (P = 0.008) and 1.99 + 0.21-fold
for IL-17 (P = 0.008); in CLNs, 1.83 + 0.16-fold for IFN-
y (P = 0.008) and 1.75 £ 0.12-fold for IL-17 (P = 0.008).
Similarly, the protein levels of IFN-y and IL-17 were dramat-
ically increased in BAC-treated nude mice compared with
PBS-treated nude mice in the conjunctiva (for IFN-y, from
1275.42 £ 50.99 pg/mL to 1657.31 £+ 295.23 pg/mL, P =
0.008; for IL-17, from 1056.06 + 346.84 pg/mL to 1649.00
£ 171.09 pg/mL, P = 0.008) and in CLNs (for IFN-y, from

584.70 + 75.82 pg/mL to 1007.73 £+ 297.89 pg/mL, P =
0.008; for IL-17, from 1002.55 + 195.01 pg/mL to 1551.11
+ 393.62 pg/mL, P = 0.016) (Fig. 4E). Adoptive transfer
of CD4" T cells that were isolated from BAC-treated mice
induced the production of IFN-y and IL-17 on the conjunc-
tiva and in CLNs, similar to the direct effect of topical direct
application of BAC. These results indicate the important role
of CD4" T cells in BAC toxicity.

The ocular surface of the nude mice was then observed
after adoptive transfer of CD4" T cells. OGD staining showed
that the mean intensity was increased to 5.91 £+ 0.93/mm?
in BAC-treated nude mice compared to 1.423 + 0.57/mm?
in the PBS-treated nude mice (P = 0.049) (Figs. 5A, 50).
PAS staining showed that the number of conjunctival goblet
cells decreased from 12.2 & 0.4 cells/mm for the PBS-treated
nude mice (P = 0.004) to 8.013 £ 1.642 cells/mm for the
BAC-treated nude mice (Figs. 5B, 5D). Tear production was
decreased from 6.0 = 0.82 mm for the PBS-treated nude
mice (P = 0.017) to 4.2 + 1.40 mm for the BAC-treated
nude mice (Fig. 5E). These findings further indicate that only
adoptive transfer CD4™ T cells isolated from the BAC-treated
mice resulted in corneal barrier dysfunction, conjunctival
goblet cell loss, and decreased tear production in the nude
mice.

Overall, the adoptive transfer of CD4" T cells activated
by BAC treatment led to similar inflammatory factor release
and ocular surface disorder as the direct application of BAC.
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Ficure 5. Adoptive transfer of CD4™ T cells isolated from BAC-treated mice induced ocular surface damage in nude mice. (A) Representative
images of OGD staining in the conjunctiva. Scale bars: 500 pm. (B) Representative images of PAS staining in the conjunctiva. Scale bars:
100 pm. (C) Statistical analysis of the OGD intensity data. (D) Statistical analysis of the mean number of goblet cells in the conjunctiva.
(E) Statistical analysis of tear production. The data are shown as the mean + SD. *P < 0.05, “P < 0.01 (n = 5 or 10).

DIScUSSION

Preservatives are widely used in health care, household,
cosmetic, and ophthalmic products.! BAC is one of the most
commonly used preservatives in ophthalmic solutions.? The
toxicity of BAC has been validated in clinical and experi-
mental research,“?5:2° and it has been found that long-term
use of eye drops with BAC causes redness, dryness, and
foreign body sensation. BAC also induces tear film instabil-
ity, cornea barrier dysfunction, and the loss of conjunctival
goblet cells,?” which are similar to the clinical manifestation
of dry eye syndrome. CD4" T cells are key cells in the patho-
genesis of dry eye syndrome; however, the underlying mech-
anisms by which BAC causes ocular surface damage are not
completely understood.??® Herein, we have provided novel
evidence that CD4" T cells also play an important role in
BAC-induced dry-eye-like damage to the ocular surface in
C57BL/6 mice.

Adaptive immunity protects the body from attack by
foreign objects. CD4" T cells are crucial in adaptive immune
regulation.? When adaptive immunity occurs, CD4" T cells
are activated to release inflammatory factors against foreign
objects. In the ocular surface, the conjunctiva acts as a barrier
against the outer environment and selectively takes up anti-
gens for immune protection.® However, increased expres-
sion of inflammatory factors can not only kill antigens but
also destroy normal cells. Thl and Th17 cells are subsets
of CD4" T cells.*® Activated Th1l and Th17 cells can release
IFN-y and IL-17, which are highly upregulated in response to
antigens and infections. IFN-y and IL-17 are also expressed
in autoimmune diseases, such as Sjogren’s syndrome.’!
Galletti’s group!” reported that BAC broke down conjunc-
tival immunological tolerance. We observed that CD4" T
cell infiltration and relative inflammatory factor release were
increased in the conjunctiva and CLNs after BAC treatment,
and our results indicate that BAC induces CD4" T cell infil-
tration and expression of related cytokines on the ocular
surface of mice.

According to DEWS IL° dry eye disease is a multifac-
torial disease of the ocular surface characterized by a loss
of homeostasis of the tear film and accompanied by ocular
symptoms, in which tear film instability and hyperosmolar-
ity, ocular surface inflammation and damage, and neurosen-
sory abnormalities play etiological roles. Although dry eye

disease is initiated by desiccating stress, the subsequent
chain of inflammation events invites additional contribu-
tors to dry eye. We think that BAC-induced dry eye is an
active process because (1) BAC reduced tear film stability,15
one of the core mechanisms of dry eye®; (2) BAC induced
conjunctival epithelial apoptosis** and inflammation?®?; and
(3) BAC disrupted conjunctival immunological tolerance and
activated the NF-«B signaling pathway after exposure to
0.01% BAC. We also observed maturation of dendritic cells
and increased CD4" T cells with BAC treatment.!” Therefore,
we suggest that BAC induces epithelial cell death, then initi-
ates a chain of inflammation events that results in activated
CD4" T cells aggravating ocular surface damage and causing
dry eye.

Adoptive transfer experiments are usually performed to
determine the role of T cells.** Nude mice are deficient
in T cells and are used to identify the immune response in
animal dry eye models.® Previous studies have found that
when CD4" T cells isolated from C57BL/6 mice exposed
to desiccating stress were adoptively transferred to T cell-
deficient nude mice, recipients had reduced tear produc-
tion, corneal staining, and goblet cell loss.>* In this study,
we isolated CD4" T cells from C57BL/6 mice after treat-
ment with BAC and adoptively transferred these cells into
nude mice. Interestingly, we observed infiltration of CD4"
T cells into the conjunctiva and increased levels of CD4" T
cell-mediated immune inflammatory factors in the conjunc-
tiva and CLNs in nude mice. In addition, ocular surface
dry-eye-like damage was observed in the nude mice after
transfer. These disorders in nude mice were consistent
with the changes caused by direct topical application of
BAC inC57BL/6 mice. This finding indicates that CD4" T
cells are crucial in BAC-induced ocular surface dry eye
syndromes.

Glaucoma patients are often given BAC-containing formu-
lations daily for years, leading to treatment-induced chronic
inflammation and dry eye symptoms.?>3> There are many
clinical side effects of long-term topical BAC treatment on
the ocular surface, including morphological and phenotypi-
cal changes in epithelial cells,*>-3® which have been verified
by in vitro studies.’> Georgiev et al.!> observed an interac-
tion between BAC and human tears, which could explain
tear film instability after exposure to clinical concentrations
of BAC. Liang et al.¥” described increased inflammatory cell



Investigative Ophthalmology & Visual Science

CD4* T-Cell-Mediated BAC Damage to the Ocular Surface

infiltration in the conjunctiva of rabbits treated with BAC.
Such side effects of long-term BAC treatment affect the
balance of the ocular surface microenvironment and result
in dry eye. In our study, we found another mechanism, in
that BAC can increase CD4" T cells and further induce dry
eye.

Previous studies have reported using BAC to induce dry
eye in animal models at concentrations ranging from 0.1% to
0.4%,':2%:38 and corneal neovascularization appeared in both
the 0.2% and 0.4% BAC treatment groups. In our study, we
treated animals with BAC at concentrations of 0.05%, 0.075%,
0.1%, and 0.2%. We found that corneal neovascularization
and corneal ulcers occurred in both the 0.1% and 0.2% BAC
treatment groups (data not shown) but these conditions do
not commonly occur in dry eye; therefore, we decided to use
0.075% BAC for our dry eye model.

In this study, we demonstrated that CD4" T cells are
induced and activated by topical application of BAC to the
ocular surface; however, the detailed mechanisms of BAC-
induced immunologic responses must be better understood.
For example, when do immune responses occur after admin-
istration of BAC? What are the triggers that activate specific
immunocytes? Do the effects disappear after BAC treatment?
Further investigation is also required to elucidate the patho-
logical changes.

CONCLUSIONS

This study provides new insights into the mechanism by
which BAC damages the ocular surface. Topical applica-
tion of BAC induces dry-eye-like ocular surface damage by
activating the immune response. CD4" T cells infiltrate the
conjunctiva and release IFN-y and IL-17 after BAC treatment,
resulting in corneal barrier dysfunction, loss of conjunctival
goblet cells, and reduced tear production.
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