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Purrose. Inflammasome activation has been implicated in the development of reti-
nal complications caused by diabetes. This study was designed to identify signaling
events that promote retinal NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3)
inflammasome activation in response to diabetes.

MerHobs. Diabetes was induced in mice by streptozotocin administration. Retinas were
examined after 16 weeks of diabetes. Human MIO-M1 Miiller cells were exposed to
hyperglycemic culture conditions. Genetic and pharmacological interventions were used
to interrogate signaling pathways. Visual function was assessed in mice using a virtual
optomotor system.

Resurrs. In the retina of diabetic mice and in Miiller cell cultures, NLRP3 and
interleukin-18 (IL-18) were increased in response to hyperglycemic conditions
and the stress response protein Regulated in Development and DNA damage 1
(REDD1) was required for the effect. REDD1 deletion prevented caspase-1 activation
in Muller cells exposed to hyperglycemic conditions and reduced IL-18 release.
REDD1 promoted nuclear factor «B signaling in cells exposed to hyperglycemic
conditions, which was necessary for an increase in NLRP3. Expression of a constitutively
active GSK3p variant restored NLRP3 expression in REDD1-deficient cells exposed to
hyperglycemic conditions. GSK3 activity was necessary for increased NLRP3 expression
in the retina of diabetic mice and in cells exposed to hyperglycemic conditions. Miller
glia-specific REDD1 deletion prevented increased retinal NLRP3 levels and deficits in
contrast sensitivity in diabetic mice.

Conctrusions. The data support a role for REDD1-dependent activation of GSK38 in NLRP3
inflammasome transcriptional priming and in the production of IL-18 by Miiller glia in
response to diabetes.
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iabetic retinopathy is the most common microvascu-

lar complication of diabetes and the leading cause
of vision loss among working-age adults.! It is widely
accepted that neuroinflammation contributes to the progres-
sion of retinal pathology that is caused by diabetes,
but the specific molecular mechanisms that drive the
immune response in the retina of diabetic patients remains
poorly defined.? Evidence supports that the proinflamma-
tory cytokine interleukin-18 (IL-18) plays a key role in
the retinal complications that are caused by diabetes.” In
fact, genetic or pharmacological inhibition of IL-18 signal-
ing prevents the development of vascular pathology in
the retina of diabetic mice.® IL-18 is synthesized as a
pro-IL-18 zymogen that must undergo proteolytic cleavage
by caspase-1 to generate the secreted cytokine.’ In turn,
caspase-1 also requires proteolysis for its activation, which
is controlled by large multiprotein complexes known as

inflammasomes.°
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Inflammasomes are composed of a sensor protein, a
caspase, and one or more adapter proteins that assem-
ble in response to pathogen- or damage-associated molecu-
lar patterns.” Among inflammasomes, the NOD-, LRR-, and
pyrin domain-containing protein 3 (NLRP3) inflammasome
is best known, in part owing to its unique sensitivity to a
range of stimuli that impact cellular homeostasis.® NLRP3
inflammasome activity is controlled by a two-step process
that involves the (1) priming and (2) activation of the NLRP3
inflammasome complex.”'!® Priming includes upregulation
of Nirp3 and 1l1b messenger RNAs (mRNAs) upon activation
of the transcription factor nuclear kB (NF-xB) that licenses
NLRP3 inflammasome activity.'! NLRP3 transcriptional prim-
ing and NLRP3 inflammasome activation are seen in both
preclinical models of diabetes and in patients with diabetic
retinopathy.'>"7 NIrp3 mRNA knockdown by an intravitreal
shRNA prevents an increase in both IL-18 protein abun-
dance and vascular permeability in the retina of strepto-
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zotocin (STZ) diabetic rats.'® Similar beneficial effects were
also observed in the retina of diabetic rats treated intravit-
really with an inhibitor that binds NLRP3 directly to prevent
oligomerization.'® However, the specific signaling events
that contribute to NLRP3 inflammasome activation in the
context of diabetic retinopathy remain to be fully defined.

NF-«B is a central mediator of immune function, and
aberrant NF-«kB signaling in response to diabetes or hyper-
glycemic conditions is an established driver of retinal
disease.'”~* In addition to enhancing Nrp3 mRNA expres-
sion, NF-kB also promotes the transcription of mRNAs that
encode an array of cytokines and chemokines, in addi-
tion to IL-18.2* Canonical NF-«B signaling is controlled
by inhibitor of «B (IkB), which sequesters the tran-
scription factor in the cytoplasm.?®> IkB kinase (IKK)
phosphorylates IkB to promote its proteasomal degra-
dation, allowing both IKK-dependent phosphorylation of
NF-«B at S536 and NF-«B nuclear translocation.??’ We
recently demonstrated that, in a preclinical rodent model
of diabetes, retinal NF-«B activity was enhanced in coor-
dination with activation of IKK and decreased 1IkB expres-
sion.”® Moreover, we discovered that expression of the
stress response protein regulated in development and DNA
damage response 1 (REDD1, also known as DDIT4/RTP801)
was critical for diabetes-induced NF-«B signaling and reti-
nal immune cell activation in the retina.?® Specifically,
diabetes enhanced REDDI1-dependent activation of the
kinase GSK38 to promote canonical activation of NF-
«B.»

Prior studies support that caspase-1 in the retina of
mice is localized principally to the inner retinal processes
of Miiller glia.’® Miiller cells are the most abundant reti-
nal macroglia and provide critical homeostatic, metabolic,
and structural support to neurons, photoreceptors, and the
vasculature of the retina.® In response to diabetes, Miiller
glia become activated and secrete a number of cytokines
and growth factors that drive immune cell activation and
the development of vascular defects.?!**? Notably, REDD1
expression in the retina is also localized to Miiller glia.®
Thus, the studies here were designed to investigate a poten-
tial role for REDD1 in retinal NLRP3 inflammasome activa-
tion in response to diabetes.

METHODS
Animals

Genetic manipulation of REDD1 was achieved by whole-
body knockout (KO) (REDD1*/* vs. REDD17/7) in B6;129
mice.>* Miiller glia-specific ablation was achieved by cross-
ing C57BL/6] hemizygous Pdgfra-cre mice obtained from
The Jackson Laboratory (Bar Harbor, ME, USA; stock
#013148) with floxed REDD1 (REDD1%") mice to obtain
REDD1-mgKO (Pdgfra-cre; REDD1Y1) C57BL/6J mice, as
previously described.?® Diabetes was induced in mice at 6
weeks of age by administering intraperitoneal injections of
STZ for 5 consecutive days. Male and female mice received
50 or 75 mg/kg STZ, respectively, as previously described.?
No sex differences were observed. Equivalent volumes of
sodium citrate buffer were administered as a vehicle control.
Diabetic phenotype was confirmed 2 weeks after injection
and mice were considered diabetic with a fasting blood
glucose concentration of >250 mg/dL. Based on our prior
work,”® mice were euthanized, and whole eyes or retina
were extracted after 16 weeks of diabetes. In some stud-
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ies, C57BL/6] mice (Jackson Laboratory) were administered
either dapagliflozin (1 mg/kg, Apex Bio, Houston, TX, USA)
or vehicle (0.1% DMSO, 0.9% NaCl) for 2 weeks, beginning
14 weeks after STZ administration. Additionally, the GSK38
inhibitor VP3.15 (10 mg/kg, MedChemExpress, Monmouth
Junction NJ, USA) or vehicle (10% DMSO, 0.9% NaCl) was
administered to some mice by daily intraperitoneal injec-
tions for 3 weeks, beginning 13 weeks after STZ adminis-
tration. All mice were housed in a 12:12-h reverse light—
dark cycle. All animal studies were performed in accordance
with the ARVO statement on the ethical use of animals in
ophthalmological research and were approved by the Penn
State College of Medicine Institutional Animal Care and Use
Committee.

Cell Culture

Human MIO-M1 Miiller cells were acquired from the UCL
Institute of Ophthalmology (London, UK). REDD1 KO
MIO-M1 cells were generated by CRISPR-Cas9 genome
editing as previously described.?® MIO-M1 cultures were
maintained in DMEM (Thermo Fisher Scientific, Waltham,
MA, USA) containing 5.6 mM glucose and supplemented
with 10% heat-inactivated fetal bovine serum and 1%
penicillin-streptomycin. MIO-M1 cells stably expressing an
shRNA targeting GSK3p8 were generated as previously
described.??37 Cells expressing pLKO.1-TRC were used as an
shRNA control (Addgene Plasmid #10879). To model hyper-
glycemic conditions, culture medium was supplemented
with p-glucose to achieve a final concentration of 30 mmol/L
glucose for up to 24 h. Medium containing 5.6 mM glucose
plus 24.4 mM mannitol was used as an osmotic control. Lipo-
fectamine 2000 (Life Technologies, Carlsbad, CA, USA) was
used for cell transfection. Plasmids included pCMV5 vector,
pCMV-HA-caGSK38, and pCMV-HA-REDD1.% In some stud-
ies, cell culture medium was supplemented with 1 pM
IMDO0354 (Tocris Biosciences, Bristol, UK) or 1 pM VP3.15
(MedKoo Biosciences, Durham, NC, USA).

Immunofluorescent Microscopy

Whole eyes were excised and fixed in 4% paraformaldehyde
(PFA, pH 7.5) for 30 min. Eyes were washed with 1xPBS
and embedded in optimal cutting temperature compound,
flash frozen, and sectioned. Cryosections (10 pm) were fixed
in 2% PFA and permeabilized in PBS + 0.1% Triton-X-100
(PBS-T). MIO-M1 cells were cultured on chamber slides
(CELLTREAT Scientific Products, Pepperell, MA, USA) for
24 h before exposure to hyperglycemic conditions. Cells
were then fixed in 4% PFA and permeabilized with PBS-
T. Sections or cell monolayers were then blocked with 10%
horse serum and labeled with the appropriate antibodies
(Supplementary Table S1). Staining with secondary anti-
body alone was performed as a negative control (Supple-
mentary Fig. S1). Active caspase-1 was detected using a
FAM-FLICA Caspase-1 Kit (Bio-Rad Laboratories, Hercules,
CA, USA). Slides were counter stained with either DAPI
or Hoeschst33342 and mounted with Fluoromount aqueous
mounting media (Sigma-Aldrich, St. Louis, MO, USA). Images
were captured by confocal laser microscope (Leica SP8; Leica
Biosystems, Wetzlar, Germany) with frame-stack sequential
scanning.
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Protein Analysis

Retinas were collected as described previously.*® Equal
amounts of protein from cell lysates or retinal homogenates
were combined with Laemmli buffer, boiled for 5 min,
and fractionated using a 4-20% Criterion TGX Precast gel
(Bio-Rad Laboratories). Proteins were transferred to a
polyvinylidene fluorine membrane, blocked using 5% milk
in Tris-buffered saline Tween 20, and incubated with anti-
bodies (Supplementary Table S1). The concentration of IL-
18 was determined in the retina whole cell lysates or in
culture medium using the DuoSet mouse (DY401-05) and
human (DY201-05) IL-18/IL-1F2 ELISA kits (R&D Systems,
Minneapolis, MN, USA), respectively.

PCR Analysis

Total RNA was extracted with TRIzol (Invitrogen, Waltham,
MA, USA), and 1 pg of RNA was reverse-transcribed using
the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Waltham, MA, USA) and subjected to quan-
titative real-time PCR (QuantStudio 12K Flex Real-Time
PCR System, Thermo Fisher Scientific; RRID:SCR_021098)
using Quantitect SYBR Green Master Mix (Qiagen, Hilden,
Germany). PCR primer sequences are listed in Table S2.
Expression of target mRNAs was normalized to glyceralde-
hyde 3-phosphate dehydrogenase or actin mRNA using the
2744CT method.

Visual Function Assessment

Visual function was evaluated using an OptoMotry virtual
optomotor system (CerebralMechanics, White Plains, NY,

>

Veh STZ + DMSO
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USA) as previously described.®® Spatial frequency and
contrast sensitivity were assessed by elicitation of the opto-
motor reflex in response to a vertical grating pattern rotating
around the mouse on four inward-facing computer monitors.
Spatial frequency and contrast sensitivity were evaluated at
different parameters using a random step-wise protocol.>®
Contrast sensitivity was assessed at a spatial frequency of
0.092 cycles/degree. Spatial frequency was assessed at 100%
contrast. Spatial frequency threshold and contrast sensitiv-
ity were defined as the highest values to elicit the optomotor
reflex. Values were averaged for each mouse over three trials
on consecutive days.

Statistical Analyses

Data are expressed as mean = SD. One-way ANOVA was
used to analyze data from experiments with more than two
groups, and pairwise comparisons were made using the
Tukey’s test for multiple comparisons. Significance between
two groups was determined by the Student ¢ test. Signifi-
cance is indicated at a P value of <0.05 for all analyses.
All p values for differences between groups are included in
Supplementary Table S3.

RESULTS

Diabetes-Induced Hyperglycemia Increased
NLRP3 in the Retina of Diabetic Mice

NLRP3 protein was localized in murine retina by immunoflu-
orescent microscopy (Fig. 1A). STZ-induced diabetes
promoted NLRP3 protein content throughout the retinal

STZ + Dapa B.

GS NLRP3 DAPI

NLRP3

GS

FiGure 1.

800-
600 T
400 #

2004 I

Blood Glucose (mg/dL)

10001
800
600
400 #

200+ o .I.

NLRP3 protein (% control)

X O P
AQ’O\S” Q’bQ

X ,<\,X
&5

Diabetes-induced hyperglycemia promoted NLRP3 expression in the retina. Diabetes was induced in mice by administration of

STZ. Control nondiabetic mice received vehicle (Veh). After 14 weeks of diabetes, mice were treated with the SGLT2 inhibitor dapagliflozin
or a 0.1% DMSO vehicle daily for 2 additional weeks. (A) NLRP3 (green) and glutamine synthetase (GS, red) was visualized in retinal sections
by immunofluorescence. Nuclei were visualized with DAPI (blue). Representative images are shown (scale bar, 25 pm). Arrowhead indicates
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NLRP3 localization to radially oriented cell processes. (B) Fasting blood glucose concentrations were determined. (C) NLRP3 protein in A
was quantified. Values are means + SD (n = 3). *P < 0.05 vs. Veh; #P < 0.05 vs. STZ + DMSO. GCL, ganglion cell layer; INL, inner nuclear

layer; ONL, outer nuclear layer.
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Ficure 2. REDDI1 was required for increased NLRP3 expression in the retina of diabetic mice. Diabetes was induced in REDD17/* and
REDD1~/~ mice by administration of STZ. All analyses were performed 16 weeks after administration of STZ or vehicle (Veh). (A) NLRP3
(green) and glutamine synthetase (GS, red) was visualized in retinal sections by immunofluorescence. Nuclei were visualized with DAPI
(blue). Representative images are shown (scale bar, 50 pm). (B) NLRP3 protein in (A) was quantified. (C-D) Nirp3 and I/1b mRNA expression
were determined in retina tissue homogenate by RT-PCR. (E) IL-18 protein content in retinal lysates was quantified by ELISA. Values are
means + SD (n = 4-11). *P < 0.05 vs. Veh; #P < 0.05 vs. REDD11/*. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear

layer.

layers. NLRP3 was partially localized to radially oriented cell
processes within the inner retina. Significant co-localization
of NLRP3 with the Miiller cell marker glutamine synthetase
supported diabetes-induced upregulation of NLRP3 specifi-
cally in Miiller glia. Retinal NLRP3 expression was also eval-
uated in retina by analysis of single-cell RNA sequencing
data. NLRP3 expression in retinal cell clusters was greatest
in Miuller glia (Supplementary Fig. S2). To specifically evalu-
ate the impact of hyperglycemia on diabetes-induced NLRP3,
blood glucose concentrations were normalized in diabetic
mice by the induction of glucosuria with dapagliflozin. Daily
dapagliflozin treatment normalized blood glucose levels in
diabetic mice independently of insulin (Fig. 1B). Normaliza-

tion of blood glucose concentrations reduced retinal NLRP3
protein content in the retina of diabetic mice, such that it
was no longer elevated as compared with nondiabetic mice
(Fig. 10).

REDD1 Deletion Prevented an Increase in NLRP3
in the Retina of Diabetic Mice

We previously demonstrated that STZ-induced diabetes
enhanced retinal inflammation in a REDD1-dependent
manner.?® To evaluate the impact of REDD1 on diabetes-
induced NLRP3 upregulation, retinas from REDD17/* and
REDD1~/~ mice were analyzed. Fasting blood glucose
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Ficure 3. REDDI deletion reduced NLRP3 expression in Miiller cell cultures exposed to hyperglycemic conditions. Wild-type (WT) and
REDD1 KO human MIO-M1 cells were cultured in medium containing 5.6 mM glucose and exposed to medium containing either 30 mM
glucose (HG) or an osmotic control (OC) containing 5.6 mM glucose plus 24.4 mM mannitol for 24 h. (A and B) Nlrp3 and 1116 mRNA
expression were determined in cell lysates by RT-PCR. (C-E) NLRP3 and pro-IL-18 protein abundance was determined in cell lysates by
western blotting. Representative blots are shown. Molecular mass in kDa is indicated at right of each Quantification of blots in (C) are
shown in (D) and (E). (F) NLRP3 protein abundance was evaluated in REDD1 KO cells expressing either an empty vector control (EV) or
hemagglutinin (HA)-tagged REDD1. Values are means + SD (z = 3-6). *P < 0.05 vs. OC; #P < 0.05 vs. WT or EV.

concentrations were similar in diabetic REDD1*/* and
REDD1~/~ mice (Supplementary Table S4). In response to
diabetes, NLRP3 protein was increased in the retina of
REDD1"/* mice, with staining most concentrated in the
inner retinal layers (Figs. 2A, B). In contrast with diabetic
REDD1** mice, NLRP3 protein was not increased in the
retina of diabetic REDD1~/~ mice. Diabetic REDD1+/* mice
also exhibited an increase in Nirp3 mRNA expression in reti-
nal tissue homogenates, which was prevented by REDD1
deletion (Fig. 2C). Consistent with the change in NLRP3, 111b
mRNA expression was also increased in the retina of diabetic
mice in a REDD1-dependent manner (Fig. 2D). Diabetes also
promoted IL-18 protein content in retina of REDD1/* mice,
but a similar increase was not detected in diabetic REDD1~/~
mice (Fig. 2E).

REDD1 Was Required for Increased NLRP3
Expression in Miiller Cells Exposed to
Hyperglycemic Conditions

To explore a role for REDD1 in NLRP3 inflammasome prim-
ing in human Miiller glia, wild-type and REDD1 KO MIO-
M1 cells were exposed to culture medium supplemented
with elevated glucose concentrations as a model for the
hyperglycemic conditions seen in the context of diabetes. In
wild-type cells, hyperglycemic conditions promoted Nirp3
and Il7b mRNA expression (Figs. 3A, B). In the absence of
hyperglycemic conditions, Nlrp3 and Il16 mRNA expression
was similar in wild-type and REDD1 KO cells. In contrast
with wild-type cells, REDD1-deficient Miiller cells did not
exhibit a change in Nirp3 and Il1b mRNA expression in

response to hyperglycemic conditions. Consistent with the
increase in mRNA expression, NLRP3 and pro-IL-18 protein
were enhanced in cells exposed to hyperglycemic conditions
and REDD1 was necessary for the effect (Figs. 3C-E). To
confirm the role of REDD1 in NLRP3 upregulation, REDD1
expression was rescued in REDD1-deficient cells by ectopic
expression of an HA-tagged REDD1 protein. HA-REDD1 was
sufficient to restore the increase in NLRP3 protein levels
in REDD1 KO cells exposed to hyperglycemic conditions
(Fig. 3F).

REDD1 Deletion Reduced Caspase-1 Activation
in Miiller Cells Exposed to Hyperglycemic
Conditions

IL-18 is released from cells as part a proinflammatory form
of cell death known as pyroptosis.?® Markers of pyropto-
sis include pro-caspase-1 cleavage, IL-18 processing, and
Gasdermin D cleavage. In wild-type Miller cells, cleaved
caspase-1, IL-18 processing, and Gasdermin D cleavage were
all elevated upon exposure to hyperglycemic conditions
in coordination with an increase in REDD1 (Fig. 4A). By
contrast, REDD1-deficient cells did not exhibit a change in
cleaved caspase-1, mature IL-18, or the Gasdermin D N-
terminal cleavage product. In wild-type cells exposed to
hyperglycemic conditions, an increase in active caspase-
1 was also demonstrated by enhanced labeling of cells
with a fluorescent peptide inhibitor that irreversibly binds
the active enzyme (Figs. 4B, C). Unlike wild-type cells,
increased caspase-1 activity was not observed in REDD1-
deficient cells exposed to hyperglycemic conditions. In wild-
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Ficure 4. REDDI1 deletion reduced caspase-1 activation in Miller cells exposed to hyperglycemic conditions. Wild-type (WT) and REDD1
KO human MIO-M1 cells were cultured in medium containing 5.6 mM glucose and exposed to medium containing either 30 mM glucose
(HG) or an osmotic control (OC) containing 5.6 mM glucose plus 24.4 mM mannitol for 24 h. (A) Caspase-1, IL-18, Gasdermin D (GSDMD),
and REDD1 were evaluated in cell lysates by western blotting after up to 24 h exposure to HG. (B and C) Active caspase-1 was visualized
by immunofluorescence via labeling with the inhibitor probe FAM-YVAD-FMK (green) after 24 h exposure to OC or HG (scale bar, 25 pm).
Nuclei were counterstained with Hoechst 33342. Representative images are shown in (B). (D) NLRP3 (red) and IL-18 (green) protein was
visualized in cells by immunofluorescence after 24 h exposure to LG or HG (scale bar, 25 pm). Nuclei were visualized with DAPI. White
box indicates area shown at increased magnification at left. (E) IL-18 secretion was evaluated by quantifying IL-18 levels present in cell
culture medium after 24 h of exposure to HG by ELISA. Values are means £ SD (z = 4-9). *P < 0.05 vs. OC; #P < 0.05 vs. WT; GSDMD-N,

N-terminal GSDMD cleavage product.

type cells exposed to hyperglycemic conditions, increased
NLRP3 protein was localized to distinct puncta throughout
the cytosol, which were absent in REDD1 KO cells (Fig. 4D).
An increase in IL-18 upon exposure to hyperglycemic condi-
tions was also observed by immunofluorescence in wild-
type, and not REDD1 KO, cells. To evaluate IL-18 release,
the cytokine was measured in cell culture medium by ELISA.
IL-18 in medium from cells exposed to hyperglycemic condi-
tions was reduced by REDD1 deletion (Fig. 4E).

NF-«B Signaling Was Required for Increased
NLRP3 Expression in Response to Hyperglycemic
Conditions

We then investigated a role for REDDI1-dependent NF-
kB signaling as a driver of NLRP3. IkB protein was
reduced in cells exposed to hyperglycemic conditions, and
REDD1 was required for the decrease (Fig. 5A). Consistent

with the reduction in IkB, IKK«/f autophosphorylation at
$176/S180 was also enhanced in wild-type cells exposed to
hyperglycemic conditions (Fig. 5B). Unlike wild-type cells,
REDD1-deficient cells did not exhibit enhanced IKK auto-
phosphorylation in response to hyperglycemic conditions
(Fig. 5B). To evaluate a role for REDD1-dependent IKK acti-
vation in NLRP3 expression, IKK kinase activity was inhib-
ited by exposure to IMD0534. Although Nirp3 and Il1b
mRNA expression was increased upon exposure to hyper-
glycemic conditions, IKKS inhibition prevented the effect
(Figs. 5C, D). The data demonstrate a role for REDDI1-
dependent IKK activation in promoting NLRP3 expression.

REDDI1-Dependent GSK3p Signaling Promoted
NLRP3 Inflammasome Priming

In support of the prior report,?® NF-«B phosphorylation at
S$536 was enhanced in response to hyperglycemic condi-
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Ficure 5. IKK activity was required for REDD1-dependent NLRP3
upregulation in Miiller cells exposed to hyperglycemic conditions.
Wild-type (WT) and REDD1 KO human MIO-M1 cells were cultured
in medium containing 5.6 mM glucose and exposed to medium
containing either 30 mM glucose (HG) or an osmotic control
(OC) containing 5.6 mM glucose plus 24.4 mM mannitol for 24 h.
(A and B) I«kBa protein abundance and phosphorylation of IKKa/p
at $176/180 were determined in cell lysates by western blotting.
Representative blots are shown. Molecular mass in kDa is indi-
cated at right of each blot. (C and D) Cells were exposed to culture
medium supplemented with either the IKK inhibitor IMD0534 (IMD)
or a vehicle control (Veh). Abundance of mRNAs encoding Nlrp3 (C)
and I11b (D) was determined in cell lysates by RT-PCR. Values are
means + SD (7 = 3-6). *P < 0.05 vs. OC; #P < 0.05 vs. WT or Veh.

tions coincident with increased glycogen synthetase phos-
phorylation at S641 and reduced inhibitory phosphoryla-
tion of GSK38 at S9 (Fig. 6A). Importantly, REDD1 was
required for these changes in phosphorylation in response
to hyperglycemic conditions. To evaluate a role for GSK38
in regulation of NLRP3, an shRNA was used to knockdown
GSK38 expression (Fig. 6B). GSK38 knockdown attenuated
NLRP3 protein abundance and NF-«B phosphorylation at
$536 in cells exposed to hyperglycemic conditions (Fig. 6C).
GSK3p8 knockdown also prevented an increase in Nlrp3
and /76 mRNA expression upon exposure to hyperglycemic
conditions (Figs. 6D, E). Consistent with the suppressive
effect of genetic GSK3p8 suppression, GSK3 inhibition with
VP3.15 also prevented an increase in Nlrp3 and 1116 mRNA
expression in cells exposed to hyperglycemic conditions
(Figs. 6F, G). GSK38 activity was then rescued in REDD1-
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deficient Miiller cells by expression of a constitutively active
GSK3B%4 variant protein. GSK38%* expression was suffi-
cient to enhance both Nirp3 and 1116 mRNA expression in
REDD1-cells (Figs. 61, J). The data support a role for REDD1-
dependent GSK38 activation in promoting NLRP3 inflamma-
some priming.

GSK3 Suppression Prevented Increased NLRP3
Expression in the Retina of Diabetic Mice

To investigate a role for GSK3 in diabetes-induced NLRP3
inflammasome priming, 13-weeks after STZ administra-
tion, diabetic mice were administered daily intraperitoneal
injections of VP3.15 for 3 weeks. Fasted blood glucose
concentrations were elevated by diabetes and unaffected by
treatment with VP3.15 (Supplementary Table S4). Diabetes
promoted retinal Nlrp3 mRNA expression and VP3.15
prevented the increase (Fig. 7A). NLRP3 protein abundance
was also increased throughout the inner and outer retina
of diabetic mice, and VP3.15 attenuated diabetes-induced
NLRP3 protein abundance (Fig. 7B). Similarly, diabetic mice
exhibited increased retinal /76 mRNA expression, and
VP3.15 prevented the effect (Fig. 7C). IL-1B protein was
elevated in retinal tissue homogenates from diabetic mice,
and VP3.15 treatment reduced IL-1B protein abundance
(Fig. 7D). Overall, these data support that GSK3 activation
is necessary for NLRP3 inflammasome priming in the retina
of diabetic mice.

Miiller Cell-Specific REDD1 Deletion Prevented
Increased Retinal NLRP3 Protein and Contrast
Sensitivity Deficits in Diabetic Mice

To investigate a role for REDD1 expression specifically in
Miiller glia in retinal dysfunction, REDD1" and REDD1
mgKO mice were evaluated after 16 weeks of STZ-induced
diabetes. Diabetes increased fasted blood glucose concen-
trations in both REDD1"! mice and REDD1 mgKO mice
to a similar extent (Supplementary Table S4). Diabetic
REDD1"" mice exhibited increased NLRP3 protein abun-
dance throughout the retina, whereas Miiller glia-specific
deletion of REDD1 prevented retinal NLRP3 accumulation
(Fig. 8A, B). Functional vision was assessed by measurement
of the optomotor response. Diabetic REDD1"" mice exhib-
ited significant deficits in both spatial frequency thresh-
old (Fig. 8C) and contrast sensitivity (Fig. 8D) as compared
with nondiabetic REDD1" mice. Spatial frequency thresh-
olds were also reduced in diabetic REDD1 mgKO mice as
compared with nondiabetic mgKO mice. Contrast sensitivity
was not different in diabetic and nondiabetic REDD1 mgKO
mice. Together the data support a role for Miiller glia-specific
REDD1 expression in diabetes-induced NLRP3 upregulation
and visual function deficits in contrast sensitivity.

DiscussION

Studies here delineate molecular mechanisms that
contribute to retinal NLRP3 inflammasome activation in
the context of diabetes. Diabetes suppresses the normally
rapid degradation of REDD1 protein, leading to increased
REDD1 protein abundance in the retina.! We recently
demonstrated that the increase in REDD1 was required
for immune cell activation and proinflammatory cytokine
expression in the retina of diabetic mice.?®?° Here, REDD1
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Figure 6. GSK3p was necessary and sufficient for increased NLRP3 expression in Miiller cells exposed to hyperglycemic conditions. Wild-
type (WT) and REDD1 KO human MIO-M1 cells were cultured in medium containing 5.6 mM glucose and exposed to medium containing
either 30 mM glucose (HG) or an osmotic control (OC) containing 5.6 mM glucose plus 24.4 mM mannitol for 24 h. (A) Phosphorylation of
NF-«B at S530, glycogen synthase (GlgS) at S641, and GSK3p at S9 was determined in cell lysates by western blotting. Representative blots
are shown. Molecular mass in kDa is indicated at right of each blot. (B-E) GSK38 mRNA expression was knocked down in WT cells by
stable expression of an shRNA (shGSK3p). Control cells expressed a scramble shRNA (shScr). Western blotting was used to evaluate GSK3p
(B), NLRP3 (C), and NF-«B phosphorylation at $536. Abundance of mRNAs encoding Nirp3 (D) and I/1b (E) was determined in cell lysates
by RT-PCR. (F and G) WT cells were exposed to culture medium supplemented with either the GSK3 inhibitor VP3.15 or a vehicle control
(Veh). (H-)) REDD1 KO cells were transfected to express either empty vector control (EV) or a hemagglutinin (HA)-tagged constitutively
active GSK38 S9A variant (caGSK3p). Values are means + SD (12 = 3-06). *P < 0.05 vs. OC; #P < 0.05 vs. shScr, Veh, or EV.

was required for the upregulation of NLRP3 in both the
retina of diabetic mice and in retinal Miller glia exposed
to hyperglycemic conditions. REDD1 was necessary for
transcriptional priming of the NLRP3 inflammasome and
enhanced IL-18 in the retina of diabetic mice. More-
over, REDD1 deletion prevented caspase-1 activation and
reduced IL-18 secretion in Miller cells exposed to hyper-
glycemic conditions. Overall, the data support a working
model wherein REDD1 promotes diabetes-induced GSK38
dephosphorylation, IKK activation, and NF-«B nuclear
localization to enhance NLRP3 inflammasome activity in the
retina (Supplementary Fig. S5).

After 16 weeks of STZ-induced diabetes, increased NLRP3
protein abundance was observed throughout the retina.
A similar increase in retinal NLRP3 is seen in retinal
cross sections from diabetic Ins2*¥® mice, as well as in

the double transgenic Akimba (Ins2*¥@;VEGF*/~) mice.!”
NLRP3 protein is also upregulated in retinal lysates from
STZ-induced diabetic rats.'> Colocalization of NLRP3 in the
retina of diabetic mice with the Miuller cell marker glutamine
synthetase supports that the increase in retinal NLRP3
content with diabetes was partially localized to Miiller glia.
The observation supports prior reports that Miiller cells are
a source for NLRP3 in the retina.*>*> The diabetes-induced
increase in retinal NLRP3 was mediated by hyperglycemia,
as normalization of blood glucose concentration prevented
the effect. The observation is consistent with prior studies
demonstrating that normalization of blood glucose levels in
diabetic rodents by the induction of glucosuria is sufficient
to prevent upregulation of REDD1, Miller cell gliosis, and
retinal neurodegeneration.s% Notably, NLRP3 expression
is specifically increased in Miiller cells exposed to hyper-
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Ficure 7. GSK3 inhibition prevented diabetes-induced NLRP3 inflammasome priming in the retina. Diabetes was induced in mice by
administration of STZ. All analyses were performed 16 weeks after mice were administered STZ or a vehicle (Veh). During the last 3 weeks
of diabetes, mice were treated daily by intraperitoneal administration of the GSK3 inhibitor VP3.15 or a vehicle (10% DMSO). (A) Nlrp3
mRNA expression was determined in retinal tissue homogenates by RT-PCR. (B) NLRP3 protein (red) was visualized in retinal sections by
immunofluorescence. DAPI (blue) was used to visualize nuclei. Representative micrographs are shown (scale bar, 50 pm). (C) 1716 mRNA
expression was determined in retinal tissue homogenates by RT-PCR. (D) Pro-IL-18 protein abundance was determined in retinal tissue
homogenates by western blotting. Representative blots are shown. Molecular mass in kDa is indicated at right of each blot. Values are means
+ SD (n = 3-4). *p < 0.05 vs. Veh; # p < 0.05 vs. DMSO. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.

glycemic conditions, whereas other inflammasome sensors,
including NLRP1, NLRC4, and AIM2, are not changed.'?
Importantly, the data here do not support that the increase
in retinal NLRP3 content with diabetes is exclusively local-
ized to Miiller glia. However, Miller glia-specific REDD1
deletion was sufficient to prevent increased NLRP3 through-
out the entire retina of STZ-induced diabetic mice. Because
Miiller glia-specific REDD1 was required for NLRP3 upreg-
ulation throughout the entire retina, the data support that
diabetes-induced signaling events specifically in Miiller cells
are necessary for NLRP3 upregulation in other cells of the
retina.

Caspase-1 activation and increased IL-18 production have
long been known to contribute to diabetes-induced retinal
pathology.? In the retina of diabetic mice, caspase-1 is prin-
cipally localized to Miiller glia.’ Similarly, REDD1 expres-
sion in both human and rodent retina is dominant in Miiller
glia.?® Miiller glia play a central role in the development of
retinal inflammation, as they become gliotic in response to

diabetes and secrete a range of extracellular modulators that
activate the immune response.?!*2 It is well established that
caspase-1 activity and IL-18 processing are upregulated in
Miiller cells exposed to hyperglycemic conditions.*'? The
studies here extend on the prior reports by demonstrating
a role for REDD1 in promoting caspase-1 activation and IL-
18 secretion. Notably, other important signaling pathways
are also known to contribute to caspase-1 activation.*® For
example, caspase-4 and caspase-5 (and caspase-11 in mice)
are activated by cytosolic lipopolysaccharide from bacteria®’
as well as in models of diabetic nephropathy*® and could
also play a role in the pathogenesis of diabetic retinopathy
by promoting the activation of caspase-1.

Increased NLRP3 expression in Miller cells exposed to
hyperglycemic culture conditions is mediated by activation
of NF-«B, which binds the NLRP3 promoter to enhance tran-
scriptional priming.?? In both Miiller cells exposed to hyper-
glycemic conditions and in the retina of diabetic mice, NF-xB
activity is enhanced in a REDD1-dependent manner.?®%° We
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layer.

recently demonstrated that REDD1 promoted canonical NF-
kB signaling in Miiller cells exposed to TNFa by enhancing
IKK activation and consequently sustaining the reduction in
IxB.” Extending on the prior report, we found that REDD1
was also necessary for enhanced IKK autophosphorylation
and reduced I«B levels in Miiller cells exposed to hyper-
glycemic conditions. REDD1 deletion prevented increased
NLRP3 expression in Miiller cells exposed to hyperglycemic
conditions, and IKK inhibition produced a similar suppres-
sive effect.

In addition to IKK activity, the increase in NLRP3 in
Miller cells exposed to hyperglycemic conditions was also
dependent on GSK38. Prior studies support a key role for
GSK3p in immune signaling, as the kinase has been impli-
cated in both development and resolution of inflammation.*
REDD1 promotes GSK3p activity by indirectly preventing
the inhibitory phosphorylation of GSK3p at S9. In both the
retina of diabetic mice and in Miiller cells exposed to hyper-
glycemic conditions, REDD1 is necessary for GSK38 dephos-
phorylation at $9.2 REDD1 recruits protein phosphatase 2A
to Akt to facilitate site-specific dephosphorylation at T308
and reduced Akt kinase activity.”® In turn, Akt-dependent
phosphorylation of GSK38 at S9 inactivates the kinase.”

Thus, REDD1 enhances NLRP3 inflammasome activation via
an Akt/GSK38/NF-«B signaling axis.

In the retina of diabetic mice treated with the GSK3
inhibitor VP3.15, NLRP3 expression was not increased
as compared with nondiabetic control mice. We recently
provided evidence that treatment with VP3.15 is sufficient
to prevent an increase in glycogen synthase phosphoryla-
tion in the retina of diabetic mice.? Importantly, VP3.15 also
prevents an increase in proinflammatory cytokine expres-
sion and immune cell activation in the retina of diabetic
mice.? A suppressive effect of GSK38 inhibition on NLRP3
inflammasome activation was previously demonstrated in
a mouse models of lupus nephritis,”® ischemia-reperfusion
injury,”® and myocardial infarct.”® The specific mechanism(s)
responsible for GSK3pg-dependent NLRP3 inflammasome
activation has not been thoroughly defined; however, a
prior study suggested a permissive role for downregula-
tion of autophagy in the effect.”> More recently, GSK38 was
also implicated in sustaining NLRP3 oligomerization.>®> The
studies here support a role for REDD1-dependent activa-
tion of GSK3p as a key driver of increased Nirp3 and 111b
mRNA expression in both the retina of diabetic mice and
in Miuller cells exposed to hyperglycemic conditions. Thus,
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GSK38 may contribute to NLRP3 inflammasome activation
by impacting both priming and complex assembly.

Studies here provide additional support that diabetes-
induced REDD1 contributes to the development of func-
tional deficits in vision. Specifically, a protective effect on
contrast sensitivity was observed in the retina of diabetic
mice with Muller glia-specific REDD1 deletion, coincident
with the absence of an increase in retinal NLRP3 expres-
sion. Notably, neither spatial frequency nor contrast sensi-
tivity are impaired in the retina of diabetic REDD1~/~ mice
as compared with nondiabetic REDD1~/~ mice.”® However,
older nondiabetic REDD1~~ mice develop modest deficits
in spatial frequency threshold as compared with nondiabetic
REDD1%/* mice, which likely results from reduced glucose
and insulin tolerance.’®>” Thus, the prior observation did
not indicate a protective effect of whole body REDD1 dele-
tion on spatial frequency, but rather the absence of an addi-
tive diabetes-induced deficit in older REDD1~/~ mice.>® We
previously demonstrated that deficits in both visual acuity
and spatial frequency threshold are not observed in mice
with Miiller glia-specific REDD1 deletion after 6 weeks
of STZ-induced diabetes.”® After 6 weeks of STZ-induced
diabetes, REDD1"" mice exhibit retinal gliosis, neurode-
generation, and deficits in both visual acuity and contrast
sensitivity. By contrast, REDD1 mgKO mice were protected
from these diabetes-induced retinal defects. To determine
if the protective effects of Miller glia-specific REDD1 dele-
tion on visual acuity were maintained in older REDD1 mgKO
mice, the studies here extended the duration of STZ-induced
diabetes to 16 weeks. Visual acuity and contrast sensitiv-
ity were maintained in nondiabetic REDD1 mgKO mice as
compared with nondiabetic REDD1"!, Whereas we previ-
ously observed a protective effect of REDD1 mgKO on visual
acuity after 6 weeks of STZ-induced diabetes,* visual acuity
was attenuated in REDD1 mgKO mice after 16 weeks of STZ-
induced diabetes as compared with nondiabetic mgKO mice.
In a post hoc analysis, a trend toward improvement in spatial
frequency threshold was observed in diabetic REDD1 mgKO
mice as compared with diabetic REDD1"!! mice (Supplemen-
tary Fig. S3). As in our prior studies, the protective effect of
REDD1 deletion was principally observed in contrast sensi-
tivity, which is associated with inner retinal information
processing.

There is presently an unmet clinical need for therapeutics
that target the initiating molecular events that cause retinal
complications. Diabetic retinopathy is clinically defined by
vascular changes in the retina; however, NLRP3 inflamma-
some activation precedes the visible signs of microvascular
disease in diabetic patients.”® NLRP3 protein is upregulated
in the inner retina of diabetic patients without retinopathy,
and further increases throughout the entire retina in diabetic
patients with diabetic retinopathy.”® A similar increase in
NLRP3 and IL-18 protein was previously reported in both
vitreous samples and fibrovascular membranes from patients
with diabetic retinopathy.!*> Notably, cleaved caspase-
1 levels are not elevated in donor retina from diabetic
patients without retinopathy as compared with nondiabetic
patients.”® By contrast, an increase in caspase-1 cleavage
in donor retina coincides with the onset of retinal disease,
demonstrating that early NLRP3 priming precedes retinal
NLRP3 inflammasome activation.’® Indeed, in the healthy
retina, NLRP3 and IL-18 expression is minimal, and priming
likely represents a key early event in NLRP3 inflammasome
activation with disease progression. The proof-of-concept
studies here specifically demonstrate that a REDD1-GSK38-
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NF-« B signaling axis contributes to diabetes-induced NLRP3
priming and upregulation of IL-18 in the retina. Overall, the
findings support interventions targeting REDD1 as a thera-
peutic strategy to address the development of retinal compli-
cations caused by diabetes.
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