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Abstract

Purpose: To investigate the efficacy of a single subconjunctival injection of dendrimer-
dexamethasone to treat dry eye in a rabbit model of induced autoimmune dacryoadenitis (AID).

Method: Dendrimer biodistribution after subconjuntival injection in AID animals was evaluated
using Cy5-labelled dendrimer (D-Cy5) and confocal microscopy. Diseased animals were treated
with free dexamethasone (Free-Dex), dendrimer-dexamethasone (DDex), or saline via a single
subconjunctival injection. The efficacy was evaluated using various clinical evaluations, such as
Schirmer’s test, tear breakup time (TBUT), and fluorescein and rose bengal staining.
Histopathology was evaluated by H&E staining and immunostaining. Levels of inflammatory
cytokines and aquaporin proteins in the LGs were determined by real-time PCR.

Result: Subconjunctivally administered dendrimers selectively localized in the inflamed LGs,
and were taken up by the infiltrated cells. At two weeks post-treatment, the D-Dex group showed
improved clinical evaluations. No significant changes were observed in other groups. H&E
staining demonstrated, less inflammatory cell infiltration and fewer atrophic acini in D-Dex group,
compared to those treated with saline or Free-Dex. Immunohistochemistry demonstrated that the
intensity of CD-18 (+) and RTLA (+) was weaker in LGs in the D-Dex group than in other
treatment rabbits. Pro-inflammatory gene expression levels of MMP9, /L6, IL8, and TNFa were
significantly decreased in the D-Dex group compared to the saline group.

Conclusion: The dendrimer exhibits pathology-dependent biodistribution in the inflamed LGs.
Subconjunctivally administered D-Dex suppressed LG inflammation, leading to partial recovery of
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LG function with clinical improvement in induced AID. Sjdgren’s patients may benefit from this
targeted nanomedicine approach.
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1. Introduction

Dry eye disease (DED) is a widely prevalent eye disorder affecting 46 million Americans,
especially the elderly population [1] [3]. It is a multifactorial disease which causes various
degrees of dryness of the eyes and an uncomfortable feeling, blurred vision, ocular surface
damage, and even functional blindness [2]. One of the main causes of DED is Sjégren’s
syndrome, an autoimmune disease characterized by focal lymphocytic infiltration and severe
dysfunction of the exocrine organs, primarily the lacrimal gland (LG) and salivary gland [4—
9]. Although the precise etiology of DED remains unclear, it is believed to be a chronic
inflammatory disease especially in Sjogren’s syndrome induced DED. A wide range of
immunologic, genetic, epigenetic, hormonal, viral, neural, and environmental variables are
proposed as being involved in the pathogenesis of this disease, where lymphocytic
infiltration of the LG is associated with exocrine insufficiency, leading to functional
quiescence and eventual destruction of the secretory parenchyma [10, 11].

Although numerous murine models present with features resembling those of Sjogren’s
syndrome in humans, none completely represents the pathophysiological characteristics of
this condition [9]. An induced rabbit model of chronic autoimmune dacryoadenitis (AID) for
studying the pathogenesis and pathophysiology of DED shares immune features of human
Sjogren’s syndrome [12, 13]. Moreover, the rabbit LG exhibits greater similarity to the
microanatomical and immunohistological features of the human LG [14]. As there isa
precise onset of disease initiation in this inducible model, this animal model offers a good
platform to identify and test candidate therapies, and to further explore underlying
mechanisms [8, 12, 13, 15].

Current treatment for DEDs is mainly focused on reducing inflammation and restoring tears
[11, 16]. Topical anti-inflammatory corticosteroid drops or immunosuppressive drugs such
as cyclosporine (CsA) drops are most commonly treatments[11, 17-19]. Although, the
aforementioned treatments achieve clinical success in relieving the symptoms and signs of
moderate or severe dry eye in Sjogren’s syndrome [11, 15, 19], this treatment requires
frequent topical application that often results in corneal irritation, toxicity, and patient
noncompliance [20, 21]. Furthermore, very little is known about the topical anti-
inflammatory drug treatment’s effect on inflammatory cellular response in LGs. Because the
permeability of these topical drugs is not that desirable, it is less likely that a therapeutic
concentration of the drugs can be delivered and maintained to the target site in LG. Drug
formulations that offer sustained release, targeting, and increased bioavailability are needed
to improve efficacy and reduce side effects in DED treatment [22—-24].
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Hydroxyl poly(amidoamine) (PAMAM) dendrimers have a well-defined structure, small size
(~3-10 nm), good safety profile, and high water solubility, which makes them excellent
candidates for ocular drug and gene delivery [25]. Numerous studies have examined the role
of their unique nanoscale architecture on the delivery of therapeutics (drugs and genes) and
imaging agents [25-30]. Due to their “neutral” surface charge and nanoscale size,
hydroxylterminated PAMAM dendrimers are noncytotoxic with reduced nonspecific tissue
interactions [22, 31, 32]. Systemic and intravitreal hydroxyl-PAMAM dendrimers are readily
cleared intact from off-target organs, but are selectively localized and retained in the areas of
inflammation in the brain and retina [33—-36]. Dendrimer targets activated macrophages in
the injured cornea upon subconjunctival administration, suggesting enhanced delivery and
availability of corticosteroids (e.g., dexamethasone) to the very cells responsible for corneal
inflammation [22].

Based on the targeted anti-inflammatory activity of the subconjunctival
dendrimerdexamethasone (D-Dex) conjugate in the corneal alkali burn model [22], we
hypothesized that the dendrimer will enhance intracellular delivery to and efficacy of drugs
on target cells in the LG, in the rabbit autoimmune dacryoadenitis model. We investigated
the efficacy of a single dose of subconjunctivally administered D-Dex in a well-established
rabbit model of induced AID, investigated the dendrimer distribution in the LG, and
evaluated the efficacy of dendrimer—drug therapy. We expect the dendrimers may potentially
enhance the antiinflammatory effects of drugs in treatment of DED.

2. Methods

2.1. Animals and Materials

Female adult New Zealand white rabbits, each weighing between 3-4 kg, were obtained
from Robinson Services Inc. (Mocksville, NC, USA). The animals were maintained and
used in compliance with institutional guidelines and in accordance with the Association for
Research in Vision and Ophthalmology Resolution on the Use of Animals in Ophthalmic
Research and the U.K. Animals (Scientific Procedures) Act. The research was approved by
the Johns Hopkins University animal review board committee. Clinical examinations were
performed on the rabbits’ eyes prior to any experimental procedures to establish baseline
data and to exclude any animals with ocular defects. Dexamethasone (dexamethasone
21phosphate disodium salt) was purchased from MP Biomedicals (Santa Ana, CA, USA).
DDex and Dendrimer-cyanine 5 (Cy5, D-Cy5) were synthesized at our lab. Ful-Glo®
fluorescein sodium ophthalmic strips and rose bengal strips were purchased from Akorn,
Inc. (Lake Forest, IL, USA). Antibody specific for CD-18 was obtained from Spring Valley
Laboratories, Inc. (Sykesville, MD, USA), and anti-rabbit T-lymphocyte antigen (RTLA)
antibody was obtained from Cedarlane Laboratories (Burlington, Ontario, Canada).
Agquaporin 5 (AQP5) antibody was obtained from Santa Cruz Biotechnology, Inc. (Dallas,
TX, USA). Species-specific secondary antibodies were obtained from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). DAPI was obtained from Vector Laboratories Inc.
(Burlingame, CA, USA).
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2.2. Synthesis and characterization of D-Dex and fluorescently labelled dendrimers (D-

Cyb5):

D-Cy5 conjugates were used to evaluate the biodistribution of the subconjunctivally
administered dendrimers in this model. D-Cy5 conjugates were synthesized using previously
established synthetic protocols [32]. The detailed procedure for synthesis of D-Dex
conjugates by 2 step synthesis protocol was reported previously [31]. Briefly, the D-Dex
conjugates were synthesized using a two-step procedure. In the first step, dexamethasone21-
glutarate (Dex-Linker) was synthesized by reacting the -OH group at the 21th position of
Dex to the -COOH of the glutaric acid in the presence of triethylamine as a base. The
DexLinker was purified using flash column chromatography. In the second step, the Dex-
Linker was conjugated to the -OH groups on the dendrimer surface in the presence of
coupling agent benzotriazol-1-yloxy tripyrrolidinophosphonium

hexafluorophosphate ,diisopropylethylamine as a base and anhydrous DMF as solvent. The
final product was purified using dialysis. The D-Dex conjugates were characterized using
proton nuclear magnetic resonance (*H NMR) and high performance liquid chromatography
(HPLC).

2.3. Autologous mixed cell reaction and induction of AID and subconjunctival treatment

Left inferior LGs were surgically removed under anesthesia for the isolation of purified
epithelial cells and peripheral blood was collected from each rabbit for isolation of
peripheral blood lymphocytes using methods described by Guo et al. [13]. AID was induced
in the rabbits by injecting the activated lymphocytes back to right LGs. At 2 weeks after
disease induction in this double-blinded study, the rabbits were randomly divided into 3
treatment groups: D-Dex, containing 2.5 mg of Dex in conjugated form (n=9); Free-Dex (2.5
mg) (n=6); or saline control (n=7). The treatment was administered only once through
subconjunctival injection using a 30G insulin syringe under general anesthesia. Another 4
healthy rabbits were used as normal controls. Nine rabbits with IAD and three normal
rabbits received subconjunctival injection of D-Cy5 for its LG biodistribution study.

2.4. Clinical Analysis

Ocular surface assessments and intraocular pressure (IOP) measurement were performed
before model establishment and in diseased rabbits immediately preceding treatments and 2
weeks after treatments. IOP was measured with an Icare tonometer (Icare Finland Oy,
Vantaa, Finland). Tear production was assessed using the Schirmer test without topical
anesthesia. Tear film stability was evaluated by instilling fluorescein into the conjunctival
sac and determining the tear breakup time (TBUT) under examination with a slitlamp
biomicroscope. A standardized grading system scored the intensity of staining of the cornea
and or conjunctiva in fluorescein and rose bengal staining, respectively. The cornea was
divided into 3 segments: superior, mid- and inferior. The conjunctiva included 2 sectors:
nasal bulbar and temporal bulbar conjunctiva [38]. Scoring used the following guidelines: no
punctate staining on the cornea was assigned 0 points; punctate staining of 1-10 was
assigned 1 point; punctate staining 11-30 was assigned 2 points; and either punctate staining
>30 or clumped staining was assigned 3 points [39].
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2.5. Tissue procurement and process

For the biodistribution study, the rabbits were sacrificed at 24 hrs, 72 hrs, and 2 weeks after
D-Cy5 was given. Otherwise, rabbits were sacrificed 2 weeks following treatments, and the
right LGs were removed and evaluated for appearance and size. The LGs were then bisected
longitudinally. One part was fixed in 4% paraformaldehyde overnight and dehydrated with
gradient sucrose followed by embedding in paraffin, cutting in 5 um sections, and staining
with hematoxylin and eosin (H&E), or in OCT for 8 pm cryosections and immunostaining.
The other halves of the bisected LG tissues were minced into small pieces with fine scissors
and snap frozen in liquid nitrogen. The frozen tissue was cryogenically ground into an
evenly fine powder with a freezer mill (Mixer Mill MM400, Retsch, Hann, Germany) and
stored at —80 °C until use.

2.6. Immunohistopathology

The paraffin-embedded sections were H&E stained. The cryosections were air-dried,
rehydrated in phosphate-buffered saline, and blocked in 5% bovine serum albumin for 15
min. The sections were incubated at room temperature for 1 hr with the primary antibody at
the following dilutions: mouse anti-rabbit CD-18 (1:1000), goat-anti-rabbit AQP5 (1:100)
and goat anti-rabbit RTLA (1:200). Sections were then rinsed and incubated for 60 min with
secondary antibodies conjugated with Alexa Fluor 488 or 568 (1:500) at RT for 1 hr. After
rinsing, the sections were counterstained with 4”,6-diamidino-2-phenylindole (DAPI). The
stained specimens were observed and imaged with laser scanning confocal microscopy
(LSM 710; Zeiss, Germany). A tile scan mode was used to scan a stained area of 2 mm x 2
mm at the same exposure settings. Three different regions were randomly chosen for each
section, and 3 sections were used for each sample. Images were taken for each tile scan and
analyzed with Image J software (NIH, Bethesda, MD, USA). The staining area for each
antibody and the number of DAPI stained nuclei were counted in each image. Normalized
staining ratio was defined and calculated as staining area divided by number of nuclei. For
each sample, 9 staining ratios were obtained from 9 images for each antibody, and averaged
to yield the mean value for comparisons between groups.

2.7. Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted using an RNeasy Mini Kit (Qiagen N.V., Hilden, Germany), with
on-column DNA digestion by RNase-free DNase (Qiagen). cDNA was synthesized using a
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific Inc., Waltham,
MA, USA). After the first strand cDNA synthesis, 1 pl of 1:10 diluted cDNA was used for
PCR in a 20 pl reaction volume consisting of 10 pul SYBR Green Master Mix (Thermo
Fisher) and 0.4 pl primers mix by using a StepOne RT-PCR System (Thermo Fisher). PCR
reactions were run in triplicate for each sample for the following genes: g-actin, MMPY,
IL6, IL8, IL10, TNFa, AQP5, and AQP4. The specific primer sequences are available upon
request. PCR conditions included an initial denaturing step for 3 min at 95 °C, followed by
40 cycles (95 °C for 15 s, 60 °C for 20 s). The validity of each individual PCR reaction was
confirmed by melting curves, obtained by heating samples from 58 °C to 95 °C. Agarose gel
analysis was performed to further confirm the amplicons. The fold change in relative
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expression of each gene was calculated using the AACT method with B-actin as the internal
control.

2.8. Statistical analysis

3. Results

All data are expressed as mean + standard deviation (SD). Data were subjected to paired t-
test or signed rank sum test using SAS version 9.1 (SAS Institute, Inc., Cary, NC, USA) and
analysis of variance (ANOVA). Multiple comparisons to the normal group were adjusted
using Dunnett’s correction. A probability (p) value of 0.05 was considered statistically
significant.

In addition, for better evaluation of clinical validity, we used a dichotomy approach [40] to
categorize the examination of tear production and TBUT in all 3 treatment groups. To
minimize the possibility of false positive results and maximize the intergroup statistical
difference, we set a high cutoff value to guarantee the improvement of the dry eye condition
after treatment. A 40% increase of tear production or 50% increase of TBUT was defined as
valid/ otherwise invalid, and the effective rate was calculated for each group. Under such
cutoff value, the control group showed no improvement by examination.

3.1. D-Dex and D-Cy5 conjugates

We used near-IR dye Cy5 for labelling the dendrimer to avoid tissue autofluorescence. 1H
NMR and HPLC characterization demonstrated that ~2 molecules of Cy5 were conjugated
to the dendrimer surface and the purity of D-Cy5 was >95% [22]. We previously showed
that DCy5 is stable /n vivoin several animal models [32, 41]. The detailed synthesis of the
D-Dex conjugate has been described previously [22]. Briefly, a glutaric acid linker was used
to conjugate Dex to the dendrimer surface to avoid steric hindrance to conjugation, and to
enable drug release through hydrolysis. H NMR characterization confirmed that ~8
molecules of dexamethasone were conjugated to each dendrimer. HPLC characterization of
D-Dex conjugates demonstrated purity of >98%. The conjugates were soluble in aqueous
solutions up to 100 mg/mL. D-Dex conjugates demonstrated improved anti-inflammatory
activity at 10-fold lower concentration compared to Free Dex in lipopolysaccharide-
activated murine macrophages [22].

3.2. Biodistribution of dendrimer in LG in induced AID

We used CD-18 and RTLA as markers for lymphocytes in LG. In a normal LG, a few CD
18*/RTLA" cells were found scattered in the gland. Following disease onset, a significant
increase in lymphocyte infiltration was noted in the inflamed LG (Fig. 1). To demonstrate
both targeting and retention of dendrimers after subconjunctival injection, we used
fluorescent-labelled dendrimer (D-Cy5). Upon subconjunctival administration, D-Cy5 was
found localized and retained in the inflamed region in LG, wheras minimal D-Cy5 signal
was seen in the healthy LG. In the inflamed LG, D-Cy5 was present in infiltrated cells,
surrounding the acinar cells and the extracellular matrix, both 24 hrs and 72 hrs after
administration (Fig. 1A, B, D, E).The imaging studies demonstrated pathology-dependent
biodistribution of dendrimers: co-localization of D-Cy5 (red) and inflammatory cell markers
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(green) as CD-18 and RTLA staining was found in the LG of the AID model. D-Cy5 could
still be found in the injured LG 2 weeks post-administration (Fig. 1G, H). However, the
subconjunctival injection in healthy control animals demonstrated very minimal signal from
D-Cy5 (Fig. 1C, F, I). It suggests that dendrimer biodistribution is restricted to inflamed and
pathologic tissues/cells.

3.3. Dexamethasone treatment clinically alleviated AID

3.3.1. Tear production—As shown in Fig. 2A, tear production in the normal (healthy)
group did not show appreciable change throughout the duration of the study. At two weeks
following induction of AID, immediately before treatment, average decreases in tear
production of 39%, 40%, and 38% were mesured in the D-Dex, Free-Dex, and saline groups,
respectively, suggesting minimal variation between groups before the start of treatment. Two
weeks after treatment, tear production increased by an average of 31% in the D-Dex group
(statically significant [p<0.05], while only 12% and 5.5% increases were seen in Free-Dex
and saline groups, respectively (not statistically significant). When setting a 40% increase of
tear production as the criterion for treatment effectiveness in each rabbit based on our
clinical experience, we found that the treatment was effective in 5 out of 9 rabbits (56%) in
the D-Dex group, 0 out of 6 rabbits in the Free-Dex group, and 0 out of 7 rabbits in the
saline group (Fig. 2D).

3.3.2. Tear breakup time (TBUT)—TBUT values in normal rabbits remained similar
throughout the study. In these 3 treatment groups, before treatment, a significant decrease
was noticed at 2 weeks following induction of the animal model (mean 42%, 47% and 45%
of decrease in D-Dex, Free-Dex and Saline groups respectively). Again, before the start of
treatment, there was minimal difference between groups. After 2 weeks of treatment, D-Dex
and Free-Dex groups have seen an average increase of 56% and 21% respectively while no
increase was observed in Saline group (Fig. 2B). When setting a 50% increase as criterion
for treatment effectiveness in each single rabbit, we found that the treatment was effective in
5 out of 9 rabbits (~56%) in D-Dex group, 0 out of 6 rabbits in Free-Dex group, and 0 out of
7 rabbits in saline group (Fig. 2E).

3.3.3. Rose bengal staining—Rose Bengal staining was assessed, to determine ocular
surface defects due to deficiency in preocular tear film protection. The scores for rose bengal
staining were low in the normal control (mean value=1.1) and for baseline examination in
other treatment groups before treatment (the mean values are 0.93, 1.75, and 1.5 in D-Dex,
Free-Dex, and saline groups, respectively). Staining score increased significantly by 2 weeks
post-disease establishment in all 3 treatment groups (mean values: 3.2, 3.5, and 3.2 in D-
Dex, Free-Dex, and saline groups, respectively). The staining became attenuated in the D-
Dex group 2 weeks after the treatment to an average of 1.73 with statistical significance. In
the other two treatment groups, minimal changes in rose bengal staining were observed (Fig.
2C).

3.3.4. Fluorescein staining—No remarkable changes were observed for fluorescein
staining among groups, or between baseline and post induced AlD/treatment (data not
shown).

Ocul Surf. Author manuscript; available in PMC 2020 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linetal. Page 8

3.4. D-Dex treatment alleviated AID histologically

As shown in Fig. 3A, the LGs appeared different among groups. Compared to the normal
LG, the diseased LGs in the treatment groups became smaller and had less glandular tissue.
Especially in the saline treated rabbits, the LGs shrank significantly, and lacked the glossy
and pink look. LGs in the D-Dex group appeared plumper and larger than those in the
FreeDex group. At the experimental endpoint, LGs in the D-Dex group weighed 435 + 27
grams, greater than those in the Free-Dex (337.75 + 31 grams), and saline groups (226 + 29
grams); but they were lighter than normal LGs (676 + 80 grams) (Fig. 3B).

Representative H&E-stained paraffin section from unmanipulated normal LGs is presented
in Fig. 3C in which numerous lobules are well organized and separated by thin connective
tissue, acini are packed densely in lobules with good polar morphology of acinar cells, and
occasional lymphocytic infiltration is found around the ducts and venules (arrow). In the LG
section of D-Dex treated rabbits, the lobules appeared a bit incompact, demonstrating some
degenerating acinar units (as circled in Fig. 3D) and scattered large periductal and
perivenular foci of lymphocytes (arrows in Fig. 3D). In the LG sections from Free-Dex
rabbits, lymphocytic infiltration was serious (arrows in Fig. 3E), and some lobules appeared
to be degenerating (e.g., the one in bold line circle in Fig. 3E) and some became atrophic
(e.g., the one in light line circle in Fig. 3E). In addition, fibrosis was visible. LG sections
from saline-treated rabbits showed an atrophic appearance with numerous degenerated
lobules. Acinar units were sharply decreased and much glandular tissue was replaced by
fibrotic connective tissue with lymphocytic infiltration (Fig. 3F).The histology revealed that
D-Dex treated rabbits showed better and more integral structure of acini and lobules than the
other two groups, though slight inflammatory infiltration was still observed in the D-Dex

group.

3.5. D-Dex treatment inhibited infiltration of T-lymphocytes

Representative images of cryosections of LG immunostained for RTLA and CD-18 for all
groups and quantitative immunohistochemical analyses are presented in Figure 4. CD-18, as
the beta chain of lymphocyte function-associated antigen 1, could be found on all T cells
and also on B cells, macrophages, neutrophils, and NK cells [12], and is a well accepted
marker for evaluating lymphocyte infiltration in rabbit autoimmune dacryoadenitis model
[8]. Compared to the normal group, all 3 treated groups have more CD18 immunostaining.
Among them, D-Dex group showed less staining for CD18 (Fig. 4 B, E). The other two
group have similar immunostaining for CD18 (Fig. 4 C, D, E).

RTLA-positive staining, as a marker for T cells, was more commonly found as foci around
the venules and often appeared as clusters. Based on the staining ratio, RTLA expression
was less abundant in D-Dex (Fig. 4B, E) than in Free-Dex group (Fig. 4 C, E) or saline
group (Fig. 4D, E), indicating attenuated infiltration of T lymphocytes in D-Dex treated
rabbits.
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3.6. D-Dex treatment suppressed the expression of inflammatory mediators in
dacryoadenitis rabbit LGs

The relative abundance of some inflammatory factors from whole LGs were quantified with
gRT-PCR, including proinflammatory factors such as IL-6, IL-8, MMP-9 and TNF-a, and
anti-inflammatory factor IL-10 (Fig. 4F). For MMP9, the gene expression level in normal
control, D-Dex, Free-Dex and saline group is 1.00+0.03, 0.99+0.10, 1.36+0.28 and
1.42+0.10 respectively. For /L6, the gene expression level in normal control, D-Dex,
FreeDex and saline group is 1.00+0.02, 1.35+0.28, 2.01+0.74 and 3.03+0.68 respectively.
For /L&, the gene expression level in normal control, D-Dex, Free-Dex and saline group is
1.00+0.06, 1.19+0.25, 1.68+0.24 and 3.85+0.24 respectively. For 7A/Fa, the gene
expression level in normal control, D-Dex, Free-Dex and saline group is 1.01+0.11,
1.33+0.12, 1.71+0.09 and 5.02+0.14 respectively. Compared to saline treated rabbits with
AID, the expression of all pro-inflammatory in LGs of D-Dex treated rabbits was
significantly decreased (p<0.05). Free-Dex treated rabbits showed significantly lower /L8
and 7N/Fa levels compared to saline controls (p<0.05). It is noted that expression of /L10
was detected only in some of the D-Dex treated rabbits (6 out of 9) and not in any rabbits in
the other two treatment groups (data not shown).

3.7. Aquaporin changes in rabbit AID LGs

AQP5 immunoreactivity is found in the apical and basolateral membranes of acinar cells and
is distributed among acini in a “mosaic” pattern. In our study, AQP5 was extensively
expressed in the LG of all rabbits, but greater immunoreactivity was seen in normal rabbits
compared to treated rabbits, with saline treated ones having the weakest immunoreactivity
(Fig. 5A). However, no significantly difference in staining area among groups were detected.

We also used RT-gPCR to investigate expression levels of AQP5and AQP4. Unlike the
finding with immunofluorescent staining for AQP5, RT-qPCR revealed that the expression
of AQP4was downregulated in these treatment groups compared to normal controls, albeit
the downregulation is significantly less in D-Dex than in the other two groups (Fig. 5B).
AQP5 was significantly down-regulated in all 3 treatment groups although D-Dex and Free-
Dex treated rabbits have a somewhat higher abundance than the saline treated ones (Fig.
5C).

4. Discussion

In this study, we demonstrated that a single subconjunctival injection of D-Dex conjugate
has therapeutic effect for DED in an AID model. Current methods of drug introduction to
treat DED are insufficient to successfully treat the disease. Rapid drug elimination from the
ocular surface is a major obstacle for topical drug delivery, especially in the case of severe
dry eye. Blinking, eyelashes, and reflexive tearing promote rapid removal of eye drops from
the eye surface, typically within 15-30 seconds. The intraocular bioavailability of topically
applied drugs are typically less than 5% [40]. As a result, many eye drops are prescribed or
required to be dosed several times a day, decreasing patient compliance. Subconjunctival
drug delivery can overcome such difficulty, especially in patients with severe dry eye. To
better understand the bioavailability of dendrimer delivered drug in LG, we used Cy5-
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conjugated dendrimer to study its biodistribution in LGs upon subconjunctival
administration. In patients with several dry eye, a monthly subconjunctioval treatment may
be preferable to topical drops many times daily. The dendrimer exhibited pathology-
dependent biodistribution, with significant preferential accumulation in the injured LG,
compared to the healthy LG where it was readily cleared. In the injured LG, it was co-
localized and retained in LG lymphocytes. Co-localization of dendrimer with lymphocytes
suggests the possibility of enhanced delivery and availability of corticosteroids to the very
cells responsible for LG inflammation. Therefore, dendrimers could enhance intracellular
and targeted delivery in the injured LG, increasing drug efficacy, while reducing side effects,
as illustrated in the rabbit AID model.

Inflammation and tear hyperosmolarity have recently been added as part of the features of
DED [42]. Ocular surface and LG inflammation is identified in DED and plays a key role in
the pathogenesis of DED. Dysfunction of the lacrimal functional unit from any cause alters
the balance of tear film components, which destabilize the tear film that supports and
protects the ocular surface. These changes in tear composition also promote inflammation on
the ocular surface [43]. Topical steroids help to reduce ocular inflammation. They upregulate
the expression of anti-inflammatory proteins and repress the expression of proinflammatory
proteins. Moreover, they also elicit non-genomic effects, such as inhibition of vasodilation,
vascular permeability and migration of leukocytes [42]. Some clinical studies have
demonstrated the effectiveness of topical steroids for treatment of DED [44, 45]. Recovery
of LG structure and function are essential to its treatment. In the inflamed LG, inhibition of
inflammation is expected to play a key role in reversing its pathology and the changes in the
ocular surface. Our data demonstrates that the downregulation of inflammatory cytokines in
the D-Dex treatment groups,as well as less inflammatory cell infiltration in the D-Dex
treatment group, which is considered to contribute to the pathological and clinical
improvement with D-Dex treatment.

Functional changes in LGs were observed through the investigation of AQP proteins. AQP is
a group of proteins that are responsible for rapid water transport across plasma membranes
in many organisms. At least 2 subtypes of AQP have been found in LGs, including AQP-5
localized to the apical membranes and AQP-4 identified on the basolateral membranes of
LG acinar and ductal cells. These AQP proteins play important roles in tear secretion. As
Ding et al. reported, expression of AQPs is altered in rabbits with AID, and AQP-4 as a
specific ductal segment plays an important role in lacrimal secretion [46]. In the injured LGs
in our study, reduced expression of AQP-5 and down-regulation were observed. Both AQP-4
and 5 were upregulated in the D-Dex treatment group compared to the saline control, which
had much lower than normal AQP expression. We speculate that tear secretion may be
damaged by LG inflammation and, following the treatment, inhibition of inflammation may
lead to partial recovery of tear secretion. In contrast, free-Dex yielded limited beneficial
effects compared to D-Dex treatment suggesting the advantage of dendrimers as potential
drug delivery vehicles.

While no corticosteroid-related complications were observed in short-term clinical trials for
DED, toxicity associated with long-term usage is a major concern. This limits the use of
more potent corticosteroids, such as dexamethasone, as a chronic therapy for DED. Our
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rabbit study showed no steroid-related side effects or complications, such as corneal
ulceration, IOP increase and others during the 2-week observation period, however
prolonged investigation is required to investigate this nanoparticle guided drug delivery with
steroid. The introduction of cyclosporine-A (CsA) and Lifitegrast (Xiidra) ophthalmic
solution offer good alternative anti-inflammatory treatments for DED. It was reported that
long-term CsA topical administration reduced clinical signs of dry eye by reducing T-cell
infiltration and inflammation in the LG of induced rabbit AID [15]. Yet, many patients
discontinue topical CsA therapy because of ocular discomfort and delayed relief. In the long
term, dendrimers could also deliver other anti-inflammatory or neuroprotective agents to
address DED.

Some limitations of our study are noted. DED is a chronic condition. Extended observation
longer than 2 weeks is needed for further evaluation of the treatment. Long-term effects of
drugs to the lacrimal glands and reactive T cells and other immune cells were proposed to be
evaluated in further study. Moreover, the mechanism and best time point to relieve ocular
signs by dendrimer-guided steroid need to be further clarified. Repeated treatment effects,
and long-term T cell resistance, development of drug resistance also need to be considered.
However, compared to a previous study of long-term topical CsA treatment in the same
rabbit AID model, the current study still shows a very promising result with better
evaluation outcomes [15]. In addition, it would be valuable to compare the efficacy of
dendrimer delivered CsA in the same animal model in a future study.

In summary, a single subconjunctival treatment with D-Dex conjugate, produced clinical
improvement and reduced histopathology and inflammation in the LG in an experimentally
induced AID model. The improved efficacy of D-Dex, compared to free Dex, in many
functional measures, suggests that targeted, sustained delivery using dendrimers could be
viable. With a single subconjunctival injection of the dendrimer conjugated anti-
inflammatory drug, improved efficacy and patient compliance, decreased complaints of
burning sensation, and reduced side effects could be achieved in future DED treatments,
although long-term preclinical evaluation is warranted. In severe DED patients a single
subconjuctival treatment every 1-2 months may be more viable than topical eye drops many
times a day.
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Biodistribution of subconjunctivally injected D-Cy5 in LG. Co-localization of the Cy5
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signal (red) with inflammatory cell marker staining (green) as CD 18 (A, D, G) and RTLA
(B, E, H) were found in LG with established disease. The upper panel (A-C), the middle
panel (D-F) and the lower panel (G-I) represent samples from 24 hours, 72 hrs, and 2 weeks
post-subconjunctival injection, respectively. Minimal uptake was found in LG of normal
control group (C, F, 1). Blue for DAPI staining. Scale Bar :100 pm.
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Figure 2.

Clinical evaluation of ocular surface at baseline, 2 weeks post-disease model and 2 weeks
post-treatment in 4 groups: (A) Tear production, Schirmer test was performed. (B) Tear
break-up time demonstrates tear instability. Slit-lamp examination was performed. (C)
Scores of rose bengal of the ocular surface was evaluated. (D) Effectiveness of treatments
evaluated by Schirmer test: a 40% increase of tear production is used as the evaluation
criterion. (E) Effectiveness of treatments evaluated by Tear break up time, a 50% increase is

used as the evaluation criterion (* p<0.05).
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Figure 3.
Morphology and histology of LG (A) Gross appearance of LG in normal rabbits and 3

treatment groups. (B) Comparison of LG weight among the 4 groups. (C-F) Representative
micrographs (H&E staining) of LG sections in normal, D-Dex, Free-Dex, and saline treated
rabbits. (C) Occasional scattered lymphocytic infiltration in the normal control group. (D)

Lymphocytic foci (arrows) and slightly degenerating lobules (circle). (E) Severe
lymphocytic infiltration and more degenerating lobules (circles) and connective tissue were
present. (F) Most lobules lost normal structure and areas of fibrosis (circle) were common.
Scale bar: 100um.
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Figure 4.
Immunofluorescent (IF) staining of LG sections for CD-18 and RTLA. CD-18 and RTLA IF

staining on normal LG sections showing a small amount of CD-18+ and RTLA+ cells with
some co-staining for them (A, E). CD-18 and RTLA IF staining on D-Dex treated LG
sections showing certain amount of positive staining cells (B, E). CD-18 and RTLA IF
staining on Free-Dex treated LG sections showing more positive staining cells (C, E). IF
staining for CD 18 and RTLA on Saline treated LG sections is even more than Free-Dex
group (D, E). Quantitative analysis of immunostaining for CD18 and RTLA were performed
respectively and comparisons among groups showed (E). Expression level of inflammatory
cytokines were measured by qPCR. * p<0.05. Magnification times: 200X,
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Figure 5.
Immunofluorescent micrographs of LG sections from normal, D-Dex treatment, Free-Dex

treatment or saline treatment, stained for nuclei (DAPI, blue) and AQP5 (green, A) as well
as quantitative analysis and comparisons among groups (B). Expression level of AQP4and
AQP5were measured by gPCR. * p<0.05. Magnification times: 200X.
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