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Abstract: There are ~463 million diabetics worldwide, and more than half have diabetic retinopathy.
Yet, treatments are still lacking for non-proliferative diabetic retinopathy. We and others previously
provided evidence that Interleukin-17A (IL-17A) plays a pivotal role in non-proliferative diabetic
retinopathy. However, all murine studies used Type I diabetes models. Hence, it was the aim of this
study to determine if IL-17A induces non-proliferative diabetic retinopathy in Type II diabetic mice,
as identified for Type I diabetes. While examining the efficacy of anti-IL-17A as a potential therapeutic
in a short-term Type I and a long-term Type II diabetes model; using different routes of administration
of anti-IL-17A treatments. Retinal inflammation was significantly decreased (p < 0.05) after Type I-
diabetic mice received 1 intravitreal injection, and Type II-diabetic mice received seven intraperitoneal
injections of anti-IL-17A. Further, vascular tight junction protein Zonula Occludens-1 (ZO-1) was
significantly decreased in both Type I and II diabetic mice, which was significantly increased when
mice received anti-IL-17A injections (p < 0.05). Similarly, tight junction protein Occludin degradation
was halted in Type II diabetic mice that received anti-IL-17A treatments. Finally, retinal capillary
degeneration was halted 6 months after diabetes was confirmed in Type II-diabetic mice that received
weekly intraperitoneal injections of anti-IL-17A. These findings provide evidence that IL-17A plays
a pivotal role in non-proliferative diabetic retinopathy in Type II diabetic mice, and suggests that
anti-IL-17A could be a good therapeutic candidate for non-proliferative diabetic retinopathy.
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1. Introduction

Approximately 9.3% of the world population is diabetic [1]. Diabetes is typically
categorized into two groups: Type I and Type II. Type I diabetes results from a chronic
autoimmune disorder typically diagnosed in childhood or adolescence. Genetic predis-
positions or viral catalysts can trigger this autoimmune response against beta cells in the
pancreas [2]. This causes immune cells and antibodies to destroy beta cells and inhibit
insulin production [1]. Conversely, ~90% of all diabetics are Type II, which results from
chronically elevated blood sugar levels [1]. Unlike Type I diabetes, the body is able to
produce insulin. However, consistently high blood sugar levels lead to insulin resistance.
Risk factors, such as obesity, can induce continuous increases in blood sugar that elicit
insulin production. This can initiate beta cell malfunction and desensitization of the insulin
receptors, which causes insulin resistance and hyperglycemia [1,3]. Although the activa-
tion mechanism of Type I and Type II diabetes is different, both lead to the same diabetic
complications, such as diabetic retinopathy. Diabetic retinopathy is the most common
microvascular diabetes complication, which causes blindness in ~10,000 diabetics each
year [4]. Diabetes mediates microvascular lesions, hyperpermeability, and ischemia in
the retina that can lead to vision impairment [5,6]. However, it is unclear if the same
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inflammatory pre-cursors that initiate diabetic retinopathy in Type I diabetics also induce
retinopathy in Type II diabetics.

We and others have found that Interleukin-17A (IL-17A) is a prevalent inflammatory
pre-cursor to diabetic retinopathy in Type I diabetic mice [7–11]. IL-17A is an inflam-
matory cytokine that mediates the severity of multiple autoimmune and inflammatory
diseases, including Type I diabetes [12–17]. In our previous studies, we found that IL-17A
played a pivotal role in the onset and progression of diabetic retinopathy in streptozotocin
(STZ)-Type I-diabetic mice [7,8]. When IL-17A was systemically ablated in transgenic
IL17A−/− STZ-diabetic mice, the progression of retinal vascular impairment and the onset
of diabetic retinopathy was halted [7,8]. In our mechanistic studies, we discovered that
hyperglycemia activates transcription factor- RORγt (retinoic acid-related orphan receptor-
γt) in circulating Th17 (Thelper-17) cells, which induces IL-17A production. Some of these
circulating Th17 cells adhere to the retinal vasculature, break down the blood–retina bar-
rier, and release IL-17A into the retina, which binds to the IL-17A receptor (IL-17R) on
Muller glia and photoreceptors. After IL-17A binds to IL-17R, Act1-TRAF (TNF receptor
associated factor) signaling cascades then activate NF-κB-dependent inflammation, FADD-
dependent endothelial cell death, and ERK5-dependent oxidative stress in the diabetic
retina. This leads to retinal vascular impairment and the onset of non-proliferative diabetic
retinopathy [18–21].

Similarly, Qui et al. found that IL-17A played a pivotal role in retinal pathogenesis of
STZ-induced and Akita Type I diabetic mice [9–11]. Unlike our findings, they concluded
that retinal IL-17A was produced by Muller glia. Analogous to our findings, they deter-
mined that an IL-17R-Act1-TRAF6-NFκB signaling cascade in Muller glia played a pivotal
role in retinal pathogenesis and the onset of non-proliferative diabetic retinopathy [9,10].
Notably, tight junction protein degradation and vascular leakage were halted 2 days after
Type I diabetic mice received one intravitreal injection of a neutralizing anti-IL-17A or
anti-IL-17RA antibody [10]. Considering this timeline, it is evident that these intravitreal
injections were performed to determine the role of IL-17A in diabetic retinopathy. Yet,
proof-of-principle that IL-17A could be a good therapeutic target for non-proliferative
diabetic retinopathy was provided. This is very promising since there is an FDA approved,
anti-IL-17A drug (secukinumab (i.e., Cosentyx)), which is currently used for treatment of
psoriasis, psoriatic arthritis, and ankylosing spondylitis. Secukinumab is a human IgG1
monoclonal antibody that binds to IL-17A in vivo, and inhibits the binding of IL-17A to the
IL-17A receptor. Hence, inhibiting IL-17A-dependent pathology in the same mechanistic
manner as the intravitreal injections of anti-IL-17A or anti-IL-17RA [10]. Still, additional
therapeutic studies are required to determine if anti-IL-17A could be a good therapeutic
candidate for non-proliferative diabetic retinopathy.

Thus, the objective of our current study was to examine a mouse IgG1 monoclonal
anti-IL-17A antibody (similar to Secukinumab) as a potential therapeutic in both Type I and
II diabetic mice, while further examining multiple routes of administration, therapeutic
concentrations, and elongated anti-IL-17A regimens. Notably, the findings define the role
of IL-17A in Type II diabetes-induced non-proliferative diabetic retinopathy, while further
defining the efficacy of anti-IL-17A as a potentially novel therapeutic for non-proliferative
diabetic retinopathy.

2. Results
2.1. Clinical Data of STZ-Type 1 Diabetic Mice That Received an Intravitreal Injection of
Anti-IL-17A

Per the American Diabetes Association, a hemoglobin A1C percentage (A1C) is a very
reliable way to determine if an individual is diabetic, pre-diabetic, or non-diabetic [22]. An
A1C level below 5.7% is considered non-diabetic, a level between 5.7 and 6.4% is considered
pre-diabetic, and a level of 6.5% or higher is considered diabetic. These A1C levels are
the same for diabetic mice. As shown in Table 1, all diabetic mice had an A1C above
6.5%, while the A1C for non-diabetic mice was below 5.7%. Further, A1C levels were
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significantly higher in both untreated and anti-IL17A-treated diabetic mice than their non-
diabetic controls 6 weeks after diabetes was confirmed (and 1 week after the anti-IL-17A
intravitreal injection). Additionally, there were no differences between anti-IL-17A-treated
and -untreated diabetic mice. Body weight was also examined, whereas body weight of STZ-
diabetic mice is normally lower than the non-diabetic controls [23]. As shown in Table 1,
both the untreated and the anti-IL17A-treated diabetic mice displayed a significantly lower
body weight than their non-diabetic controls, while there were no significant differences in
the body weight of the anti-IL-17A-treated and -untreated diabetic mice.

Table 1. Clinical data of STZ-diabetic mice receiving intravitreal injection of anti-IL-17A.

Group Number of Mice HbA1C (%) Body Weight (g)

C57BL/6 ND-untreated n = 9 4.5 ± 0.3 36.8 ± 0.8
C57BL/6 STZ-DB-untreated n = 9 12.1 ± 1.3 * 26.1 ± 2.1 *

αIL17A (10 µg/mL) C57BL/6 ND n = 9 5.1 ± 0.4 31.7 ± 0.6
αIL17A (10 µg/mL) C57BL/6 STZ-DB n = 9 11.8 ± 1.4 * 24.1 ± 1.1 *
αIL17A (25 µg/mL) C57BL/6 ND n = 9 4.8 ± 0.5 33.1 ± 0.6

αIL17A (25 µg/mL) C57BL/6 STZ-DB n = 9 11.1 ± 1.8 * 22.0 ± 1.5 *
αIL17A (50 µg/mL) C57BL/6 ND n = 9 4.7 ± 0.3 35.2 ± 0.9

αIL17A (50 µg/mL) C57BL/6 STZ-DB n = 9 12.2 ± 1.1 * 23.3 ± 0.5 *
Data are mean ± SD. * = p < 0.01 diabetic (DB) compared to non-diabetic (ND) per group.

2.2. Anti-IL-17A Intravitreal Injection Treatment in STZ-Type I Diabetic Mice

To examine the efficacy of anti-IL17A treatment in retinal pathogenesis, a 1 µL intrav-
itreal injection containing 10 µg/mL, 25 µg/mL, or 50 µg/mL of anti-IL17A monoclonal
antibody was administered to STZ-diabetic mice, 1 week after diabetes was confirmed
by a 6 h fasted blood glucose (FBG) greater than 275 mg/dL (Figure 1A). Three injected
eyes of separate mice were pooled to make retinal protein lysates. Then, levels of IL-
17A in three retinal protein samples per group was analyzed in triplicate wells by ELISA
(1 week after αIL17A injection) to confirm IL-17A neutralization in the retina. As shown in
Figure 1B, negligible levels of IL-17A was detected in the retina of non-diabetic mice, while
~140 pg/mL of IL-17A was detected in the retina of untreated diabetic mice. Approximately
85 pg/mL and ~35 pg/mL of IL-17A was detected in the retinas of mice that received
10 µg/mL and 25 µg/mL of anti-IL-17A, respectively. However, only negligible levels of IL-
17A were detected in the diabetic mice that received one intravitreal injection of 50 µg/mL
of anti-IL-17A. So, IL-17A is neutralized in the retina by one 50 µg/mL intravitreal injection
of anti-IL-17A, and this concentration was used in all STZ-diabetic mice experiments.
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Figure 1. Intravitreal Injection of anti-IL-17A in STZ-Type I Diabetic Mice. (A) Schematic of STZ-
Type I diabetic retinopathy murine model and anti-IL-17A intravitreal injection. (B) Quantification
of IL-17A in retinas of non-diabetic, untreated diabetic, and 10 µg/mL, 25 µg/mL, and 50 µg/mL
of anti-IL-17A treated diabetic mice; 1 week after one intravitreal injection. Error bars represent the
SEM. The p-value was first equated by 2-way ANOVA analysis and then unpaired student’s t-test
with Tukey’s post-hoc analysis.
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2.3. Clinical Data of STZ-Diabetic Mice That Received a 50 µg/mL Intravitreal Injection of
Anti-IL-17A

As shown in Table 2, hemoglobin A1C was examined in non-diabetic and STZ-diabetic
C57BL/6 mice 6 weeks after intravitreal injection of 50 µg/mL of anti-IL-17A. Data are of
two separate experiments, whereas 9 mice/group per experiment were examined. Non-
diabetic mice were significantly lower than diabetic mice. Further, all non-diabetic mice
had A1C scores below 5.7%, and all diabetic mice had A1C scores above 6.5%. This further
confirms diabetic conditions. Both untreated and anti-IL-17A-treated STZ-diabetic mice
had significantly lower body weight than the non-diabetic mice. Finally, there was no
significant differences in A1C scores or body weight of the treated diabetic mice versus
the untreated diabetic mice. Hence, diabetic conditions are confirmed for both treated and
untreated diabetic mice examined in Figures 2 and 3.

Table 2. Clinical data of STZ-diabetic mice receiving intravitreal injection of anti-IL-17A.

Group Number of Mice HbA1C (%) Body Weight (g)

C57BL/6 ND-untreated n = 18 4.7 ± 0.2 33.2 ± 0.3
C57BL/6 STZ-DB-untreated n = 18 11.7 ± 0.6 * 24.3 ± 1.1 *

αIL17A (50 µg/mL) C57BL/6 STZ-DB n = 18 11.2 ± 1.0 * 23.8 ± 0.9 *
Data are mean ± SD of 3 separate experiments. * = p < 0.01 diabetic (DB) compared to non-diabetic (ND)
per group.
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Ella analysis of IL-1β (A), IL-6 (B), and TNF-α (C) in individual retinas (n = 9/group) of non-diabetic,
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Tukey’s post-hoc analysis. Data are representative of three separate experiments with similar results.
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IL-17A treated STZ-diabetic mice. (B) Representative Wes gel, and (C) quantification of ZO-1 in retinas
of non-diabetic, anti-IL-17A treated diabetic, and untreated diabetic mice; 6 weeks after injection.
Error bars represent the SEM. All p-values were first equated using 2-way ANOVA and then unpaired
student’s t-test with Tukey’s post-hoc analysis. Data are representative of three separate Wes analyses
from 3 experiments with similar results.

2.4. Anti-IL-17A Intravitreal Injection Decreases Retinal Inflammation in STZ-Diabetic Mice

The following experiment was triplicated in separate experiments. Individual retinas
were collected to make retinal protein lysate samples. Three protein samples per group
was collected ~6 weeks after anti-IL-17A intravitreal injection, for Ella (automated ELISA)
quantification of IL-1β, IL-6, and TNF-α. Triplicate of each sample was analyzed, and the
mean of each sample from all three experiments (n = 9/group) is displayed in Figure 2.
There was an average of ~2 pg/mL of IL-1β (Figure 2A), ~1 pg/mL of IL-6 (Figure 2B), and
~1 pg/mL of TNF-α (Figure 2C) in the retinas of the non-diabetic mice, while ~25 pg/mL of
IL-1β (Figure 2A), ~8 pg/mL of IL-6 (Figure 2B), and ~15 pg/mL of TNF-α (Figure 2C) were
detected in the retinas of untreated STZ-diabetic mice, which was significantly decreased
to ~5 pg/mL of IL-1β (Figure 2A), ~2 pg/mL of IL-6 (Figure 2B), and ~2 pg/mL of
TNF-α (Figure 2C) in the retinas of diabetic mice that received an intravitreal injection of
50 µg/mL of anti-IL-17A. These data suggest that anti-IL-17A can decrease early stage
retinal inflammation, which is a precursor to non-proliferative diabetic retinopathy. Further,
the results suggest that 1 intravitreal injection of anti-IL-17A can provide protection against
retinal inflammation 6 weeks post-injection.

2.5. Anti-IL17A Intravitreal Injection Halt ZO-1 Degradation in the Retinal Vasculature of
STZ-Type I-Diabetic Mice

Diabetes can impair and degrade tight junction protein, zonula occludens-1 (ZO-1),
in the retinal endothelium causing vascular permeability [24,25]. To determine if anti-IL-
17A can inhibit ZO-1 degradation, three individual retinas were pooled in each retinal
protein lysate. Protein of each sample was quantified by BCA (Bicinchoninic acid) analysis,
and normalized so that equal amounts of samples were analyzed. Three samples of non-
diabetic (blue), untreated diabetic (green), and anti-IL-17A-treated diabetic (grey) mice
were analyzed by Wes (automated Western blot analysis).

Both chemiluminescence intensity (the peak height) and the amount of ZO-1 protein
(the area under the curve) were examined by electropherogram (Figure 3A) and Wes
capillary gels (Figure 3B). The amount of protein was then quantified in all samples and
graphed in Figure 3C. As shown in Figure 3C, there is a significant decrease of ZO-1 in
the retinas of untreated STZ-diabetic mice (grey) than non-diabetic mice (white). When
STZ-diabetic mice received an intravitreal injection of anti-IL17A, a significant increase of
ZO-1 was detected in the retina (black). Taken together, this suggests that anti-IL17A can
halt ZO-1 degradation in the retina.

2.6. Clinical Data of Leprdb-Type II Diabetic Mice Receiving Weekly 10 µg/mL, 25 µg/mL, or
50 µg/mL of Anti-IL-17A Intraperitoneal Injections 2- and 6-Months Post-Diabetes

Hemoglobin A1C levels in all mice were examined 2- and 6-months after diabetes was
confirmed. All diabetic mice (DB) had significantly higher A1C levels than non-diabetic
mice (ND) (n = 9/group). Further, all non-diabetic mice had an A1C lower than 5.7%,
which is in the non-diabetic range, and all diabetic mice had A1C scores higher than the
6.5% diabetic range. At 2 months, there were no differences between the anti-IL-17A-treated
diabetic mice and untreated diabetic mice (Table 3). Yet, there was a slight (non-significant)
decrease in hemoglobin A1C levels in all of the anti-IL-17A-treated versus the untreated
diabetic mice. Further, all anti-IL-17A-treated and -untreated diabetic mice had a 6 h
fasted blood glucose concentration greater than 275 mg/dL; 2- and 6-months post-diabetes.
Hence, all anti-IL-17A-treated and untreated diabetic mice were hyperglycemic at the times
of analysis.
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Table 3. Clinical data of db/db diabetic mice receiving intraperitoneal injections of anti-IL-17A.

Group HbA1C (%)
Week 6

Weight (g)
Week 6

HbA1C (%)
Week 22

Weight (g)
Week 22

Leprdb Het ND-untreated 4.4 ± 0.3 32.7 ± 6.4 4.2 ± 0.1 39.3 ± 1.5
Leprdb DB-untreated 11.2 ± 0.7 * 66.3 ± 3.1 * 12.7 ± 1.4 * 73.0 ± 6.3 *

αIL17A (10 µg/mL) Leprdb Het ND 4.8 ± 0.4 27.7 ± 0.6 4.2 ± 0.8 28.7 ± 1.2
αIL17A (10 µg/mL) Leprdb DB 10.7 ± 0.8 * 66.0 ± 5.3 * 11.9 ± 1.8 * 71.7 ± 2.3 *

αIL17A (25 µg/mL) Leprdb Het ND 4.4 ± 0.4 32.0 ± 2.3 4.3 ± 0.6 29.3 ± 3.2
αIL17A (25 µg/mL) Leprdb DB 11.4 ± 0.7 * 65.0 ± 1.6 * 10.7 ± 0.5 * 70.3 ± 6.7 *

αIL17A (50 µg/mL) Leprdb Het ND 4.4 ± 0.1 39.0 ± 4.0 4.2 ± 0.3 29.3 ± 2.1
αIL17A (50 µg/mL) Leprdb DB. 11.5 ± 0.5 * 64.0 ± 5.4 * 11.9 ± 0.3 * 67.7 ± 6.8 *

Data are mean ± SD. * = p < 0.01 diabetic (DB) compared to non-diabetic (ND) per group, whereas
n = 9 mice/group.

Leprdb (db/db) mice spontaneously develop Type II diabetes associated with obesity
and insulin resistance, so these diabetic mice are normally much larger than the non-diabetic
controls. As shown in Table 3, all Leprdb diabetic mice (DB) had a significantly higher
body weight than the non-diabetic mice (ND). Further, there were no differences in body
weight between any of the anti-IL-17A-treated and -untreated diabetic mice. Finally, to
determine toxicity of anti-IL-17A injections, body weight measures, lethargy, mortality rate,
respiratory stress, and autopsy organ appearance were examined in all treated non-diabetic
mice. No toxicity was observed.

2.7. Anti-IL17A Treatment Regimen in Leprdb Type II Diabetic Mice

To further examine the role of IL-17A in Type II diabetes-mediated diabetic retinopathy,
and the efficacy of anti-IL-17A in Type II diabetic mice, an in vivo treatment regimen was
designed in Leprdb (db/db) diabetic mice. As shown in Figure 4A, weekly intraperitoneal
injections of 100 µL of saline containing 10 µg/mL, 25 µg/mL, or 50 µg/mL of anti-
IL17A was administered to non-diabetic (wild-type heterozygous Leprdb mice) and Leprdb

Type II diabetic mice; 1 week after diabetes was confirmed with an FBG score greater than
275 mg/dL (Figure 4A). Levels of IL-17A in retinal protein lysates (n = 3 samples of 3 pooled
retinas/group) were analyzed by ELISA 6 months post-diabetes (Figure 4B). Negligible
levels of IL-17A was detected in the retina of non-diabetic mice (white), while ~240 pg/mL
of IL-17A was detected in the retinas of untreated diabetic mice (black). Approximately
165 pg/mL and ~70 pg/mL of IL-17A was detected in the retinas of diabetic mice that
received 10 µg/mL (light grey) and 25 µg/mL (dark grey) of anti-IL-17A, respectively.
Similar to the non-diabetic mice, only negligible levels of IL-17A was detected in the retinas
of diabetic mice that received 50 µg/mL of anti-IL-17A (slate grey). These data suggest that
a weekly intraperitoneal injection of 50 µg/mL of anti-IL-17A was sufficient to neutralize
IL-17A in the retina. Hence, 50 µg/mL of non-toxic, anti-IL-17A was administered weekly
to mice that were hyperglycemic and later analyzed 2- and 6-months post-diabetes.
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(B) Quantification of IL-17A in retinas of non-diabetic, untreated diabetic, and treated diabetic
mice with 10 µg/mL, 25 µg/mL, and 50 µg/mL of anti-IL-17A; 6 months post-diabetes. Error bars
represent the SEM. The p-value was equated by 2-way ANOVA and then unpaired student’s t-test
with Tukey’s post-hoc analysis.

2.8. Clinical Data of db/db Mice Receiving Weekly 50 µg/mL of Anti-IL-17A Intraperitoneal
Injections 2 Months Post-Diabetes

As shown in Table 4, hemoglobin A1C was examined in non-diabetic Leprdb heterozy-
gous (HET) and Leprdb (db/db) diabetic mice after receiving seven weekly intraperitoneal
injections of 50 µg/mL of anti-IL-17A. Data are of two separate experiments, whereas
nine mice/group per experiment were examined. A1C scores were significantly lower in
non-diabetic mice than all diabetic mice. Further, all non-diabetic mice were in the A1C
non-diabetic range, and all diabetic mice were in the A1C diabetic range, further confirming
diabetic conditions. Additionally, all db/db diabetic mice had significantly higher body
weight than the non-diabetic mice. Finally, there was no significant differences in A1C
scores or body weight of the treated diabetic versus the untreated diabetic db/db mice. So,
diabetes was confirmed for all mice examined in Figures 5 and 6.

Table 4. Clinical data of db/db mice receiving weekly intraperitoneal injection of 50 µg/mL of
anti-IL-17A 2 months post-diabetes.

Group Number of Mice HbA1C (%) Body Weight (g)

Leprdb Het ND-untreated n = 18 4.3 ± 0.4 38.9 ± 2.3
Leprdb (db/db) DB-untreated n = 18 12.2 ± 0.9 * 64.1 ± 4.1 *

αIL17A (50 µg/mL) Leprdb (db/db) DB n = 18 11.5 ± 0.5 * 65.8 ± 0.9 *
Data are mean ± SD of 3 separate experiments. * = p < 0.01 diabetic (DB) compared to non-diabetic (ND)
per group.
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Figure 5. Inflammatory Cytokines in the Retinas of db/db Mice Treated with anti-IL-17A. Levels
of IL-1β (A), IL-6 (B), and TNF-α (C) in protein lysates of individual retinas (n = 9/group) of non-
diabetic, db/db diabetic treated with 50 µg/mL of anti-IL-17A, and untreated db/db diabetic mice;
2 months after diabetic conditions were confirmed. Error bars represent the SEM. All p-values were
first equated using 2-way ANOVA and then unpaired student’s t-test with Tukey’s post-hoc analysis.
Data are representative of three separate experiments.
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Figure 6. ZO-1 Degradation in anti-IL-17A Treated db/db Mice 2 Months Post-Diabetes. (A) Elec-
tropherogram of ZO-1 in retinal protein lysates of non-diabetic, untreated db/db diabetic, and
anti-IL-17A treated db/db diabetic mice. (B) Representative Wes gel, and (C) protein quantification
of ZO-1 in retinal protein lysates of non-diabetic (ND), untreated db/db diabetic (DB), and db/db
diabetic mice treated with 50 µg/mL of anti-IL-17A; 2 months post-diabetes. Error bars represent the
SEM. All p-values were equated using 2-way ANOVA and then unpaired student’s t-test with Tukey’s
post-hoc analysis. Data are representative of three separate Wes analyses from with similar results.

2.9. Anti-IL17A Treatments Significantly Decrease Inflammatory Cytokine Production in the
Retina of Leprdb Type II Diabetic Mice

Protein lysates of individual retinas (n = 9/group) were collected for automated Ella
quantification of IL-1β, IL-6, and TNF-α; 2 months after diabetes was confirmed. As shown
in Figure 5, only negligible levels of the pro-inflammatory cytokines were detected in
the retinas of non-diabetic mice (white). In the retinas of untreated db/db diabetic mice
(black), ~65 pg/mL (Figure 5A), ~20 pg/mL (Figure 5B), and ~18 pg/mL (Figure 5C) of
IL-1β, IL-6, and TNF-α were detected, respectively. When the db/db diabetic mice received
weekly intraperitoneal injections of anti-IL-17A treatments, IL-1β, IL-6, and TNF-α were
significantly decreased.

2.10. Anti-IL17A Halts ZO-1 Degradation in db/db Diabetic Mice 2 Months Post-Diabetes

Wes analysis was run to detect and quantitate ZO-1. The representative electrophero-
gram (Figure 6A) was plotted to display chemiluminescence versus molecular weight
(MW), wherein the peak height corresponds to the intensity of a band shown in the gel
(Figure 6B). The total amount of ZO-1 protein was calculated using the area under the
curve of the electropherogram in all samples, and displayed in Figure 6C. As shown in
Figure 6C, ZO-1 was significantly decreased in the retina of untreated diabetic mice (grey)
than non-diabetic mice (white). Yet, there was a significant increase of ZO-1 in the retinas
of anti-IL-17A-treated diabetic mice (black) when compared to untreated diabetic mice.
These results provide evidence that anti-IL-17A halts the degradation of retinal ZO-1.

2.11. Clinical Data of Leprdb-Type II Diabetic Mice That Received Intraperitoneal Injections of
50 µg/mL of Anti-IL-17A 6 Months after Diabetic Conditions Were Confirmed

Hemoglobin A1C was measured in non-diabetic Leprdb heterozygous (HET) and
Leprdb (db/db) diabetic mice after receiving 20 weekly intraperitoneal injections of 50 µg/mL
of anti-IL-17A (Table 5). Data are of two separate experiments, whereas a total of 14 mice/group
were examined. A1C scores were significantly lower in non-diabetic heterozygous controls
than all diabetic mice. All non-diabetic mice had an A1C score below 5.7% and all diabetic
mice had an A1C score above 6.5%. Further, all db/db diabetic mice had significantly higher
body weight than the non-diabetic heterozygous controls. Yet, there was no significant
differences in A1C scores or body weight between the anti-IL-17A-treated diabetic and the
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untreated diabetic mice. These mice were further examined in experiments displayed in
Figures 7 and 8.

Table 5. Clinical data of db/db mice receiving weekly intraperitoneal injection of 50 µg/mL of
anti-IL-17Al 6 months post-diabetes.

Group Number of Mice HbA1C (%) Body Weight (g)

Leprdb Het ND-untreated n = 14 4.3 ± 0.7 38.9 ± 2.3
Leprdb DB-untreated (db/db) n = 14 12.8 ± 1.3 * 64.1 ± 4.1 *

αIL17A (50 µg/mL) Leprdb DB (db/db) n = 14 11.9 ± 1.1 * 65.8 ± 0.9 *
Data are mean ± SD of 2 separate experiments. * = p < 0.01 diabetic (DB) compared to non-diabetic (ND)
per group.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 10 of 17 
 

 

7C. As shown in Figure 7C, Occludin was significantly decreased in the retina of untreated 

db/db diabetic mice (grey) when compared to non-diabetic heterozygous controls (white). 

However, Occludin was significantly increased in the retinas of db/db diabetic mice that 

received weekly intraperitoneal injections of anti-IL-17A (black). These results provide 

evidence that intraperitoneal injections of anti-IL-17A halts the degradation of Occludin 

in the retina of Type II db/db mice; 6 months after diabetes was confirmed. 

 

Figure 7. Occludin Degradation in anti-IL-17A treated db/db Diabetic Mice 6 Months Post-Dia-

betes. (A) Representative electropherogram of Occludin in retinal protein lysates of non-diabetic 

(blue), untreated db/db diabetic (grey), and anti-IL-17A treated db/db diabetic (green). (B) Wes gel 

of Occludin in retinal protein lysates of non-diabetic (ND), untreated db/db diabetic (DB), and db/db 

diabetic mice treated with 50 g/mL of anti-IL-17A (IL17); 6 months post-diabetes. (C) Occludin 

protein quantification in retinas of non-diabetic (white), untreated db/db diabetic (grey), and db/db 

diabetic mice treated with intraperitoneal injections of anti-IL-17A (black). Error bars represent the 

SEM. All p-values were first equated using 2-way ANOVA and then unpaired student’s t-test with 

Tukey’s post-hoc analysis. Data are represenetative of 3 separate Wes analyses. 

2.13. Anti-IL17A Treatments Halts Capillary Degeneration and the Early Onset of Diabetic 

Retinopathy in Leprdb Type II Diabetic Mice 6 Months Post-Diabetes 

Leprdb mice develop capillary degeneration and non-perfusion, which is a clinical 

hallmark of early stage non-proliferative diabetic retinopathy [26]. To ascertain if the 

weekly anti-IL-17A treatments can halt non-proliferative diabetic retinopathy, retinal ca-

pillary degeneration was examined 6 months after diabetes was confirmed. Acellular ca-

pillaries in the retinas of non-diabetic, anti-IL-17A-treated and untreated diabetic mice (n 

= 5/group) were quantified (representative examples are highlighted by black arrows in 

Figure 8A). The number of acellular capillaries in the retinas of diabetic mice was signifi-

cantly higher than in non-diabetic mice (Figure 8B). However, when the diabetic mice 

were treated with anti-IL-17A, the number of acellular capillaries was significantly de-

creased to similar numbers of acellular capillaries in non-diabetic mice (Figure 8B). Hence, 

weekly 50 μg/mL anti-IL-17A treatments can halt the retinal pathogenesis and vascular 

impairment that is observed in early stage non-proliferative diabetic retinopathy. 

Figure 7. Occludin Degradation in anti-IL-17A treated db/db Diabetic Mice 6 Months Post-
Diabetes. (A) Representative electropherogram of Occludin in retinal protein lysates of non-diabetic
(blue), untreated db/db diabetic (grey), and anti-IL-17A treated db/db diabetic (green). (B) Wes gel
of Occludin in retinal protein lysates of non-diabetic (ND), untreated db/db diabetic (DB), and db/db
diabetic mice treated with 50 µg/mL of anti-IL-17A (αIL17); 6 months post-diabetes. (C) Occludin
protein quantification in retinas of non-diabetic (white), untreated db/db diabetic (grey), and db/db
diabetic mice treated with intraperitoneal injections of anti-IL-17A (black). Error bars represent the
SEM. All p-values were first equated using 2-way ANOVA and then unpaired student’s t-test with
Tukey’s post-hoc analysis. Data are represenetative of 3 separate Wes analyses.
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Figure 8. Retinal Capillary Degeneration in anti-IL-17A Treated db/db Mice. (A) Representative
images of acellular capillaries (highlighted by black arrows) in retinal capillary beds of non-diabetic,
anti-IL-17A treated diabetic, and untreated db/db diabetic mice (scale bars of all images = 10 µm.
(B) Quantification of acellular capillaries in each retina of non-diabetic, anti-IL-17A treated diabetic,
and untreated diabetic mice; 6 months post-diabetes. Each data point represents an individual retina.
Error bars represent the SEM. All p-values were first equated using 2-way ANOVA and then unpaired
student’s t-test with Tukey’s post-hoc analysis.
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2.12. Anti-IL17A Treatments Halt Occludin Degradation in db/db Type II Diabetic Mice; 6 Months
Post-Diabetes

Wes analysis quantitated tight junction protein Occludin in normalized protein lysates
of three pooled retinas from non-diabetic heterozygous controls, untreated and anti-IL-17A-
treated db/db diabetic mice. Chemiluminescence intensity of the Occludin between 66 and
40 kDa in retinal protein lysates is displayed in the electropherogram (Figure 7A). The peak
height correlates to the Wes band intensity of Occludin shown in the gel (Figure 7B). The
total amount of Occludin protein detected in three different samples was calculated using
the area under the curve of the electropherogram, and graphed in Figure 7C. As shown in
Figure 7C, Occludin was significantly decreased in the retina of untreated db/db diabetic
mice (grey) when compared to non-diabetic heterozygous controls (white). However,
Occludin was significantly increased in the retinas of db/db diabetic mice that received
weekly intraperitoneal injections of anti-IL-17A (black). These results provide evidence
that intraperitoneal injections of anti-IL-17A halts the degradation of Occludin in the retina
of Type II db/db mice; 6 months after diabetes was confirmed.

2.13. Anti-IL17A Treatments Halts Capillary Degeneration and the Early Onset of Diabetic
Retinopathy in Leprdb Type II Diabetic Mice 6 Months Post-Diabetes

Leprdb mice develop capillary degeneration and non-perfusion, which is a clinical
hallmark of early stage non-proliferative diabetic retinopathy [26]. To ascertain if the weekly
anti-IL-17A treatments can halt non-proliferative diabetic retinopathy, retinal capillary
degeneration was examined 6 months after diabetes was confirmed. Acellular capillaries in
the retinas of non-diabetic, anti-IL-17A-treated and untreated diabetic mice (n = 5/group)
were quantified (representative examples are highlighted by black arrows in Figure 8A).
The number of acellular capillaries in the retinas of diabetic mice was significantly higher
than in non-diabetic mice (Figure 8B). However, when the diabetic mice were treated
with anti-IL-17A, the number of acellular capillaries was significantly decreased to similar
numbers of acellular capillaries in non-diabetic mice (Figure 8B). Hence, weekly 50 µg/mL
anti-IL-17A treatments can halt the retinal pathogenesis and vascular impairment that is
observed in early stage non-proliferative diabetic retinopathy.

3. Discussion

Overall, this study provides evidence that one 50 µg/mL intravitreal injection of
anti-IL-17A significantly decreased (p < 0.05) inflammatory cytokines: IL-1β, IL-6, and
TNF-α in the retina of STZ-Type I- diabetic mice. Additionally, an anti-IL-17A intravitreal
injection was capable of halting diabetes-mediated ZO-1 degradation 6 weeks after injec-
tion. Similarly, weekly intraperitoneal injections of 50 µg/mL of anti-IL-17A significantly
decreased (p < 0.05) diabetes-mediated IL-1β, IL-6, TNF-α, and ZO-1 degradation in the
retinas of db/db-Type II diabetic mice 2 months post-diabetes. Finally, weekly intraperi-
toneal injections of 50 µg/mL of anti-IL-17A halted Occludin degradation and capillary
degeneration of the retina in db/db-Type II-diabetic mice; 6 months after diabetic condi-
tions was confirmed. Since this vascular impairment is a hallmark of non-proliferative
diabetic retinopathy, these results suggest that anti-IL-17A could be a potentially novel
therapeutic for early stage diabetic retinopathy in both Type I and II diabetics.

In both Type I and II diabetes, inflammation plays a pivotal role in the onset and
progression of diabetic retinopathy. In Type I diabetes, neutrophils, autoimmune-driven
macrophages, T cells, and natural killer cells continuously produce low levels of inflam-
matory cytokines, while in Type II diabetes, obesity triggers adipose cell leakage that
induces chronic low-grade inflammation. Over time, chronic low-grade inflammation can
breakdown the blood–retina barrier, immune cells and cytokines can enter the retina, which
can induce retinal inflammation. This can then lead to vascular impairment and the onset
of diabetic retinopathy [27]. We and others have found that IL-17A is one of the pivotal
inflammatory components that induces retinal pathogenesis, vascular impairment, and the
onset of diabetic retinopathy [7,8,28–30].
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Byrne et al. determined that tight junction protein-ZO-1 was degraded when human
retinal pigment endothelial cells were incubated with recombinant IL-17A [28]. Similarly,
in our current study we found a significant decrease in retinal ZO-1 in both Type I and
II diabetic mice, which was significantly increased when diabetic mice were treated with
anti-IL-17A. ZO-1 is a tight junction protein that helps form the barriers of epithelial cells
and increased trans epithelial electrical resistance, which controls vascular permeability in
the retina [29]. Similarly, Occludin is another tight junction protein that can control vascular
permeability, and is degraded in the diabetic retina [30]. Both Occludin and ZO-1 were
degraded in Type I and II diabetic mice. Yet, anti-IL-17A treatments significantly decreased
the degradation of these vascular tight junction proteins, which are precursors to vascular
impairment in the retina. The efficacy of anti-IL-17A in delaying vascular impairment
was further solidified, when capillary degeneration was halted in the db/db Type II
diabetic mice that received weekly intraperitoneal injections of anti-IL-17A. Collectively,
this provides strong evidence that IL-17A plays a pivotal role in Type II diabetes induced
diabetic retinopathy. Further suggesting that anti-IL-17A could be a potentially novel
therapeutic for non-proliferative diabetic retinopathy.

Previously, we and others have found that IL-17A production is induced in multiple
Type I diabetes murine models. Further, significant levels of IL-17A were detected in
the retina [7–11]. Additionally, when IL-17A was systemically ablated in STZ-induced
diabetic IL17A−/− mice, acute phase cytokine production, vascular leakage, and capillary
degeneration in the retina was ameliorated [7,8]. Our previous studies provided evidence
that diabetes induced immune cells to produce IL-17A that migrated through the retinal
vasculature, induced retinal inflammation, and vasculature impairment. Yet, Qui et al.
determined that hyperglycemia induced Muller glia to produce IL-17A. Hence, it was
unclear if a monoclonal antibody that is too large to cross the blood–retina barrier (like
anti-IL-17A) would have to be administered via an intravitreal injection, like the current anti-
VEGF treatments. Conversely, if systemically migrating immune cells were the source of IL-
17A, anti-IL-17A could be administered via a less intrusive route, such as the intraperitoneal
injection regimen that we performed. The results of this current study provide evidence
that anti-IL-17A could be administered via a systemic route and still halt the onset and
progression of diabetic retinopathy. This is therapeutically advantageous, since IL-17A
plays a pathologic role in other diabetic complications, such as nephropathy [31]. Hence, it is
possible that anti-IL-17A could be used to halt the progression of all diabetic complications
if administered systemically as we did in the treatment regimen in the Leprdb diabetic mice.

One of the most prevalent treatments for late-stage diabetic retinopathy is intravitreal
injections of anti-VEGF [6]. VEGF is primarily responsible for the growth of new blood
vessels throughout the body. Due to the systemic prevalence of VEGF, anti-VEGF drugs
are currently used to treat different types of cancers (especially renal cancer), wet age-
related macular degeneration, and macular edema, as well as diabetic retinopathy [32–36].
Anti-VEGF treatments of diabetic macular edema normally halt the progression of neovas-
cularization and diabetic retinopathy. However, anti-VEGF treatments are not effective in
early stage mild to moderate non-proliferative diabetic retinopathy. Additionally, ~40% of
patients with proliferative diabetic retinopathy or diabetic macular edema do not respond
to anti-VEGF treatments [6,37,38]. This same type of phenomenon has been observed in
cancer, wherein cancer patients do not respond to anti-VEGF treatments [39]. Previous
cancer studies provide evidence that anti-VEGF resistance is driven by tumor-secreted IL-
17A [39–41]. When anti-IL-17A was administered prior to anti-VEGF treatment, antitumor
activity and the efficacy of anti-VEGF treatments was restored [40]. Our future studies
will focus on a combined treatment of anti-IL-17A and anti-VEGF in late-stage diabetic
retinopathy and neovascularization. This will help us further determine if anti-IL-17A
could be a potentially novel therapeutic for both early and late stage diabetic retinopathy.

There were a few limitations to this anti-IL-17A therapeutic study. First, we only
performed one intravitreal injection in the STZ-diabetic mice. Further long-term studies
with multiple intraperitoneal injections need to be performed to examine the clinical
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relevance of anti-IL-17A as a therapeutic. However, this might have to be performed in a
larger animal than mice because it is unclear if multiple intravitreal injections would be safe
for mice. Additionally, more elaborate pre-clinical experiments are needed to further clarify
the validity of anti-IL-17A as a therapeutic for diabetic retinopathy, which goes beyond the
scope of this paper but will be the focus of our future studies.

In conclusion, several notable discoveries emerged in this study. First, we provide
evidence that IL-17A plays a similar pathologic role in Type II diabetes-induced diabetic
retinopathy as previously identified in Type I diabetes. Further, anti-IL-17A administered
systemically and via intravitreal injection was sufficient to halt retinal inflammation and
tight junction protein degradation. Finally, we designed an anti-IL-17A treatment regimen
in a murine model of Type II diabetes that halted diabetes-mediated retinal inflammation,
vascular impairment, and the onset of diabetic retinopathy. Taken together, we further
validate that anti-IL-17A could be a potentially novel therapeutic for non-proliferative
diabetic retinopathy in both Type I and Type II diabetics.

4. Materials and Methods
4.1. C57BL/6 Streptozotocin (STZ)-Induced Diabetic Mice

Mice (6–8 weeks of age) were injected with 60 mg/Kg BW streptozotocin (STZ) (MP
Biomedicals, Solon, OH, USA) in 0.1M citrate buffer (pH 4.5) IP for five consecutive days,
each after 6h fast. Food was returned to the mice immediately after each day’s injection.
Other than 6h fastings, water and food was provided ad lib throughout the length of each
study. Diabetic status was defined by 6h fasted blood glucose (FBG) concentrations greater
than 275 mg/dL verified on three instances between days 14 to 21 post-last-STZ injection,
using conventional consumer glucose testing meters/strips (non-diabetic mice typically
have FBG values of 150 ± 40 mg/dL). Hyperglycemia severity and diabetic conditions
were quantified using hemoglobin A1C via Crystal Chem Mouse A1c kit and Controls
(Elk Grove Village, IL, USA). A1C scores below 5.7% is considered non-diabetic, and A1C
scores above 6.5% is considered diabetic [22]. Mice are weighed weekly and 0 to 0.2 Units
of insulin (Humulin N, NPH, Eli Lilly, Indianapolis, IN, USA) therapy was administered
as-needed to maintain proper body weight.

4.2. Anti-IL17A Intravitreal Injection

Mice were anesthetized using IP injection of Ketamine: Xylazine cocktail, after which
proparacaine was used to further anesthetize the eye. Tropicamide (1% sterile ophthalmic
solution, USP) was then applied to the procedure eye to dilate the pupil. A beveled
34-gauge needle (NanoFil, World Precision Instruments, Sarasota, FL, USA) was inserted
perpendicular to the surface of the globe at ~2 mm posterior to the limbus to directly reach
the vitreous cavity while minimizing possible damage to the physical structures of the
eye including the lens, central retina, and optic nerve. The sharp needle was then slowly
withdrawn from the eye and immediately replaced with a blunt-tip 34-gauge needle, which
was inserted into the eye via the hole. A 1 µL volume of 10 µg/mL, 25 µg/mL, or 50 µg/mL
anti-mouse IL-17A (a neutralizing, monoclonal IgG1 antibody that binds to IL-17A, and
inhibits IL-17A activity) antibody (BioXCell, Lebanon, NH, USA) was delivered intravitreal
via micro syringe (Sub-Microliter Injection System, World Precision Instruments, Sarasota,
FL). The needle was held in place for 10s after injection and then slowly removed in
order to insure no fluid leaks from the globe. Both eyes were then covered with GenTeal
0.3% Hypromellose gel (Alcon, Fort Worth, TX, USA) to protect the corneas from drying
and animals recovered in a warmed post-surgical recover chamber. Ophthalmic bacitracin-
neomycin-polymyxin triple antibiotic ointment was applied to the procedure eye once
daily for 3 days to prevent infection.

4.3. IL-17A ELISA Analysis

Retinal protein lysates were collected from db/db or C57BL/6 mice, and analyzed
for IL-17A protein using an ELISA according to the manufacturer’s directions (R&D Bio-
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sciences, Minneapolis, MN, USA). These analyses were used to confirm IL-17A neutral-
ization. When the proper concentration of anti-IL-17A is administered, it will bind to all
IL-17A. When IL-17A is bound to anti-IL-17A, it is inhibited from binding to the capture
antibody of the ELISA. Hence, IL-17A will not be detected by ELISA when sufficiently
neutralized by anti-IL-17A.

4.4. Ella Automated Immunoassay Analysis

Samples were solubilized in 2x lysis buffer (RayBiotech, Peach Tree Corners, GA, USA).
Following BCA protein quantification (Pierce, Waltham, MA, USA), samples were normal-
ized and loaded onto Ella (automated ELISA) plates coated with anti-mouse IL-1β, IL-6,
and TNF-α antibody (Protein Simple, Biotechne, Minneapolis, MN, USA). Manufacturer’s
instructions were followed and results are displayed in Figures 2 and 5.

4.5. Wes Automated Western Blot Analysis

Retinal tissue samples were solubilized in RIPA buffer (Pierce, Waltham, MA, USA)
containing proteolytic inhibitor cocktail (Thermo Scientific, Waltham, MA, USA). Sam-
ples were quantified using a BCA assay (Pierce, Waltham, MA, USA). Protein samples
were normalized, whereas equal amounts of protein in each sample was loaded onto a
WES (automated Western) cartridge (Protein Simple, Biotechne, Minneapolis, MN, USA).
Samples were run according to manufacturer’s instructions. Anti-ZO-1 and anti-Occludin
(DSHB, Iowa City, IA, USA) antibodies were used for detection. Results are displayed in
Figures 3, 6 and 7.

4.6. Leprdb (db/db) Diabetic Mice

Mice homozygous for the Leprdb spontaneous diabetes mutation (Jackson Labora-
tory, Bar Harbor, ME, USA) were used to model Type II diabetes. Animal weights were
monitored weekly. Diabetic status was determined from repeated weekly 6h fasted blood
glucoses upon arrival of mice from vendor and acclimation to our facility. Anti-mouse
IL-17A neutralizing monoclonal antibody (BioXCell, Lebanon, NH, USA) was injected
once per week IP, starting one week following confirmation of diabetic status, for a total of
7 injections for short-term experiments (mice analyzed 2 months post-diabetes), and 20 in-
jections for long-term experiments (mice analyzed 6 months post-diabetes). Heterozygous
mice were used as non-diabetic controls.

4.7. Anti-IL17A Intraperitoneal Treatment Regimen

Mice were manually restrained and given intraperitoneal injections of 10, 25 or
50 µg/mL of anti-mouse IL-17A neutralizing antibody (BioXCell, Lebanon, NH, USA),
weekly, using 25-gauge needle, alternating injection site every week to contralateral from
previous week to prevent injection site reactions.

4.8. Retinal Capillary Degeneration

Acellular capillaries were quantified in the retinal vasculature as previously de-
scribed [18–21]. Eyes were fixed with 10% formalin. Retinas were incubated in elastase for
2 h followed by acidic buffer overnight. Retinal vasculature was stained with hematoxylin
and periodic acid-Schiff. Acellular capillaries were quantified in 7 field areas between the
optic nerve and the periphery (200× magnification).

4.9. Statistical Analysis

Statistical analysis was performed using a two-way ANOVA analysis and an unpaired
t-test with Tukey’s post hoc analysis (Prism version 9, GraphPad Software, San Diego, CA,
USA). A p-value < 0.05 was considered significant.
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IL-1β Interleukin-1 beta
IL-6 Interleukin-6
IL-17A Interleukin-17A
IL17R Interleukin-17A receptor
IL-17RA Interleukin-17A receptor A
IP Intraperitoneal
kDa Kilo-Dalton
MW Molecular weight
ND Non-diabetic
NFκB Nuclear factor kappa B
RORγt Retinoic acid-related orphan receptor-gamma t
SD Standard deviation
SEM Standard error of the mean
STZ Streptozotocin
Th17 T helper 17



Int. J. Mol. Sci. 2023, 24, 1347 15 of 16

TNF-α Tumor necrosis factor alpha
TRAF TNF receptor associated factor
TRAF6 TNF receptor associated factor 6
VEGF Vascular endothelial growth factor
ZO-1 Zonula occludens-1

References
1. Saeedi, P.; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A.; Ogurtsova,

K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from the
International Diabetes Federation Diabetes Atlas. Diabetes Res. Clin. Pract. 2019, 157, 107843. [CrossRef]

2. DiMeglio, L.A.; Evans-Molina, C.; Oram, R.A. Type 1 diabetes. Lancet 2018, 391, 2449–2462. [CrossRef] [PubMed]
3. Olokoba, A.B.; Obateru, O.A.; Olokoba, L.B. Type 2 Diabetes Mellitus: A Review of Current Trends. Oman Med. J. 2012, 27,

269–273. [CrossRef] [PubMed]
4. Deshpande, A.D.; Harris-Hayes, M.; Schootman, M. Epidemiology of Diabetes and Diabetes-Related Complications. Phys. Ther.

2008, 88, 1254–1264. [CrossRef] [PubMed]
5. Lee, R.; Wong, T.Y.; Sabanayagam, C. Epidemiology of diabetic retinopathy, diabetic macular edema and related vision loss. Eye

Vis. 2015, 2, 17. [CrossRef]
6. Duh, E.J.; Sun, J.K.; Stitt, A.W. Diabetic retinopathy: Current understanding, mechanisms, and treatment strategies. JCI Insight

2017, 2, e93751. [CrossRef]
7. Sigurdardottir, S.; Zapadka, T.E.; Lindstrom, S.I.; Liu, H.; Taylor, B.E.; Lee, C.A.; Kern, T.S.; Taylor, P.R. Diabetes-mediated IL-17A

enhances retinal inflammation, oxidative stress, and vascular permeability. Cell Immunol. 2019, 341, 103921. [CrossRef]
8. Lindstrom, S.I.; Sigurdardottir, S.; Zapadka, T.E.; Tang, J.; Liu, H.; Taylor, B.E.; Smith, D.G.; Lee, C.A.; DeAngelis, J.; Kern,

T.S.; et al. Diabetes induces IL-17A-Act1-FADD-dependent retinal endothelial cell death and capillary degeneration. J. Diabetes
Complicat. 2019, 33, 668–674. [CrossRef]

9. Qiu, A.-W.; Bian, Z.; Mao, P.-A.; Liu, Q.-H. IL-17A exacerbates diabetic retinopathy by impairing Müller cell function via Act1
signaling. Exp. Mol. Med. 2016, 48, e280. [CrossRef]

10. Qiu, A.-W.; Liu, Q.-H.; Wang, J.-L. Blocking IL-17A Alleviates Diabetic Retinopathy in Rodents. Cell. Physiol. Biochem. 2017, 41,
960–972. [CrossRef]

11. Qiu, A.-W.; Cao, X.; Zhang, W.-W.; Liu, Q.-H. IL-17A is involved in diabetic inflammatory pathogenesis by its receptor IL-17RA.
Exp. Biol. Med. 2020, 246, 57–65. [CrossRef]

12. Emamaullee, J.A.; Davis, J.; Merani, S.; Toso, C.; Elliott, J.F.; Thiesen, A.; Shapiro, A.J. Inhibition of Th17 Cells Regulates
Autoimmune Diabetes in NOD Mice. Diabetes 2009, 58, 1302–1311. [CrossRef] [PubMed]

13. Reis, B.S.; Lee, K.; Fanok, M.H.; Mascaraque, C.; Amoury, M.; Cohn, L.B.; Rogoz, A.; Dallner, O.S.; Moraes-Vieira, P.M.; Domingos,
A.I.; et al. Leptin Receptor Signaling in T Cells Is Required for Th17 Differentiation. J. Immunol. 2015, 194, 5253–5260. [CrossRef]
[PubMed]

14. Kolbinger, F.; Huppertz, C.; Mir, A.; Di Padova, F. IL-17A and Multiple Sclerosis: Signaling Pathways, Producing Cells and Target
Cells in the Central Nervous System. Curr. Drug Targets 2016, 17, 1882–1893. [CrossRef]

15. Blauvelt, A.; Chiricozzi, A. The Immunologic Role of IL-17 in Psoriasis and Psoriatic Arthritis Pathogenesis. Clin. Rev. Allergy
Immunol. 2018, 55, 379–390. [CrossRef] [PubMed]

16. Abdel-Moneim, A.; Bakery, H.H.; Allam, G. The potential pathogenic role of IL-17/Th17 cells in both type 1 and type 2 diabetes
mellitus. Biomed. Pharmacother. 2018, 101, 287–292. [CrossRef]

17. Honkanen, J.; Nieminen, J.K.; Gao, R.; Luopajarvi, K.; Salo, H.M.; Ilonen, J.; Knip, M.; Otonkoski, T.; Vaarala, O. IL-17 Immunity
in Human Type 1 Diabetes. J. Immunol. 2010, 185, 1959–1967. [CrossRef] [PubMed]

18. Zapadka, T.E.; Lindstrom, S.I.; Taylor, B.E.; Lee, C.A.; Tang, J.; Taylor, Z.R.R.; Howell, S.J.; Taylor, P.R. RORgammaT inhibitor-
SR1001 halts retinal inflammation, capillary degeneration, and the progression of diabetic retinopathy. Int. J. Mol. Sci. 2021,
21, 3547. [CrossRef] [PubMed]

19. Zapadka, T.E.; Lindstrom, S.I.; Batoki, J.C.; Lee, C.A.; Taylor, B.E.; Howell, S.J.; Taylor, P.R. Aryl hydrocarbon receptor agonist
VAF347 impedes ratinal pathogenesis in diabetic mice. Int. J. Mol. Sci. 2022, 22, 4335. [CrossRef]

20. Howell, S.J.; Lee, C.A.; Batoki, J.C.; Zapadka, T.E.; Lindstrom, S.I.; Taylor, B.E.; Lee, C.A.; Tang, J.; Taylor, Z.R.R.; Howell, S.J.; et al.
Retinal inflammation, oxidative stress, and vascular impairment is ablated in diabetic mice receiving XMD8-92 treatment. Front.
Pharmacol. 2021, 12, 732630. [CrossRef] [PubMed]

21. Howell, S.J.; Lee, C.A.; Zapadka, T.E.; Lindstrom, S.I.; Taylor, B.E.; Taylor, Z.R.R.; Barber, K.G.; Taylor, P.R. Inhibition of CD40-
TRAF6-dependent inflammatory activity halts the onset of diabetic retinopathy in streptozotocin-diabetic mice. Nutr. Diabetes
2022, 12, 46. [CrossRef]

22. Zhang, X.; Gregg, E.W.; Williamson, D.F.; Barker, L.E.; Thomas, W.; Bullard, K.M.; Imperatore, G.; Williams, D.E.; Albright, A.L.
A1Cc level and future risk of diabetes: A systemic review. Diabetes Care 2010, 33, 1665–1673. [CrossRef] [PubMed]

23. Kern, T.S.; Tang, J.; Berkowitz, B.A. Validation of structural and functional lesions of diabetic retinopathy in mice. Mol. Vis. 2010,
16, 2121–2131. [PubMed]

http://doi.org/10.1016/j.diabres.2019.107843
http://doi.org/10.1016/S0140-6736(18)31320-5
http://www.ncbi.nlm.nih.gov/pubmed/29916386
http://doi.org/10.5001/omj.2012.68
http://www.ncbi.nlm.nih.gov/pubmed/23071876
http://doi.org/10.2522/ptj.20080020
http://www.ncbi.nlm.nih.gov/pubmed/18801858
http://doi.org/10.1186/s40662-015-0026-2
http://doi.org/10.1172/jci.insight.93751
http://doi.org/10.1016/j.cellimm.2019.04.009
http://doi.org/10.1016/j.jdiacomp.2019.05.016
http://doi.org/10.1038/emm.2016.117
http://doi.org/10.1159/000460514
http://doi.org/10.1177/1535370220956943
http://doi.org/10.2337/db08-1113
http://www.ncbi.nlm.nih.gov/pubmed/19289457
http://doi.org/10.4049/jimmunol.1402996
http://www.ncbi.nlm.nih.gov/pubmed/25917102
http://doi.org/10.2174/1389450117666160307144027
http://doi.org/10.1007/s12016-018-8702-3
http://www.ncbi.nlm.nih.gov/pubmed/30109481
http://doi.org/10.1016/j.biopha.2018.02.103
http://doi.org/10.4049/jimmunol.1000788
http://www.ncbi.nlm.nih.gov/pubmed/20592279
http://doi.org/10.3390/ijms21103547
http://www.ncbi.nlm.nih.gov/pubmed/32429598
http://doi.org/10.3390/ijms22094335
http://doi.org/10.3389/fphar.2021.732630
http://www.ncbi.nlm.nih.gov/pubmed/34456740
http://doi.org/10.1038/s41387-022-00225-z
http://doi.org/10.2337/dc09-1939
http://www.ncbi.nlm.nih.gov/pubmed/20587727
http://www.ncbi.nlm.nih.gov/pubmed/21139688


Int. J. Mol. Sci. 2023, 24, 1347 16 of 16

24. Yun, J.H.; Park, S.W.; Kim, K.-J.; Bae, J.-S.; Lee, E.H.; Paek, S.H.; Kim, S.U.; Ye, S.; Kim, J.-H.; Cho, C.-H. Endothelial STAT3
Activation Increases Vascular Leakage Through Downregulating Tight Junction Proteins: Implications for Diabetic Retinopathy. J.
Cell. Physiol. 2017, 232, 1123–1134. [CrossRef] [PubMed]

25. Tien, T.; Barrette, K.; Chronopoulos, A.; Roy, S. Effects of High Glucose-Induced Cx43 Downregulation on Occludin and ZO-1
Expression and Tight Junction Barrier Function in Retinal Endothelial Cells. Investig. Ophthalmol. Vis. Sci. 2013, 54, 6518–6525.
[CrossRef]

26. Adu-Agyeiwaah, Y.; Vieira, C.P.; Asare-Bediako, B.; Hammer, S.S.; Li Calzi, S.; Busik, J.V.; Grant, M.B. Intravitreal AAV2-SIRT1
administration reverses diabetic retinopathy in db/db mice. Investig. Ophthalmol. Vis. Sci. 2021, 62, 1106.

27. Tsalamandris, S.; Antonopoulos, A.S.; Oikonomou, E.; Papamikroulis, G.-A.; Vogiatzi, G.; Papaioannou, S.; Deftereos, S.; Tousoulis,
D. The Role of Inflammation in Diabetes: Current Concepts and Future Perspectives. Eur. Cardiol. Rev. 2019, 14, 50–59. [CrossRef]

28. Byrne, E.M.; Llorián-Salvador, M.; Tang, M.; Margariti, A.; Chen, M.; Xu, H. IL-17A Damages the Blood–Retinal Barrier through
Activating the Janus Kinase 1 Pathway. Biomedicines 2021, 9, 831. [CrossRef]

29. Srinivasan, B.; Kolli, A.R.; Esch, M.B.; Abaci, H.E.; Shuler, M.L.; Hickman, J.J. TEER Measurement Techniques for In Vitro Barrier
Model Systems. SLAS Technol. 2015, 20, 107–126. [CrossRef]

30. Kuo, W.; Odenwald, M.A.; Turner, J.R.; Zuo, L. Tight junction proteins occludin and ZO-1 as regulators of epithelial proliferation
and survival. Ann. N. Y. Acad. Sci. 2022, 1514, 21–33. [CrossRef]

31. Lavoz, C.; Rayego-Mateo, S.; Orejudo, M.; Opazo-Rios, L.; Marchant, V.; Marquez-Episoto, L.; Tejera-Munoz, A.; Navarro-
Gonzalez, J.F.; Droguett, A.; Ortiz, A.; et al. Could IL-17A be a novel therapeutic target in diabetic nephropathy? J. Clin. Med.
2020, 9, 272. [PubMed]

32. Choueiri, T.K. VEGF Inhibitors in Metastatic Renal Cell Carcinoma: Current Therapies and Future Perspectives. Curr. Clin.
Pharmacol. 2011, 6, 164–168. [CrossRef]

33. Goel, H.L.; Mercurio, A.M. VEGF targets the tumour cell. Nat. Rev. Cancer 2013, 13, 871–882. [CrossRef]
34. Kovach, J.L.; Schwartz, S.G.; Flynn, H.W., Jr.; Scott, I.U. Anti-VEGF Treatment Strategies for Wet AMD. J. Ophthalmol. 2012,

2012, 786870. [CrossRef] [PubMed]
35. Jumper, J.M.; Dugel, P.U.; Chen, S.; Blinder, K.J.; Walt, J.G. Anti-VEGF treatment of macular edema associated with retinal vein

occlusion: Patterns of use and effectiveness in clinical practice (ECHO study report 2). Clin. Ophthalmol. 2018, 12, 621–629.
[CrossRef]

36. Blinder, K.J.; Dugel, P.U.; Chen, S.; Jumper, J.M.; Walt, J.G.; Hollander, D.A.; Scott, L.C. Anti-VEGF treatment of diabetic macular
edema in clinical practice: Effectiveness and patterns of use (ECHO Study Report 1). Clin. Ophthalmol. 2017, 11, 393–401.
[CrossRef] [PubMed]

37. Zhao, Y.; Singh, R.P. The role of anti-vascular endothelial growth factor (anti-VEGF) in the management of proliferative diabetic
retinopathy. Drugs Context 2018, 7, 212532. [CrossRef]

38. Shin, E.S.; Sorenson, C.M.; Sheibani, N. Diabetes and Retinal Vascular Dysfunction. J. Ophthalmic Vis. Res. 2014, 9, 362–373.
[CrossRef]

39. Maniati, E.; Hagemann, T. IL-17 mediates resistance to anti-VEGF therapy. Nat. Med. 2013, 19, 1092–1094. [CrossRef]
40. Chung, A.S.; Wu, X.; Zhuang, G.; Ngu, H.; Kasman, I.; Zhang, J.; Vernes, J.-M.; Jiang, Z.; Meng, Y.G.; Peale, F.V.; et al. An

interleukin-17–mediated paracrine network promotes tumor resistance to anti-angiogenic therapy. Nat. Med. 2013, 19, 1114–1123.
[CrossRef]

41. Pan, B.; Shen, J.; Cao, J.; Zhou, Y.; Shang, L.; Jin, S.; Cao, S.; Che, D.; Liu, F.; Yu, Y. Interleukin-17 promotes angiogenesis by
stimulating VEGF production of cancer cells via the STAT3/GIV signaling pathway in non-small-cell lung cancer. Sci. Rep. 2015,
5, 16053. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/jcp.25575
http://www.ncbi.nlm.nih.gov/pubmed/27580405
http://doi.org/10.1167/iovs.13-11763
http://doi.org/10.15420/ecr.2018.33.1
http://doi.org/10.3390/biomedicines9070831
http://doi.org/10.1177/2211068214561025
http://doi.org/10.1111/nyas.14798
http://www.ncbi.nlm.nih.gov/pubmed/31963845
http://doi.org/10.2174/157488411797189424
http://doi.org/10.1038/nrc3627
http://doi.org/10.1155/2012/786870
http://www.ncbi.nlm.nih.gov/pubmed/22523653
http://doi.org/10.2147/opth.s163859
http://doi.org/10.2147/OPTH.S128509
http://www.ncbi.nlm.nih.gov/pubmed/28260851
http://doi.org/10.7573/dic.212532
http://doi.org/10.4103/2008-322X.143378
http://doi.org/10.1038/nm.3333
http://doi.org/10.1038/nm.3291
http://doi.org/10.1038/srep16053
http://www.ncbi.nlm.nih.gov/pubmed/26524953

	Introduction 
	Results 
	Clinical Data of STZ-Type 1 Diabetic Mice That Received an Intravitreal Injection of Anti-IL-17A 
	Anti-IL-17A Intravitreal Injection Treatment in STZ-Type I Diabetic Mice 
	Clinical Data of STZ-Diabetic Mice That Received a 50 g/mL Intravitreal Injection of Anti-IL-17A 
	Anti-IL-17A Intravitreal Injection Decreases Retinal Inflammation in STZ-Diabetic Mice 
	Anti-IL17A Intravitreal Injection Halt ZO-1 Degradation in the Retinal Vasculature of STZ-Type I-Diabetic Mice 
	Clinical Data of Leprdb-Type II Diabetic Mice Receiving Weekly 10 g/mL, 25 g/mL, or 50 g/mL of Anti-IL-17A Intraperitoneal Injections 2- and 6-Months Post-Diabetes 
	Anti-IL17A Treatment Regimen in Leprdb Type II Diabetic Mice 
	Clinical Data of db/db Mice Receiving Weekly 50 g/mL of Anti-IL-17A Intraperitoneal Injections 2 Months Post-Diabetes 
	Anti-IL17A Treatments Significantly Decrease Inflammatory Cytokine Production in the Retina of Leprdb Type II Diabetic Mice 
	Anti-IL17A Halts ZO-1 Degradation in db/db Diabetic Mice 2 Months Post-Diabetes 
	Clinical Data of Leprdb-Type II Diabetic Mice That Received Intraperitoneal Injections of 50 g/mL of Anti-IL-17A 6 Months after Diabetic Conditions Were Confirmed 
	Anti-IL17A Treatments Halt Occludin Degradation in db/db Type II Diabetic Mice; 6 Months Post-Diabetes 
	Anti-IL17A Treatments Halts Capillary Degeneration and the Early Onset of Diabetic Retinopathy in Leprdb Type II Diabetic Mice 6 Months Post-Diabetes 

	Discussion 
	Materials and Methods 
	C57BL/6 Streptozotocin (STZ)-Induced Diabetic Mice 
	Anti-IL17A Intravitreal Injection 
	IL-17A ELISA Analysis 
	Ella Automated Immunoassay Analysis 
	Wes Automated Western Blot Analysis 
	Leprdb (db/db) Diabetic Mice 
	Anti-IL17A Intraperitoneal Treatment Regimen 
	Retinal Capillary Degeneration 
	Statistical Analysis 

	References

