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ABSTRACT

Corticosteroids have for some time been used as first-line drugs for the topical treatment of noninfectious uveitis, but poor ocular bioavailability and
the rapid clearance of eye drops necessitate frequent dosing, reducing patient compliance. In this study, we used an acid-sensitive stearoxyl-ketal-dexa-
methasone pro-drug microcrystals (SKD MCs), which is consistently safe and effective in the control of uveitis inflammation in rats. We used a rat
model of experimental autoimmune uveitis (EAU) to evaluate the effects of SKD MCs in terms of clinical manifestations, molecular biology, patholog-
ical histology, and visual electrophysiology compared to dexamethasone sodium phosphate injection or phosphate-buffered saline. SKD MCs signifi-
cantly reduced inflammation in EAU, improved the ability to suppress inflammatory cytokines and to protect retinal function, and significantly
reduced retinal microglia activation, with no increase in intraocular pressure throughout the treatment. Our results indicate that the SKD MCs formu-
lation holds promise as a new strategy for the treatment of noninfectious uveitis and potentially other ocular inflammatory diseases.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0118311

I. INTRODUCTION

Uveitis is a serious potentially blinding ocular disease, which
accounts for 5%-20% of all cases of blindness in the United
States and Europe,"” occurs mostly in patients of working age
(20-50 years),”” and is becoming an urgent problem due to its
socioeconomic impact.” Uveitis is classified etiologically as infec-
tious and noninfectious, noninfectious uveitis (NIU) being idio-
pathic or associated with systemic autoimmune diseases, and the
more common type in developed countries. Long-term control of
NIU is needed to prevent the disease from damaging vision, but
the effectiveness of existing treatment is limited by poor patient
compliance over long periods.*

For human uveitis, both topical and systemic uses of steroids are
common and effective therapies.” While corticosteroids administered

topically are effective in the treatment of uveitis, they have low bio-
availability and require frequent administration, demanding high
patient compliance. Severe intermediate or posterior uveitis may
require periocular or intravitreal injections,” further increasing treat-
ment difficulties. For severe vision-threatening uveitis, especially when
accompanied by cystoid macular edema, the standard treatment is sys-
temic drug therapy with oral corticosteroids, which have a range of
potential side effects.”* Therefore, a long-acting formulation is needed
to improve the effectiveness of treatment by reducing the frequency of
dosing and the side effects.

Intravitreal injections of corticosteroids are effective in the treat-
ment of inflammation and are commonly used to control intraocular
inflammation.” In recent years, Ozurdex”, a bioerodible implant con-
sisting of a mix of polylactic acid and polyglycolic acid polymers, has

APL Bioeng. 6, 046101 (2022); doi: 10.1063/5.0118311
© Author(s) 2022

6, 046101-1


https://doi.org/10.1063/5.0118311
https://doi.org/10.1063/5.0118311
https://doi.org/10.1063/5.0118311
https://doi.org/10.1063/5.0118311
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0118311
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0118311&domain=pdf&date_stamp=2022-10-26
https://orcid.org/0000-0001-5374-6971
https://orcid.org/0000-0003-1147-3754
https://orcid.org/0000-0001-5481-2838
https://orcid.org/0000-0002-0916-7451
https://orcid.org/0000-0002-0204-8361
mailto:cathayhuaxia@163.com
mailto:stguo@nankai.edu.cn
mailto:yuanxy_cn@hotmail.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0118311
https://scitation.org/journal/apb

APL Bioengineering ARTICLE

been commonly used to allow the sustained release of poorly water-
soluble dexamethasone for up to six months.” While intravitreal admin-
istration is accompanied by injection-related risks, subconjunctival drug
delivery is considered safe and effective with many advantages com-
pared to other routes of administration. It has been demonstrated that
subconjunctival injections of dexamethasone sodium phosphate are
effective in delivering the drug to the anterior and posterior segments of
the eye.'” Many long-acting injectable formulations have been devel-
oped in recent years to extend drug retention time. Prodrugs are formed
by combining a drug with hydrophobic promoieties, which reduce the
solubility of native drugs, and show promise in the development of
long-term extended release formulations.' "’

It is well known that the pH at inflammatory sites is acidic."*
Acid-sensitive prodrugs can be hydrolyzed on demand at the site of
inflammation and re-release the drug through an acid response when
inflammation recurs. Here, we induced an experimental autoimmune
uveitis (EAU) model in rats and subsequently evaluated drug efficacy
using a single subconjunctival injection of Stearoxyl-ketal-dexametha-
sone pro-drug microcrystals (SKD MCs) (Fig. 1).

Il. RESULTS
A. The efficacy of SKD MCs in an EAU rat model

We evaluated the advantage of SKD MCs by observing the effects
of different drugs in a model of EAU in which all rats were divided
into three groups and treated with different therapies [Fig. 2(a)].
In this model, the inflammatory response appeared on day 6

Subconjunctival
injection

scitation.org/journal/apb

post-immunization, and on day 7 post-immunization, the rats were
given a single subconjunctival injection of 40 yl PBS (6.7 mM PBS con-
taining 0.5% polysorbate 80), DSP (5 mg/ml), or SKD MCs (5 mg/ml
eq. dexamethasone). The subsequent clinical scores gradually
increased until they reached their maximum on days 10-12. From the
day after subconjunctival injection (day 8 post-immunization), clinical
scores were significantly higher in the PBS group than in the other two
groups (P < 0.05) [Fig. 2(b)]. From day 9 post-immunization until the
end of the observation cycle (day 18 post-immunization), scores were
significantly lower in the SKD MCs group than in the DSP group
(P <0.05) [Fig. 2(b)].

In healthy rats, the iris vessels are clearly visible, and the fundus
red light reflex is evident [Fig. 2(c)]. The inflammatory response was
observed daily under a slit lamp from day 0 to day 18 post-
immunization. EAU rats in the PBS group showed significant uveal
inflammatory signs starting on day 7, which were characterized by
congestion and dilatation of the iris vessels. In the PBS group, the dis-
ease was most severe on day 12 post-immunization, as evidenced by
dilatation of iris vessels, anterior chamber cells and flare, obscured
pupil, and severe anterior hypopyon. From 12 to 18days post-
immunization, the inflammation gradually decreased and resolved, as
evidenced by the gradual absorption of anterior hypopyon, reduction
of iris vascular congestion, and restored clarity of the aqueous humor
[Fig. 2(d)].

Both treatment groups (DSP and SKD MCs) showed lower
inflammation scores than the PBS group from the time point of
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o

FIG. 1. Schematic illustration of the study protocol. Stearoxyl-ketal-dexamethasone pro-drug microcrystals (SKD MCs) were used to treat experimental autoimmune uveitis
(EAU) in rats via a single subconjunctival injection. This study demonstrated that by suppressing the expression of inflammatory cytokines and activation of retinal microglia,
SKD MCs achieved a long-lasting effect, with sustained reduction of inflammation. The right-hand panel shows three slit lamp images of anterior eyes (with dilated pupils) of
rats with EAU on different treatments at day 18 post-immunization. In comparison to dexamethasone sodium phosphate (DSP) and phosphate-buffered saline (PBS), SKD
MCs significantly reduced the dilatation of iris vessels and pupillary adhesions in EAU rats at day 18 post-immunization. In the central panel, red arrows indicate our processing
of EAU rats (injection of SKD MCs into the subconjunctiva, and the results in EAU rats after different treatments). In the lower panel, yellow circles indicate stearyl alcohol,

blue circles indicate dexamethasone, and distorted connecting lines indicate ketal bonds.
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FIG. 2. Therapeutic effect of stearoxyl-
ketal-dexamethasone pro-drug microcrys-
tal (SKD MCs) in an experimental anterior
uveitis (EAU) rat model. (a) Schematic of
EAU model establishment and treatment
schedule. (b) Anterior segment disease
score of rats in each group as a function
of time. (c) Slit lamp anterior segment
images and fundus images of healthy rats.
(d) Slit lamp anterior segment images and
fundus images of EAU rats under different
treatments. Black stars indicate hypopyon,
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subconjunctival injection on day 7 post-immunization. In the DSP
group day 12 post-immunization inflammation was not well con-
trolled, with severe hypopyon in the anterior chamber, a dim red
reflex, and dilated iris vascular congestion, while the SKD MCs treat-
ment group showed better suppression of inflammation at this time
point. The anterior segment of the SKD MCs group returned to near
normal on day 18 post-immunization, while the anterior chamber of
the DSP group retained a small amount of unresolved anterior hypo-
pyon and dilated iris vessels [Fig. 2(d)].

Both eyeballs of the rats in each group were enucleated for histo-
pathological examination at days 12 and 18 post-immunization [Figs.
3(a)-3(c)]. On day 12, both the anterior segment and the retina of the
PBS group showed severe inflammatory cell exudation and infiltration.
Furthermore, narrowing of the anterior chamber angle (the angle
formed by the iris and the cornea) was seen in the anterior segment,

T T T T T T T T
10 11 12 13 14 15 16 17 18
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the black arrow indicates that the drug is
continuously in place, and black triangles
indicate tortuous dilatation of blood vessels
in the fundus. *P < 0.05 (PBS vs DSP);
AP <0.05 (PBS vs SKD); #° <0.05
(SKD MCs vs DSP). Mean = SEM, n=38,
one-way ANOVA test. PBS = phosphate-
buffered saline; DSP = dexamethasone
sodium phosphate.

Fundus

and disruption of the normal structures of the retinal layers and dilata-
tion of the retinal vessels were seen in the retina. In the DSP group,
significant inflammatory cell exudation and infiltration were seen in
the anterior segment, with moderate inflammatory cell infiltration. In
the posterior segment, retinal vessels were slightly dilated. In the SKD
MCs group, only mild inflammatory cell exudation and infiltration
was apparent in the anterior segment and retina. The SKD MCs and
DSP groups showed significantly less inflammation in both anterior
and posterior segments than the PBS group, and the SKD MCs group
showed a milder inflammatory response in the anterior segment than
the DSP group. Retinal findings were similar in the two treatment
groups SKD MCs and DSP, both showing that the development of
inflammation was controlled [Fig. 3(b)]. On day 18, the inflammation
in the PBS group had not completely subsided, inflammatory cells
were still present in the anterior segment, and some retinal structures
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FIG. 3. Effect of different treatments at different times on histopathologic changes in rats. Healthy rats without any intervention were used as controls (a). Histological images of
the anterior segment and retina of each group of rats at day 12 (b) and day 18 (c) post-immunization, and corresponding histological images of healthy rats (a), with black arrows
representing inflammatory cells and black stars representing distorted retinal structures. GCL = ganglion cell layer, INL = inner nuclear layer, ONL = outer nuclear layer.
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were distorted. Inflammation in the anterior segment of the SKD MCs
group had subsided, with no visible inflammatory cells, while a small
number of inflammatory cells remained in the anterior segment of the
DSP group. Retinal pathological manifestations in the SKD MCs and
DSP groups were close to normal [Fig. 3(c)].

B. SKD MC reduces the activation and proliferation
of microglia in the retina

To further explore the protective role of SKD MCs on the retina in
EAU in rats, we performed immunofluorescence staining by antibodies
against the microglia marker Ibal and characterized the activation and
proliferation status of microglia in the retina under different treatment
regimens at day 18 post-immunization. The results showed that both
SKD MCs and DSP treatment significantly reduced the expression of
Ibal-positive cells in all layers of the retina [Fig. 4(a)]. In the PBS group,
numerous Ibal-positive cells were stained in all retinal layers, the normal
retinal structure was disrupted, and Ibal-positive cells tended to migrate
to the areas of disruption. The SKD MCs group showed a significant
decrease in Ibal-positive cells compared to the DSP group [Fig. 4(b)].

C. Expression of mRNA and protein of various
inflammatory cytokines

To investigate the expression of inflammatory factors in EAU
rats under different treatments, Luminex was adopted to compare the
expression of 23 inflammatory cytokines and chemokines in aqueous
humor between PBS, DSP, and SKD MCs treatments at the protein
level. All data were normalized and plotted as heat maps, which
showed that on day 12 post-immunization both DSP and SKD MCs
treatments, compared to the PBS group, reduced the expression of 19
inflammatory cytokines and chemokine proteins, except granulocyte-
macrophage colony-stimulating factor (GM-CSF), growth-related
oncogene/keratinocyte chemokine (GRO/KC), monocyte chemoat-
tractant protein (MCP)-1, and macrophage inflammatory protein
(MIP)-1a [Fig. 5(a)]. At day 18 post-immunization, SKD MCs sup-
pressed the expression of inflammatory cytokines more effectively
than PBS and DSP groups, with protein concentrations close to or
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lower than those in the healthy rat group [Fig. 5(b)]. Notably, vascular
endothelial growth factor (VEGF), which is closely associated with
many ocular diseases, was strongly suppressed by SKD MCs (at both
days 12 and 18 post-immunization).

Quantitative polymerase chain reaction (QPCR) was used to look
for differences in mRNA expression of four inflammatory cytokines
closely associated with EAU in the retina and iris, including tumor
necrosis factor (TNF)-c, interferon (IFN)-y, interleukin (IL)-17, and
IL-6. Overall, SKD MCs significantly reduced the mRNA expression
of these four cytokines [Figs. 5(c)-5(f)]. Differences varied between
the two time points: at day 12 post-immunization, cytokine mRNA in
the iris and retina was not statistically different between the SKD MCs
and healthy groups, except for IL-6 in the retina. Expression of the
four cytokine mRNA was significantly reduced in both treatments
(SKD MCs and DSP) in the iris and retina compared to the PBS
group. Moreover, in SKD MCs the expression of the four genes was
significantly more inhibited than in the DSP group, except for IFN-y
in the retina. At day 18 post-immunization, in the retina and iris, the
expression of the four genes in the SKD MCs group was not statisti-
cally different from that of the healthy group, and the expression of
the four genes in the SKD MCs group was significantly lower than
that in the DSP group, except for TNF-o: and IL-6 in the retina [Figs.
5(d) and 5(f)]. At the anatomical level, the expression of the four genes
in the SKD MCs group was significantly lower than in the DSP group
in the iris tissue representing the anterior segment, at both days 12
and 18 after immunization [Figs. 5(c) and 5(d)].

D. EAU rats treated with SKD MCs significantly
preserve retinal function

On day 20 post-immunization, electroretinograms (ERGs) were
recorded under dark adaptation in each group of rats to verify the pres-
ervation of retinal function by the two different treatments. ERG mor-
phology in the SKD MCs group most closely resembled that of the
healthy rats [Fig. 6(a)]. The PBS group showed lower ERG a- and b-wave
amplitudes compared to the DSP, SKD MCs and healthy rat groups
(P <0.05). Notably, a- and b-wave amplitudes differed significantly
between the SKD MCs and DSP treatment groups, the amplitude under

*kkk

FIG. 4. Activation of retinal microglia
under different treatments. (a) Effect of dif-
ferent treatment regimens on positive
staining of retinal Iba1. The cell nuclei
were stained using DAPI (blue) and the
activated microglia in the retina were
stained using Iba1 (green). (b) Retinal
Iba1-positive cell density under different
treatment regimens. *P < 0.05, **P < 0.01,
***P<0.001, and ****P < 0.0001. Mean
=+ SEM, n=4, one-way ANOVA test.

6, 046101-5


https://scitation.org/journal/apb

APL Bioengineering ARTICLE scitation.org/journal/apb

A Luminex on day 12 post-immunization
res [ :
S ;
5
SCIC | | 4
3
Healthy. 2
T EhEEE L EREEEEE R R T Y :
O O é g a2 ===2=2=333 423084 dE%YED 0
: ¥ = . - 8 @ & © © : 3 : : ) T = = 2 £ >
O 2 € ¢ § § ¢ ¥ ¥ ¥ ¥ & & 8§ 8 8 = = = = : .
g 00 & & ¢ i gsg s g
X g o ¥ ¢ ¢ ¢ g
X o 14
Luminex on day 18 post-immunization
s [[HENEN HE EEN EEEEEEEEN B
> [ HEEE HE TN THEET .
5
SKD MCs 4
3
eatry [N H N ENE BN HE
1
. w o .> © el (\'l l(') (l') 'T o N ™ N~ O W b7 © © 0 ? 1L
% ¥ > T T 4 3885 TS OwT ST T N od v Wy o 0
O 0O gL =2 2 = = = = = 2 22220000 kE=Z W
d 2R S5 S s 88 S S S s s=2=552F >
s 0 6 & & & e e&e& g s gsa g
[ [
X o 14

(@)
O
)
<
=N
N
O
O
o
<
—
o

#
H
i
s

pork

TNF-a
(Fold change)
J’ #i
IFN-y
( Fold change)
TNF-a
( Fold change)
IFN-y
( Fold change)

; F & &S &S & Pl S F & &
Iris AR & A *9“,23? 9 o“"zpo RV 9 ot
9 & &t
—~ 1509 ok —~ 150 k. 30 Hkkk s
g) g g g’ P
S 100 ’tl_‘ < 100 € 5 *x c 6 '_,_|_|
~ 8 Y s S ~a, ¢S "
4o ,+| =|‘ ] 6 =|- S 4 —
= o s — T = 5 1o -
o o ° S 27
e e ° S
~ o ool ] ~ o <o g
P L &P D R 2 . © R & o R & &
E ST E S & S & ST
E ) £+ s
s 20 i F rm N =
S S :I—| o T o
2 2 154 2 L
4 2 34 il ?'_f:ﬂ 5 g 1.0 ?E o *
Es 22 — & £5 ]
Fz =z ] F D os =3z
2 M S © O 1
'S [ w i
= 7 - o < ood Zood
2 R 2 2 S 2 R 2 S D R 2
P LFES LSS TP ESs
- *19 Q@ < *9 QU *9 %Q
Retina 3 o o

N
h

IL-17
(Fold change)
IL-6
( Fold change)
IL-17
(Fold change)
IL-6
( Fold change)

o
i

[

2 L 2. 2 L 2. 2 R 2 2 R 2 S
F SO FEE & SO F ST
& ¥ ":}"Q\ Pl & X

FIG. 5. Protein and mRNA expression of inflammatory cytokines in different groups. Protein expression levels of 23 cytokines and chemokines detected by Luminex on day 12
post-immunization (a) and day 18 post-immunization (b). Expression of four inflammatory cytokine mRNAs in rat iris (c) and (d) and retinal (€) and (f) tissues on days 12 (c)
and (e) and 18 (d) and (f) post-immunization. *P < 0.05, “*P < 0.01, ***P < 0.001, and ****P < 0.0001. Mean = SEM, n =3, one-way ANOVA test.
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any light intensity stimulation being significantly higher in the SKD
MC:s group than in the DSP group (P < 0.05) [Figs. 6(b) and 6(c)].

E. SKD MCs treatment did not increase intraocular
pressure (IOP) in rats

No statistically significant difference in intraocular pressure (IOP)
was found between the SKD MCs, DSP and PBS groups during the
18 days of observation (P > 0.05) (supplementary material Table S3).

11l. DISCUSSION

Corticosteroids have been used for many years and are the first
line medical treatments for NIU."” While they are essential for rapid
control of inflammation in the early treatment of uveitis, their long-
term use increases the risk of adverse events, from cataract and glau-
coma caused by topical treatment to life-threatening side effects such
as adrenal insufficiency and Cushing-like appearance caused by sys-
temic therapy. Moreover, NIU often requires long-term medication,
and repeated dosing can reduce patient compliance and affect the

effectiveness of treatment. These factors are key to treatment success,
with effective control of inflammation and manageable side effects
being the desired outcome.

Corticosteroids can be delivered by topical, periocular, intraocu-
lar, or systemic administration. Subconjunctival injections offer advan-
tages over other routes of administration. They do not penetrate the
eye, avoiding risks associated with intraocular injections such as
endophthalmitis, rhegmatogenous retinal detachment, acute rise of
IOP, and ocular hemorrhage. They are injections into the subconjunc-
tival physiological space, where the drug penetrates through the sclera
rather than the cornea, leaving a higher concentration of drug in the
anterior and even posterior segments of the eye.""'* ' The less inva-
sive route may be more acceptable to patients than intravitreal injec-
tions. However, conventional drugs require repeated and multiple
injections to maintain effective drug concentration levels due to short
duration of action and the potential for recurrent disease episodes.
Thus, a drug delivery system that allows for subconjunctival injection
and sustained release of corticosteroids is expected to improve compli-
ance and treatment outcomes for NIU patients.
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We previously reported a method for the modular construction
of pH-sensitive ketal-linked prodrugs of dexamethasone and demon-
strated that this type of prodrug can be hydrolyzed to release dexa-
methasone at the site of inflammation.'” As part of that method, SKD,
one of the ketal-linked prodrugs of dexamethasone, was prepared as
MCs of different sizes (3.1 and 1.1 um). In a rat arthritis model, a sin-
gle administration of the SKD MCs at the joint site achieved one
month of inflammation suppression.”’ Considering the acidic pH at
many sites of inflammation, we suggest that SKD MCs have significant
potential for application in other chronic inflammatory diseases.

As with the treatment of arthritis, the choice of animal model is
important when assessing the feasibility of SKD in the treatment of
ocular inflammation. The common animal models of uveitis to date
are the endotoxin-induced model and the antigen-immune-induced
EAU model, the former mainly presenting as acute anterior uveitis
with a short duration of inflammation. While EAU is the classical
model of human uveitis in animals, it has many similarities with
human uveitis in terms of clinical and pathological manifestations,
providing an effective research tool to study the pharmacological treat-
ment of uveitis. In this study, we used interphotoreceptor retinoid
binding protein (IRBP);;,;_19; subcutaneous immunization to induce
an EAU model and obtained more severe disease manifestations and
earlier onset due to the simultaneous intraperitoneal injection of
400 ng of pertussis toxin at the time of immunization induction.

In the present study, both treatment regimens significantly
reduced inflammation as shown by disease scores, slit lamp anterior
segment images, pathological histological images, and results from
Luminex and qPCR. While SKD MCs and DSP both showed significant
anti-inflammatory effects in the anterior segment of the eye, SKD MCs
were more effective and longer acting, and showed a significant reduc-
tion in inflammatory scores in the middle and late stages of the disease.
At these stages, we took fundus images of each group of rats to assess
the effects of the different treatments on the retina. The results showed
insignificant differences in image appearance between the two treat-
ment regimens and the PBS group, probably due to the high doses of
inactivated pertussis toxin and inactivated Mycobacterium tuberculosis
used in our animal model, which made EAU more severe compared to
other studies and required higher doses of steroid hormone treatment.

This study has verified the effects of different treatments on pos-
terior segment inflammation in the posterior segment of the eye using
hematoxylin and eosin (H&E) staining of retinal tissue and gPCR. The
results showed that both SKD MCs and DSP treatment regimens sig-
nificantly reduced inflammatory cell infiltration on pathological H&E
staining results, with no significant inflammatory cell infiltration at
day 18 post-immunization, and no significant difference between the
two treatments. Under more sensitive qPCR detection, mRNA expres-
sion of four inflammatory cytokines including TNF-o, IFN-y, IL-17,
and IL-6 was significantly suppressed in both treatment regimens, and
notably, suppression was greater in the SKD MCs group than in the
DSP group.

It is well known that corticosteroids can effectively inhibit the
expression and action of pro-inflammatory cytokines and induce T-
cell apoptosis.”** Uveitis is currently considered to be a Thi- and
Th17-mediated autoimmune disease.”””* The interaction between
Th1 and Th17 responses in driving uveitis in the EAU model is com-
plex, and both are pathogenic.” In order to explore the cytokine
expression in EAU rats under different treatment regimens, we
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examined the levels of protein expression of 23 cytokines and chemo-
kines associated with inflammation in the aqueous humor using
Luminex. The Luminex results showed that SKD MCs inhibited the
expression of almost all (19/23) of the cytokines and chemokines asso-
ciated with inflammation, with the inhibitory effect of SKD MCs being
even more significant at day 18 than at day 12 post-immunization.
The Luminex results demonstrate the effectiveness of SKD MCs, and
the results at the later stages of the disease (day 18 after immunization)
may be the result of a prolonged and sustained release of SKD MCs.
The results of Luminex were further verified using qPCR to look for
differences in mRNA for TNF-o, IFN-y, IL-17, and IL-6 in the iris and
retina.

To determine the Thl and Th17 responses, we detected the pro-
duction of IFN-y and IL-17. Subconjunctival injection of SKD MCs
significantly depressed mRNA and protein expression of IFN-y and
IL-17, suggesting that the therapeutic effect of SKD MCs may be
related to inhibition of Thl or Th17 responses. IL-6 is a pleiotropic
cytokine that is involved in the pathogenesis of many immune-
mediated diseases, such as uveitis. Studies have shown that IL-6 plays
a critical role in animal models of uveitis and that either IL-6 defi-
ciency or anti-IL-6 treatment results in diminished uveitis and that ele-
vated IL-6 is also detected in human uveitis.”" >’ We found that SKD
MCs treatment also significantly reduced IL-6 expression in EAU, sug-
gesting that it may suppress the production and progression of uveitis.
TNF-u is also a multifunctional cytokine and is involved in multiple
signaling pathways. Many studies have observed sustained expression
of TNF-o in EAU models, and increased TNF-« is also observed in
retinal pigment epithelial cells and Miiller cells and mediates their
multiple functions,”””" TNF-o also increases vascular endothelial per-
meability and causes tissue damage.”””’ In the present study, SKD
MCs treatment of EAU significantly reduced intraocular TNF-u levels,
which may help to diminish intraocular inflammation and tissue dam-
age. Notably, SKD MCs treatment was also significantly better than
DSP treatment in inhibiting protein expression of VEGF, suggesting
that the SKD MC used here might be applied to many other ocular
diseases.

We found that SKD MC:s significantly inhibited the expression of
cytokines, which indicates its anti-inflammatory effect, and this was
corroborated by clinical findings, histopathological manifestations,
preocular segmental images, and fundus images. However, some clini-
cal patients with uveitis show no improvement in visual acuity despite
normal fundus appearance after healing, perhaps due to the disruption
of retinal function by inflammation.” In order to verify the role of
SKD MCs in protecting the visual function of rats, we examined the
Ganzfeld ERG in different groups of rats before they were sacrificed
on day 20 post-immunization. Studies have concluded that the ERG in
rats reflects function of retinal bipolar and photoreceptor cells,””
but the b-wave is difficult to capture and record when cell damage
exceeds 80% and reliability varies depending on recording and stimu-
lation modalities.”” The Micron Ganzfeld ERG full field electroretino-
grams use Maxwellian View Illumination, in contrast to traditional
large format illumination methods, and studies have shown that
Ganzfeld full field stimulation provides better reproducibility and reli-
ability.”® During the inflammatory phase of the disease in rats, the
anterior segment response is severe, and factors such as pupillary
adhesions and unclear optical media may lead to less reliable results,
so we chose the remission phase of the disease (day 20 post-
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immunization) as the time point for testing. The ERG morphology, a-
wave and b-wave amplitudes all indicated significant preservation of
retinal function in the EAU of SKD MCs-treated rats compared to
DSP and PBS groups. The superiority of SKD MCs in protecting reti-
nal function may be dependent on their extremely long drug half-life.

Ibal is a reliable marker of microglia and is expressed in
increased amounts upon activation.”” Microglia are immune cells of
the central nervous system, including the retina, and are important for
the maintenance of homeostasis in the neuroretinal microenviron-
ment."’ Microglia are activated during various retinal diseases, includ-
ing autoimmune uveitis."' Activated microglia produce inflammatory
cytokines such as IL-1f and TNFo, which are important contributors
to retinal photoreceptor damage, and studies have been conducted
with the aim of reducing retinal damage by inhibiting microglial activa-
tion.” ** In this study, the effect of different treatment modalities on
retinal Ibal expression was examined using immunofluorescence to
investigate retinal damage caused by uveitis under different treatments.
The results showed that Ibal expression was significantly reduced
under SKD MCs treatment, indicating that only a small number of
microglia were activated in the EAU retina under SKD MCs treatment,
and this situation may have preserved better retinal function.

Prolonged topical steroid hormone use is associated with an
increase in IOP,” but we did not observe an increase in IOP with
either treatment regimen during the course of EAU, probably due to
the low frequency of injection, the low dose of the drug and the short
observation period.

In this study, we chose to start treatment on day 7 post-
immunization, when the inflammation was in its initial stages.
Inflammation persisted for about three weeks and was suppressed by
SKD MCs throughout the disease phase. In our previous study, the
in vitro hydrolysis half-lives (;;,) of SKD MCs of size 3.1 uM were
581 days (pH 7.4) and 200 days (pH 6.0). These long half-lives suggest
that SKD MCs may have promising applications in chronic recurrent
uveitis, which is a direction for our future research.

IV. CONCLUSION

Steroids have become a common treatment for uveitis. In this
study, microcrystals made from SKD administered via a single subcon-
junctival injection were effective in treating EAU in rats compared to
DSP treatment, with significantly lower disease scores, reduced mRNA
and protein expression of inflammatory cytokines, less retinal damage,
reduced inflammatory cell infiltration, and more effective preservation
of retinal function. SKD MCs with its very long half-life offers a prom-
ising treatment option for chronic NIU and may improve treatment
outcomes through increased efficacy and improved patient compli-
ance. Our studies indicate that SKD MCs hold promise for application
in other ocular inflammatory diseases, and given that all hydrolysis
by-products of SKD MCs are nontoxic and biocompatible, SKD MCs
may boost the translation of anti-inflammation nanomedicines into
clinical use.

V. METHODS
A. Preparation of SKD MCs

SKD synthesis'” and 3.1 um SKD MC preparation were in accor-
dance with published methods.”” The SKD MC injected suspension
(5mg/ml eq. dexamethasone) was prepared by dispersing SKD MCs
in 6.7 mM PBS containing 0.5% polysorbate 80 (w/w).
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B. Induction of EAU in Lewis rats and treatment
protocols

A total of 46 female Lewis rats purchased from Vital River (Beijing,
China) at 6-8 weeks were housed in the specific pathogen-free environ-
ment. After 1 week of acclimatization, all rats were anesthetized with 1%
sodium pentobarbital (80 mg/kg) by intraperitoneal injection, then rats
were immunized by subcutaneous injection of 200 ul of IRBP;;7; 1191
peptide fragment (R16, ADGSSWEGVGVVPDV) (500 z1g/ml) into both
thighs (50 ul) and the base of the tail (100 ul). Prior to this, IRBP was
emulsified in complete Freund’s adjuvant (1:1 v/v) containing 5 mg/ml
of inactivated Mycobacterium tuberculosis, while 400 ng of pertussis toxin
was administered intraperitoneally to each rat as supplementary adju-
vant. The study protocol was approved by the Tianjin Nankai Hospital
Animal Ethical and Welfare Committee (No. NKYY-DWLL-2021-043).

To investigate the therapeutic effect of the drug, a single group-
specific subconjunctival injection was administered to rats on day 7
post-immunization. Treatment by group was as follows: (group 1)
40 ul of SKD MCs (5 mg/ml eq. dexamethasone), n= 12 rats; (group
2) 40 ul of DSP (5mg/ml DSP), n= 12 rats; and (group 3) 40 ul of
6.7 mM PBS containing 0.5% polysorbate 80(w/w), n= 12 rats. After
injection, to protect the cornea, erythromycin eye ointment was
applied to prevent drying. In addition, 10 healthy rats without inter-
vention were used as a healthy control group. Four rats in each group
were sacrificed on day 12 and 18 post-immunization and samples
were taken for testing.

C. Clinical observations and inflammation scores

Using a slit lamp, the researchers looked for signs of inflamma-
tory changes in the ocular anterior segment daily starting on day 0
post-immunization, and their severity was scored and recorded
according to established scoring criteria until all experimental rats
were sacrificed on day 18 post-immunization.” On day 18 post-
immunization, rats’ pupils were dilated with 0.5% tropicamide and
fundus images were recorded using the Micron IV retinal imaging
microscope (Phoenix Research Labs, Pleasanton, CA, USA).

D. Histology

On day 12 and 18 post-immunization, the rats were sacrificed
and the eyeballs were harvested, fixed in 4% paraformaldehyde for
three days, and then embedded in paraffin. Sections of 4 um thickness
were stained with standard H&E. Stained sections were evaluated
under a light microscope (Olympus CX41, Tokyo, Japan) to grade the
severity of inflammation.

E. Immunofluorescence (IF)

On day 18 post-immunization, rat eyeballs were cut into 5 um
slices for immunofluorescence detection after embedding in paraffin.
Briefly, the slides were dewaxed, antigenically repaired with ethylene-
diaminetetraacetic acid citrate (pH 6.0) antigen repair buffer (G1202,
Servicebio, Wuhan, China), blocked with 10% goat serum for one
hour, and incubated overnight in diluted primary antibody (anti-rab-
bit Iba-1, A19776, 1:300, ABclonal, Wuhan, China). Secondary anti-
bodies (goat anti-rabbit Alexa Fluor 488, AS053, 1:300, ABclonal,
Wuhan, China) were then incubated for 60 min at room temperature
and protected from light, and slides were washed three times, followed
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by 4',6-diamidino-2-phenylindole nuclear staining (G1012, Servicebio,
Wouhan, China). Sections were washed again and sealed with anti-fade
blocker (G1401, Servicebio, Wuhan, China) and analyzed using laser
scanning confocal microscopy (Leica, Wetzlar, Germany). Cell count
was conducted using Image] software (National Institutes of Health,
Bethesda, MD, USA).

F. Luminex analysis

The following cytokines and chemokines were detected using the
Bio-Plex Pro Rat 23-plex kit (Bio-Rad, CA, USA): IL-1a, IL-1b, IL-2,
IL-4, IL-5, IL-6, IL-7, IL-10, IL-12, IL-13, IL-17, IL-18, granulocyte
colony-stimulating factor (G-CSF), GM-CSF, GRO\KC, IFN-y, mac-
rophage colony-stimulating factor (M-CSF), MCP-1, MIP-1a, MIP-3a,
RANTES, TNF-u, and VEGF. Briefly, 25 ul of rat aqueous humor was
collected at day 18 post-immunization in 96-well plates that had been
embedded with microbeads and incubated for one hour, then incu-
bated with the detection antibody for 30 min. After several washes,
Streptavidin-PE was added to each well and incubated for 10 min, after
which cytokine and chemokine expression was measured using the
Luminex 200 System (Luminex Corporation, Austin, TX, USA).

G. Extraction of total RNA and qPCR

The mRNA expression levels of four inflammatory cytokines
TNEF-o, IEN-y, IL-17, and IL-6 were measured using qPCR. Total
RNA was extracted from the iris and retina of rats in each group using
the Universal RNA Purification Kit (EZBioscience, Roseville, USA) on
day 12 and day 18 post-immunization, following the instructions pro-
vided by the manufacturer. The concentration of total RNA was deter-
mined using NanoDrop 8000 (Thermo Fisher Scientific, Waltham,
MA, USA). RNA was reverse transcribed into cDNA using the All-in-
one Reverse Transcription Kit (EZBioscience, Roseville, USA).
Quantitative PCR analysis was conducted using the LightCycler® 96
System (Roche, Mannheim, Germany) and SYBR Green qPCR Master
Mix (EZBioscience, Roseville, USA), and glyceraldehyde-3-phosphate
dehydrogenase was used for data normalization. Data were analyzed
using the 2"**“T method and all primers were purchased from Sangon
Biotech (Shanghai, China).

H. Electroretinogram

ERGs were recorded at day 20 post-immunization and after dark
adaptation overnight, according to the manufacturer’s instructions
(Phoenix Research Labs, Pleasanton, CA, USA). Briefly, after deeply
anesthetizing the rats, their pupils were dilated with 5% tropicamide.
The rats were fixed in the prone position, and each electrode was
placed according to the instrument instructions. An electrode was
placed in contact with the cornea after applying 2.5% Hypromellose
(OCuSoft, Rosenberg, TX, USA), the reference electrode was placed
subcutaneously between the ears, and the ground electrode was
placed subcutaneously under the tail. ERGs were recorded at stimu-
lus intensities of —2.3, —1.1, 0.1, 1.3, and 2.5 log cd sec/m>,
respectively.

I. Recording of IOP

On day 0, day 12, and day 18 post-immunization, before the rats
were sacrificed, [OP measurements were made using a rodent-specific
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tonometer (Icare, Helsinki, Finland) according to the manufacturer’s
instructions, and the IOP recorded in each eye was averaged over three
measurements.

J. Statistical analysis

All data were analyzed using GraphPad Prism 8 software
(GraphPad Software, CA, USA). The experimental results are
shown as the mean of at least three replicates. Statistical compari-
sons were made using one-way ANOVA with Tukey’s test for mul-
tiple comparisons and two-way ANOVA with Sidak test for
multiple comparisons. Differences were considered significant at P
values less than 0.05.

SUPPLEMENTARY MATERIAL

See the supplementary material for the appearance of SKD MCs
under the conjunctiva. Tables show EAU disease score, target gene pri-
mers, and IOP values.
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