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TNFAIP3 is anti-inflammatory in the retinal vasculature

Li Liu, Youde Jiang, Jena J. Steinle

Department of Ophthalmology, Visual and Anatomical Sciences, Wayne State University School of Medicine, Detroit, M1

Purpose: To determine whether tumor necrosis factor alpha-induced protein 3 (TNFAIP3) regulates inflammatory and
permeability proteins in the retinal vasculature.

Methods: We used retinal lysates from type 1 diabetic mice and endothelial cell-specific exchange protein for cAMP
1 (Epacl) knockout mice to determine the protein levels of TNFAIP3. We also treated retinal endothelial cells (RECs)
in normal (5 mM) and high (25 mM) glucose with an Epacl agonist or with TNFAIP3 siRNA. We performed western
blotting for TNFAIP3 and inflammatory and permeability proteins after treatment. TNFAIP3 siRNA was used only
in cells grown in high glucose. Immunostaining was performed for localization of ZO-1 and tight junction protein 1.
Results: TNFAIP3 was reduced in the diabetic retinas and the retinas of the Epacl conditional knockout mice. The Epacl
agonist increased TNFAIP3 levels in RECs grown in high glucose. Reduction of TNFAIP3 with siRNA led to increased
levels of tumor necrosis factor alpha (TNFa) and phosphorylation of nuclear factor kappa beta (NF-kB), while decreasing
occludin and zonula occludens 1 (ZO-1) protein levels and inhibitory kappa beta kinase (IkB) phosphorylation. Tumor
receptor-associated factor 6 (TRAF6) levels were increased above high glucose levels.

Conclusions: TNFAIP3 serves as an anti-inflammatory factor in the retinal vasculature. Epacl regulates TNFAIP3.

© 2022 Molecular Vision

TNFAIP3 may offer a new mechanism for regulating inflammation and permeability in the retinal vasculature.

Preproliferative diabetic retinopathy has been associated
with increased levels of inflammatory mediators [1,2]. We
previously reported increased tumor necrosis factor alpha
(TNFo) and interleukin-1-beta (IL-1P) levels in diabetic
retinas and retinal endothelial cells (RECs) grown in high
glucose [3,4]. To regulate these inflammatory pathways, other
anti-inflammatory pathways must exist to maintain homeo-
stasis in the retina. One such regulator may be tumor necrosis
factor alpha-induced protein 3 (TNFAIP3).

TNFAIP3 is an anti-inflammatory protein that plays a
role in immune responses and cell death [5]. The impaired
function of TNFAIP3 is involved in several autoimmune
diseases, including Crohn’s, asthma, and chronic obstruc-
tive pulmonary disorder [5,6]. Single nucleotide mutations
in TNFAIP3 have been reported in type 1 diabetes, lupus,
and rheumatoid arthritis [6]. TNFAIP3 encodes a protein
(A20) that acts as a ubiquitin-editing enzyme that serves as
a negative regulator of nuclear factor kappa beta (NF-kB)
[6]. A20 has been shown to block inflammasome actions
while also blocking toll-like receptor actions [5]. One poten-
tial mechanism by which A20 can regulate inflammation is
through TNF receptor-associated protein 6 (TRAF6). Studies
have shown that inhibition of A20 increased TRAF®6, as well
as NF-kB, in early brain injury [7] and in other models of
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neuroinflammation [8]. Similarly, A20 has antiosteoclasto-
genic effects through TR AF6-mediated autophagy in peri-
odontitis [9].

Focusing on endothelial cell actions, TNFAIP3 plays
a role in permeability [10]. Endothelial A20 is required for
VE-cadherin actions at adherens junctions [10]. Few inves-
tigations have focused on TNFAIP3 in the eye. One study
showed that TNFAIP3 promoted neovascularization in
photoreceptors [11]. Little work has been done on the retinal
vasculature. Therefore, we hypothesized that a reduction in
TNFAIP3 would increase inflammatory mediator levels in
RECs grown in high glucose.

METHODS

Diabetic mice: Eight-week-old male C57BL/6J mice (Jackson
Laboratories) were made diabetic with 60 mg/kg injections
of streptozotocin dissolved in citrate buffer for up to 5
consecutive days. The control mice received citrate buffer
only. Glucose measurements were performed biweekly,
with glucose levels >250 mg/dl considered diabetic. Glucose
measurements were measured using about 5 pl blood samples
via a hand-held measurement device.

Epacl endothelial cell-specific knockout mice: Epacl floxed
mice (B6;129S2-Rapgef3™!S” mice) and B6 FVB-Tg (cdh5-
cre)7Mlia/J Cre mice were purchased from Jackson Labora-
tories (Bar Harbor, ME). Epacl floxed mice were bred with
cdh5-Cre mice to generate a line of conditional knockout mice
with Epacl eradicated from vascular endothelial cells [12].
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Retinal lysates from Epacl floxed and Epacl Cre-Lox mice
were collected at 2 months of age. All animal procedures met
the Association for Research in Vision and Ophthalmology
requirements, were approved by the Institutional Animal
Care and Use Committee of Wayne State University, and
conformed to NIH guidelines.

Western blotting: Western blotting was performed as previ-
ously described [12,13]. Briefly, cell lysates or whole retina
lysates were separated onto precast tris-glycine gels (Invi-
trogen, Carlsbad, CA) and then blotted onto nitrocellulose
membrane. After blocking in TBST, membranes were treated
with Epacl, TNFAIP3, TRAF6, TNFa, phosphorylated and
total NF-kB, phosphorylated and total IkB, occludin, ZO-1
(Abcam, Cambridge, MA), or beta actin (Santa Cruz Biotech-
nology, Santa Cruz, CA) primary antibodies. Secondary
species-appropriate antibodies labeled with horseradish
peroxidase were applied after the primary antibodies.
Chemiluminescence (Thermo Scientific, Pittsburgh, PA) was
used to visualize antigen—antibody complexes. Images were
acquired on an Azure C500 (Azure Biosystems, Dublin, CA),
and optical densities were measured using Image Studio Lite
software (Lincoln, NE).

Primary retinal endothelial cells: Primary human RECs were
purchased from Cell System Corporation (CSC, Kirkland,
WA). The cells were grown in normal glucose medium (Cell
Systems) with the addition of microvascular growth supple-
ments (Invitrogen), 10 ug/ml gentamycin, and 0.25 pug/ml
amphotericin B. Once confluent, some cells were transferred
to high (25 mM) glucose medium (Cell Systems) for 3 days.
Only primary cells within passage 6 were used. Cells were
quiesced by incubating in a high or normal glucose medium
without growth factors for 24 h and used to perform the
experiments unless otherwise indicated.

Some cells were treated with an Epacl agonist (8-CPT-
2’-0O-Me-cAMP, 10 uM, 24 h), as we have done previously
[14]. Additional cells in high glucose were transfected with
TNFAIP3 siRNA (Qiagen, Germantown, MD) or scrambled
siRNA (Qiagen).

Immunostaining: REC were grown in normal and high
glucose medium for 1 week before they were placed in multi-
chamber slides. Once cells reached confluence following
TNFAIP3 siRNA treatment, the medium was removed, and
4% paraformaldehyde was added for 20 min. After washing
in PBS (1X; 120 mM NaCl, 20 mM KCI, 10 mM NaPO,, 5
mM KPO,, pH 7.4), the slides were blocked with 5% bovine
serum albumin (BSA) for 1 h at room temperature to block
nonspecific staining. The slides were then incubated with
rabbit antitight junction protein 1 (1:200, Novus) or mouse
anti-ZO-1 (1:200, Invitrogen) at 4 °C overnight. After rising in
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0.1% Triton/PBS, slides were incubated with a goat anti-rabbit
secondary antibody conjugated to Alexa Fluor 594 (1:500,
Life Technologies, Carlsbad, CA) or donkey anti-mouse
conjugated to Alexa Fluor 488 (1:500, Life Technologies)
for 2 h at room temperature. The slides were then rinsed in
PBS and counterstained with 4',6-diamidino-2-phenylindole
(DAPI). Finally, the slides were mounted with FluorSave
Reagent Sigma (St. Louis, MO) and examined on a Leica
Confocal (Wetzlar, Germany) microscope.

Statistical analysis: One-way ANOVA with Tukey’s post-hoc
test or unpaired ¢ tests were used for statistical analyses. All
statistical analyses were performed using Prism software
(GraphPad, San Diego, CA). Data are presented as mean +
standard error of the mean (SEM). A p value of less than 0.05
was considered statistically significant.

RESULTS

TNFAIP3 is reduced in the retinas of diabetic mice and
cdh5Cre-Epacl mice: We measured TNFAIP3 levels in the
retinas from streptozotocin-treated diabetic mice and mice
with Epacl eliminated in endothelial cells. Figure 1A shows
that diabetes led to significantly reduced TNFAIP3 levels.
Similarly, Figure 1B shows that the loss of Epacl in endothe-
lial cells led to decreased TNFAIP3 levels.

Epacl increases TNFAIP3 in RECs grown in high glucose: As
the retinal lysates from cdh5Cre-Epacl mice had decreased
TNFAIP3 levels, RECs were grown in normal and high
glucose and treated with an Epacl agonist. Figure 2 shows
that high glucose decreased TNFAIP3 levels, which were
increased by the Epacl agonist.

Z0-1 and occludin levels are decreased when TNFAIP3
SiRNA is used in RECs grown in high glucose: ZO-1 and
occludin levels are decreased in diabetic retinas [15,16]. As
we saw that TNFAIP3 was decreased in the diabetic retinas,
we wanted to investigate whether TNFAIP3 regulated these
permeability-associated proteins. Figure 3 shows that high
glucose had decreased ZO-1 (Figure 3B) and occludin (Figure
3C) levels. These levels were further reduced when TNFAIP3
siRNA was used. Figure 3A is a control to show the successful
knockdown of TNFAIP3 by siRNA transfection. To support
the western blotting data, we performed immunostaining for
tight junction protein 1 (Figure 3D) and ZO-1 (Figure 3E).
Occludin antibodies did not work well for immunostaining
on cells.

TNFAIP3 siRNA leads to increased inflammatory mediators:
We previously showed increased inflammatory mediators in
diabetic retinas and the retinas of cdh5Cre-Epacl mice [17].
As TNFAIP3 should work as an anti-inflammatory agent, we
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Figure 1. TNFAIP3 is reduced in retinal lysates from diabetic retinas and cdh5Cre-Epacl mice. Whole retinal lysates were collected from
control and streptozotocin-treated (A) and Epacl floxed and cdh5Cre-Epacl mice (B) and processed for western blotting for TNFAIP3.
*p<0.05 versus ctrl or Epacl floxed. Data are mean + standard error of the mean (SEM). n = 5.

treated RECs in high glucose with TNFAIP3 siRNA. Figure
4 shows that high glucose culturing conditions significantly
increased the TNFa (Figure 4A) and phosphorylated NF-kB
levels (Figure 4B). These levels were further increased when
TNFAIP3 siRNA was transfected into the cells. The changes
in NF-kB were likely regulated by IkB, as IkB phosphoryla-
tion was reduced after TNFAIP3 siRNA was transfected into
cells grown in high glucose (Figure 4C).

TRAFG6 levels are regulated by TNFAIP3 in RECs: One key
pathway that TNFAIP3 works through is the inhibition of
TRAF6 [6]. To determine whether this occurs in the retina,
RECs were grown in high glucose and treated with TNFAIP3
siRNA. Figure 5 shows that high glucose increased TRAF6
levels in RECs. TNFAIP3 siRNA further increased TRAF6
levels, demonstrating that TNFAIP3 regulates TRAF6 in the

retinal vasculature.

DISCUSSION

Inflammation is a key factor in the complications of diabetes.
There is strong literature linking inflammatory cytokines
to islet damage in the pancreas [18,19]. Much less is known
about the eye, particularly the retina. We found that diabetes
decreased TNFAIP3 levels in the retina, which matches the
literature from other organs affected by diabetes [20,21].
Additionally, we found that TNFAIP3 regulated inflam-
matory mediators [19,22]. We also observed that reduced
TNFAIP3 led to decreased occludin and ZO-1 levels in the
retina, two proteins involved in retinal permeability [15].
These findings well match work on intestinal permeability
[23]. Other studies have shown that TNFAIP3 was key to
VE-cadherin signaling in the lung, where TNFAIP3 regu-
lated permeability [10].

Although little has been explored on TNFAIP3 actions
in the retinal vasculature, there is some literature in other eye
diseases that support the present findings. Research on retinal
vasculitis showed that TNFAIP3 was a key gene involved
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Figure 3. TNFAIP3 siRNA decreased ZO-1 and occludin levels. Retinal endothelial cells (RECs) grown in normal glucose (NG) or high
glucose (HG). Some cells in HG were treated with scrambled siRNA or TNFAIP3 siRNA. Western blotting was performed for TNFAIP3
(A), ZO-1 (B), and occludin (C). Panels D and E show immunostaining for tight junction protein 1 (D) and ZO-1 (E). *p<0.05 versus NG,
#p<0.05 versus HG. Data are mean + standard error of the mean (SEM) n=>5.
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Figure 4. TNFAIP3 siRNA increased inflammatory mediators. Retinal endothelial cells (RECs) grown in normal glucose (NG) or high
glucose (HG). Some cells in HG were treated with scrambled siRNA or TNFAIP3 siRNA. Western blotting was performed for TNFa (A)
and phosphorylated NF-kB to total NF-kB (B), and phosphorylated to total IkB (C). *p<0.05 versus NG, #p<0.05 versus HG. Data are mean
+ standard error of the mean (SEM) n = 5.
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[24]. Additionally, a study on uveitis showed that A20 was key
to inflammation, with a focus on CD4 T+ cells and RPE cells
[25]. Thus, the present findings of reduced TNFAIP3 levels
in the retina leading to increased inflammation agree with
the literature in other ocular tissues. Although few studies
directly investigated TNFAIP3 in retinal inflammation,
there is ample literature on inflammation in the retina due to
diabetes [1,2,26], suggesting that diabetes leads to increased
inflammation and permeability. There is no literature on the
role of Epacl in regulating TNFAIP3; however, we previously
showed that Epacl reduced retinal inflammation in diabetes
[17]. These findings suggest that TNFAIP3 may offer another
mechanism by which Epacl works to reduce retinal inflam-
mation [12,27].

We acknowledge that these studies were performed
primarily in primary retinal endothelial cells, with some
support from whole retinal lysates from diabetic and Epacl
conditional knockout mice. The finding that the Epacl
agonist did not alter TNFAIP3 levels in normal glucose is
counter to the findings in the mice. Perhaps this is genetic
versus pharmacological differences, but we may explore
this in the future. We would also have preferred to perform
a permeability assay in vitro. Due to the use of TNFAIP3
siRNA transfection, it was difficult to obtain 100% conflu-
ence, which was required for a successful permeability
assay in vitro. We also attempted to stain cells with three
different occludin antibodies to no avail. Therefore, we used a
different junctional protein to further demonstrate the effects
of TNFAIP3 on permeability proteins. To address this and the
limited options available as pharmacological tools for probing
TNFAIP3 actions, we plan to develop conditional knockout
mice to explore TNFAIP3 in the retinal vasculature alone and
in the setting of diabetes.

HG+TNFAIP3 siRNA

scrambled siRNA or TNFAIP3
siRNA. Western blotting was
performed for TRAF6. *p<0.05
versus NG, #p<0.05 versus HG.
Data are mean + standard error of
the mean (SEM). n=>5.

In conclusion, the data demonstrated that diabetes
reduced TNFAIP3 levels in the retina. Epacl regulated
TNFAIP3 in retinal endothelial cells. High glucose culturing
conditions in RECs increased inflammatory mediators, while
decreasing occludin and ZO-1 protein levels. The use of
TNFAIP3 siRNA further increased inflammatory mediators
and reduced permeability proteins, suggesting that increasing
TNFAIP3 levels may reduce retinal inflammation.
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