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Targeting VE-PTP phosphatase protects the kidney

from diabetic injury
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Diabetic nephropathy is a leading cause of end-stage kidney failure. Reduced angiopoietin-TIE2 receptor tyrosine kinase
signaling in the vasculature leads to increased vascular permeability, inflammation, and endothelial cell loss and is associated
with the development of diabetic complications. Here, we identified a mechanism to explain how TIE2 signaling is attenuated

in diabetic animals. Expression of vascular endothelial protein tyrosine phosphatase VE-PTP (also known as PTPRB), which
dephosphorylates TIE2, is robustly up-regulated in the renal microvasculature of diabetic rodents, thereby reducing TIE2
activity. Increased VE-PTP expression was dependent on hypoxia-inducible factor transcriptional activity in vivo. Genetic
deletion of VE-PTP restored TIE2 activity independent of ligand availability and protected kidney structure and function in a
mouse model of severe diabetic nephropathy. Mechanistically, inhibition of VE-PTP activated endothelial nitric oxide synthase
and led to nuclear exclusion of the FOXO1 transcription factor, reducing expression of pro-inflammatory and pro-fibrotic
gene targets. In sum, we identify inhibition of VE-PTP as a promising therapeutic target to protect the kidney from diabetic

injury.

Introduction
Damage to the microvasculature in diabetes results in kidney
failure, blindness, and nerve damage (Andersen et al., 1983;
Krolewski et al., 1985; Frank, 2004; Pambianco et al., 2006). It is
estimated that by the year 2040 there will be 650 million people
suffering from diabetes worldwide, and ~30-40% will develop
diabetic kidney disease (DKD; Ogurtsova et al., 2017). These
staggering numbers and associated burden on society under-
score the urgent need to identify and develop new and effective
therapies, which can prevent or slow the progression of DKD.
While the pathogenesis of microvascular complications of
diabetes including DKD is complex, a large body of evidence
exists to support a central role for dysregulation of major an-
giogenic signaling pathways (Nyengaard and Rasch, 1993;
Cooper et al., 1999; @sterby et al., 2002; Guo et al., 2005;
Kanesaki et al., 2005; Nakagawa et al., 2007; Kosugi et al., 2009;
Sivaskandarajah et al., 2012; Saharinen et al., 2017). Altered
expression of the angiopoietin ligands has been reported in ro-
dents and patients with diabetic microvascular disease and is
proposed to lead to reduced activity of the vascular receptor

tyrosine kinase TIE2 (tyrosine kinase with Ig and EGF homology
domains 2, also known as TEK in humans). Loss of the major TIE2
agonist/ligand ANGPT1 results in more aggressive renal disease in
diabetic mice (Lee et al., 2007; Jeansson et al., 2011; Battiprolu et al.,
2012; Dessapt-Baradez et al., 2014), while an increased circulating
level of the TIE2 context-dependent antagonist, ANGPT2, has been
linked to adverse cardiovascular, retinal, and renal outcomes in
patients (Hackett et al., 2000, 2002; Chong et al., 2004; Augustin
etal., 2009; David et al., 2009, 2010; Chang et al., 2013; Shroff et al.,
2013; Antai et al., 2016). In a variety of vascular diseases, including
malignant tumors, sepsis, obesity, and diabetes, administration of
recombinant ANGPT1 or ANGPT1-mimetics has had beneficial ef-
fects on the vasculature by reducing vascular permeability and
inflammation—phenotypes also observed in DKD (Joussen et al.,
2002; Cho et al., 2006; Lee et al., 2007; Bitto et al., 2008;
Pellegrinelli et al., 2014; Han et al., 2016). Indeed, TIE2 receptor
activation has been described as the “gatekeeper” of vascular
quiescence, promoting endothelial survival, junctional stability,
and reduced responsiveness to TNFa (Fiedler et al., 2006).
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In vivo, TIE2 activity is regulated by its ligands but also by the
vascular endothelial protein tyrosine phosphatase (VE-PTP; also
known as protein tyrosine phosphatase, receptor type B [PTPRB]),
which potently dephosphorylates the receptor (Winderlich et al.,
2009; Souma et al., 2018). Here, we report that VE-PTP transcript
and protein levels are strongly up-regulated in the diabetic
kidney in mice in vivo and that inhibition of VE-PTP in a
mouse model of severe DKD (Harlan et al., 2018) potently
protects against kidney damage. Furthermore, we demon-
strate that VE-PTP inhibition affects two major molecular
pathways that have been linked to DKD and are downstream
of TIE2 phosphorylation in vivo: (1) increased endothelial NO
synthase (eNOS) phosphorylation and (2) reduced nuclear
expression of the transcription factor forkhead box protein O1
(FOXOL1) and its transcriptional targets including EDNI, CTGF,
PDGFB, and ANGPT2. In sum, we provide evidence to support a
model whereby VE-PTP is a driver of DKD and show that VE-
PTP inhibition is a promising vasculoprotective strategy for
the kidney in diabetes.

Results

VE-PTP is highly expressed in the renal endothelium and is
up-regulated in diabetes

VE-PTP is a vascular phosphatase with an endothelial-specific
expression pattern in embryos (Fachinger et al., 1999; Carra
et al., 2012; Takahashi et al., 2017). However, the details of
tissue-specific VE-PTP expression in diabetes have not been
reported. To characterize VE-PTP expression throughout dif-
ferent endothelial beds, we first analyzed mRNA expression
levels of Veptp in different tissues of C57Bl/6 adult mice. The
highest expression of Veptp was found in the kidney, lung,
liver, and heart (Fig. S1 A). In a previously reported VeptplacZ/wt
mouse reporter strain (Baumer et al., 2006), a 8-galactosidase
(glbl) cassette replaces the second and third exons and is under
control of the endogenous promoter. This reporter mouse line
was used to examine the expression pattern of the phospha-
tase within the kidney. Strong Veptp expression was observed
in glomerular capillaries, afferent and efferent arterioles, and
interlobular vessels (Fig. 1, A and B). In peritubular capillaries
of adult kidneys, weak expression of VE-PTP was observed,
and no VE-PTP-positive cells were found outside of the
endothelium.

Next, we examined renal VE-PTP expression in mouse
models of type 1 diabetes (Ins2Akit2/wt; Akita) and type 2 diabetes
(db/db; Wang et al., 1999). Similar to nondiabetic controls, VE-
PTP expression remained restricted to the endothelium in dia-
betic mice as observed in Akita, Veptp=Z/*t mice (Fig. 1 A).
However, expression levels of VE-PTP were increased in the
renal cortex of both Akita and db/db mice (Fig. 1, C and D). As
patients with DKD often have coexisting hypertension due to
activation of the renin-angiotensin system, we tested the in-
fluence of blood pressure (BP) on VE-PTP expression in a renin-
expressing, adeno-associated virus (RenAAV; Ren)-treated hy-
pertensive mouse model (Fig. 1 C; Harlan et al., 2015). Notably,
VE-PTP expression was also increased in the hypertensive
mouse model. Outside the kidney, elevated VE-PTP expression
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was also observed in whole-lung lysate from diabetic Akita and
renin-overexpressing mice (Fig. S1, B and C), suggesting ex-
tensive effects on the vasculature.

VE-PTP expression is increased by hypoxic and

hyperosmolar conditions

To uncover the mechanism leading to increased expression of
VE-PTP in kidneys from diabetic animals, VE-PTP protein ex-
pression was measured in primary human glomerular endo-
thelial cells (hGECs) exposed to a variety of stimuli. We found
that hyperglycemia simulated by 30 mM bp-glucose as well as
osmotic stress induced by 30 mM t-glucose or mannitol resulted
in up-regulation of VE-PTP in hGECs (p-glucose: 1.76-fold;
L-glucose: 1.61-fold; mannitol: 2.45-fold increase compared with
control samples; Fig. 1 E). Similar induction of VE-PTP protein
levels was observed under 1% hypoxia (2.28-fold increase;
Fig. 1 F), as reported in lung blood endothelium with hypoxic
stimuli (Gong et al., 2015). As renal hypoxia is a well-described
component of DKD (Nangaku, 2006; Norman and Fine, 2006;
Nangaku and Eckardt, 2007), we hypothesized that hypoxia-
induced VE-PTP expression might explain the up-regulation of
VE-PTP seen in mouse models of diabetes. To determine
whether enhanced levels of VE-PTP in diabetic mice were
transcriptionally regulated by hypoxia-inducible factor (HIF),
we analyzed mRNA expression levels of Veptp in diabetic Akita
mice following five once-daily injections of acriflavine, an in-
hibitor of HIFa subunit dimerization with HIFIB (Lee et al.,
2009). While Veptp mRNA levels were elevated in untreated
Akita mice, expression was reduced to control levels following
acriflavine treatment (Fig. 1 G).

Generation of an inducible Veptp KO mouse model with
enhanced TIE2 activity

The dramatic VE-PTP up-regulation in diabetic mice, combined
with the increased susceptibility to renal disease observed in
diabetic Angptl KO mice, suggested that VE-PTP deletion or in-
hibition as a means to activate TIE2 might be an effective
therapeutic strategy for treatment of DKD (Jeansson et al., 2011).
To examine this possibility and to bypass the embryonic le-
thality observed in conventional Veptp KO mice, we generated
a VE-PTP-inducible KO mouse model (VE-PTP iKO mice) us-
ing the Cre-LoxP system paired with whole-body doxycycline-
inducible deletion driven by the ubiquitously expressed
Rosa26 promotor (Veptpflox/flox; Rosa26rTA/MTA;  tetQ-CrTa /™,
hereafter referred to as VE-PTP iKO mice; Fig. 2 A; Belteki
et al., 2005). Using this system, 98.3 + 0.5% deletion effi-
ciency was achieved following doxycycline induction at
postnatal day O (PO) as shown by Western blot analysis of
kidney lysate harvested from 8-wk-old VE-PTP iKO mice
(Fig. 2 B). Although deletion of Veptp any time before em-
bryonic day 10.5 (E10.5) resulted in embryonic lethality,
postnatal deletion was compatible with normal lifespan, fer-
tility, and growth of mice (Fig. S2). As predicted, deletion of
the VE-PTP phosphatase resulted in robust TIE2 activation; we
observed a 3.5 + 0.5-fold elevation of TIE2 tyrosine phos-
phorylation levels in kidney protein lysates as well as in iso-
lated glomeruli from VE-PTP iKO mice (Fig. 2, B and C).
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B-Gal Renin Figure 1. VE-PTP expression in adult kidneys
in health and diabetes. (A) Kidney expression of
Veptp in nondiabetic (Veptp'@?/*t) and diabetic
(Akita, Veptpta?/wt) mice is shown in 400-pm-
thick vibratome sections stained with X-Gal.
Higher-power views of boxed regions in the
upper panels are shown in the lower panels.
Bars, 1 mm (upper panel); 125 um (lower panel).
(B) Immunofluorescent staining shows colocali-
zation of B-galactosidase (red) with an endothelial
marker, endomucin (green), in a glomerulus from
a kidney section of a nondiabetic (Veptpta<?/*t)
mouse. The presence of renin (magenta) allows
the distinction between the afferent arteriole
(white dotted line) and the efferent arteriole
(yellow dotted line). Nuclei are stained with DAPI.
Bars, 25 um. (C and D) VE-PTP abundance in
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VE-PTP iKO mice on a mixed genetic background have a higher
glomerular filtration rate (GFR) and lower BP at baseline due
to enhanced eNOS signaling

To understand the role of VE-PTP in renal physiology, we
measured baseline levels of GFR, BP, and urinary albumin/cre-
atinine ratios (ACRs) in male and female VE-PTP iKO mice at 42
wk of age. At baseline, systolic BP was significantly lower by an
average of 28.37 + 5 mm Hg in VE-PTP iKO mice compared with
control littermates; BP was measured by tail-cuff plethysmog-
raphy for VE-PTP iKO mice compared with control littermates
(Fig. 2 D). The genetic make-up of VE-PTP iKO and littermate
controls was on a mixed background, including the C57Bl/6
strain. Additionally, we found that VE-PTP-deficient mice had
higher GFRs at 393.3 + 29.12 pl/min compared with 316.4 + 15.7
ul/min in control animals (Fig. 2 E). We detected no difference in
urinary ACR between control and VE-PTP-deficient mice (WT:
43.5 ¢ 11 pg/mg, VE-PTP iKO: 67.4 30 pg/mg; Fig. 2 F), sug-
gesting that increased GFR was not the result of increased
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glomerular capillary pressure. Instead, VE-PTP iKO mice dem-
onstrated increased cortical renal blood flow as measured by
multimodality magnetic resonance imaging (MRI) as a possible
explanation for the increased GFR (Fig. S3).

We hypothesized that the observed GFR and BP phenotypes
at baseline might be due to elevations in eNOS phosphorylation,
a known downstream target of TIE2 receptor activation, which
should lead to a reduction in vascular resistance and/or vaso-
dilation; therefore, we analyzed levels of eNOS phosphorylation,
which revealed a 91.8 + 17% increase in eNOS-phosphorylation
(Ser1177) in kidney tissues from VE-PTP iKO mice compared
with control kidneys (Fig. 2 G). Furthermore, we showed that
knock-down of PTPRB, which encodes human VE-PTP, resulted
in a 65.2 + 20% increase in eNOS Ser1177 phosphorylation levels
(Fig. 2 H) in human endothelial cells. To verify enhanced eNOS
signaling as the mechanism underlying differences in GFR and
BP in VE-PTP iKO mice, we treated mice with the NOS inhibitor
NS-nitro-1-arginine methyl ester (L-NAME) via drinking water.
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Figure 2. Loss of VE-PTP decreases BP and
increases GFR through elevated eNOS activ-
ity. (A) Targeting strategy to generate VE-PTP
iKO mice; mice with a floxed Veptp exon 2 were
bred to mice carrying rtTA/TetO-Cre transgenes
under control of the ubiquitously expressed
Rosa26 promoter. Upon induction with doxycy-
cline, the second exon of Veptp is excised re-
sulting in a null allele. (B) Postnatal deletion of
Veptp in VE-PTP iKO mice leads to 98.3 + 0.5%
reduction of VE-PTP protein in total kidney tis-
sue; TIE2 tyrosine phosphorylation is increased
3.5-fold in kidneys from KO mice (quantification
from n = 6 per group, representative blot). (C)
Elevated TIE2 tyrosine phosphorylation is ob-
served in glomeruli isolated and pooled from
um kidneys of two VE-PTP iKO mice. (D) Mean
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treatment) resulted in normalization of BP in VE-
PTP iKO mice to control values (n = 6 per group).
(E) Genetic deletion of Veptp increases GFR by
25%. This effect is reversed by NOS blockade
(L-NAME treatment; n = 6 per group). (F) No
difference in urinary ACR was observed at 12 mo
of age between WT control and VE-PTP iKO mice
(n = 6-7 per group). (G) eNOS phosphorylation
was increased by 91.8% in kidneys from VE-PTP
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Blockade of NOS signaling resulted in an increase of BP in VE-
PTP iKO mice (VE-PTP iKO: 35.64 + 14 mm Hg) that was similar
to BP in control animals (Fig. 2 D). Additionally, L-NAME
treatment resulted in a decline of GFR in both groups (control:
-73.0 + 8 pl/min; VE-PTP iKO: -63.4 + 7 pl/min; Fig. 2 E),
demonstrating the functional dependence of elevated GFR and
reduced BP upon NO signaling in VE-PTP-deficient mice.

VE-PTP deletion preserves the microvasculature and kidney
function in diabetes

To study the effect of VE-PTP inhibition on the development of
DKD, VE-PTP iKO mice were bred to the Akita mouse on a 129S6.
SvEvTac background. Mice were backcrossed for five gen-
erations as the genetic 12956.SvEvTac background has been
shown to be more susceptible to the development of chronic
kidney disease compared with other genetic backgrounds (Yang
et al., 2005; Gurley et al., 2010). Veptp was deleted at PO, and
male mice were aged for 12 wk before we administered RenAAV
to induce hypertension through activation of renin-angiotensin
system signaling (Fig. S4; Harlan et al., 2015, 2018). At 11 wk of
age, diabetic Akita mice exhibited elevated systolic BP, which
further increased after RenAAV injections to levels 0f 183.59 mm
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% S G w— W Tubulin

(n = 4 per group, representative blot). Values are
means + SEMs. n.s,, not significant, *, P < 0.05;
** P < 0.03; ***, P < 0.001. Experiments were
repeated at least once for each Western blot. IB,
immunoblotting; IP, immunoprecipitation; rel.
relative.

Ctrl. siVE-PTP

Hg in Akita and 190.72 mm Hg in Akita/VE-PTP iKO mice
(Table 1). Blood glucose levels were increased to equal levels in
VE-PTP WT and deficient mice under diabetic conditions. In
contrast to baseline conditions on a mixed genetic background
strain, we did not detect any difference in systolic BP levels
between nondiabetic RenAAV-treated or control male VE-PTP
WT and iKO mice on the 12956.SvEvTac background when
measured by tail-cuff plethysmography (Fig. S5, A and B).
However, unexpectedly, VE-PTP deficiency led to significantly
decreased levels of triglycerides and slowed the loss of body
weight in diabetic mice (Table 1).

To understand the molecular basis of protective effects ob-
served in VE-PTP-deficient mice, we analyzed TIE2 signaling in
these mice. Western blot analysis of lung tissue from normo-
glycemic control and VE-PTP-deficient mice confirmed a loss of
VE-PTP and a corresponding increase of TIE2 tyrosine phos-
phorylation (+147.5 + 9% compared with control tissue; Fig. 3, A
and B). In diabetic hypertensive mice, VE-PTP levels in protein
lysates harvested from the lung or kidney were markedly in-
creased by 178.2 + 24% (Fig. 3 A) and 151.2 + 36%, respectively,
(Fig. 3 C) compared with normoglycemic controls. Accordingly,
TIE2 tyrosine phosphorylation levels were reduced (-45.9 + 14%
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Table 1. Analysis of renal function, BP, blood glucose, plasma insulin, plasma triglycerides, and body weight of diabetic and nondiabetic WT and

VE-PTP iKO mice

wT VE-PTP iKO Akita/Ren Akita/Ren/VE-PTP iKO P value Akita/Ren vs.
Akita/ Ren/VE-PTP iKO

GFR, 11 wk (ul/min) 288.55 + 13 290.73 £ 15 368.50 + 27 478.24 + 22 **

GFR, 24 wk (pl/min) 357.63 + 39.13 391.39 + 22 242.63 £ 37 480.32 £ 79 *

ACR, 24 wk 142.61 + 27 17136 + 38 1,549.40 + 255 741.18 + 160 o

Systolic BP, 11 wk (mm Hg) 9277 +7 90.04 + 9 154.86 + 7 14870 + 5 n.s.

Systolic BP, 24 wk (mm Hg) 107.43 £ 3 10091+ 6 18359 £ 6 190.72 + 9 n.s.

Blood glucose (mg/dl) 219.27 £ 9 20539 + 8 836.49 + 34 938.36 + 105 n.s.

Plasma insulin (ng/ml) 107+ 0.1 0.7+011 0.26 £ 0.04 0.23 £ 0.05 n.s.

Plasma triglycerides (mg/dl) 6318 + 5 57.05 + 12 184.6 + 24 100.8 + 17 **

Body weight (g) 33.84+08 3202+ 08 2452 11 28.66 + 0.9 *

n = 10-12/group. Values are means + SEMs. n.s,, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

compared with controls) in these diabetic control mice (Fig. 3 B).
Genetic deletion of VE-PTP in Ins24kita/wt RenAAV* (Akita/Ren)
mice resulted in an elevation of TIE2 phospho-tyrosine levels to
a similar degree as observed in tissue harvested from normo-
glycemic VE-PTP iKO mice (239.4 + 53% compared with controls;

Fig. 3 B).

To further determine renal function in the absence and
presence of VE-PTP, we measured GFRs at 11 wk of age,
before RenAAV administration, as well as at 12 wk after renin
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. 2
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overexpression. At baseline, diabetic control and VE-PTP iKO
mice both exhibited elevated GFRs. At 12 wk after RenAAV in-
jection Ins2AKia/wt RenAAV* mice showed a marked decline in
GFR whereas VE-PTP-deficient Akita/Ren mice showed a pre-
served GFR (Fig. 3 D and Table 1). Assessment of urinary ACRs

was performed biweekly as a surrogate in vivo marker for the

£ 25 -
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degree of glomerular injury. Diabetic control mice showed a
significantly higher increase in ACR over time than diabetic VE-
PTP iKO mice (Fig. 3 E and Table 1).

Figure 3. TIE2 is activated, and kidney func-
tion is preserved in VE-PTP iKO in mice with

el hypertension and diabetes. (A and B) Western
VE-PTP iKO b di . lvsi £
Akita/Ren ot an |mmunopreC|p|ta_t|on (IP) ana ysis o
Akita/Ren/ lung tissue from [ns2Akita/WtRenAAV*  mice
VE-PTPiKO  showed an elevation of VE-PTP protein and re-
duced TIE2 phosphorylation compared with WT
control (Ctrl.) samples. Deletion of VE-PTP re-
stored TIE2 phosphorylation in lungs from dia-
betic, hypertensive mice (quantification from n =
Ctl. 6 per group, representative blot). (C) Western
VE-PTP iKO bl lysis of | f kid X f
Akita/Ren ot analysis 0 ysates from kidney tissue from
Akita/Ren/ Ins2Akita/wt. RenAAV* mice also showed an in-
VE-PTPIiKO  crease in VE-PTP compared with control. (D)
Assessment of renal function in diabetic mice
before and after RenAAV administration. GFR
was increased in all 12-wk-old diabetic mice
compared with nondiabetic controls; GFRs were
Ctrl. ) higher in VE-PTP iKO diabetic mice compared
VE-PTP iKO N . . .
Akita/Ren with control diabetic mice. 12 wk after RenAAV
Akita/Ren/ injection, diabetic control mice showed a decline
VE-PTPIiKO  in GFR whereas diabetic mice lacking VE-PTP

had stable GFR (n = 10-12 per group). (E) Mea-
surement of urinary ACRs showed lower ACRs in
diabetic VE-PTP iKO mice at 10 wk following
RenAAV administration compared with diabetic
controls (n = 10-12 per group). Values are
means + SEMs. *, P < 0.05; **, P < 0.01; ***, P <
0.001. Experiments were repeated at least once.
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Histopathological study of kidney sections from diabetic,
hypertensive males showed severe glomerular injury with ma-
trix expansion, mild-to-severe glomerulosclerosis, tubulo-
interstitial fibrosis, as well as proteinaceous casts in the tu-
bules. By contrast, diabetic, hypertensive VE-PTP iKO mice
showed reduced glomerular matrix accumulation and
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Figure 4. Diabetic kidney injury is reduced in
VE-PTP iKO mice. (A and B) Histological
analysis of kidney sections from diabetic, hy-
pertensive mice showed mesangial expansion,
glomerulosclerosis, and interstitial changes,
which were less severe in VE-PTP iKO diabetic
mice compared with controls (periodic acid
Schiff [PAS] staining; n = 10-12 per group). (C
and D) Immunofluorescent staining showed a
reduction of aSMA-positive glomeruli in diabetic
VE-PTP iKO mice compared with control Akita
*/RenAAV mice (n = 10-12 per group). (E) Im-
munofluorescent staining for nephrin and endo-
mucin in kidney tissue showed decreased
expression in control (Ctrl.) diabetic mice com-
pared with VE-PTP iKO diabetic, hypertensive
mice (n = 10-12 per group). (F) Analysis of
electron microscopy images showed a reduction
of glomerular basement membrane (GBM)
thickening in samples harvested from diabetic
VE-PTP iKO kidneys compared with diabetic VE-
PTP WT mice. Bars, 100 pm (A); 5 um (B); 50 um
(C); 20 um (D and E); 4 um (F). n = 1-2 mice per
group; 38-52 width measurements/genotype.
Values are means + SEMs. n.s., not significant, ¥,
P <0.05;**, P <0.01; *** P < 0.001; rel. relative.

glomerulosclerosis (Fig. 4, A and B). VE-PTP deficiency led to
reduced deposition of fibrin and collagen in glomeruli as visu-
alized by Martius Scarlet Blue (MSB) staining (Fig. S5, D and E).
Furthermore, we observed fewer glomeruli with de novo aSMA-
expressing cells in glomeruli from diabetic, hypertensive VE-
PTP iKO mice compared with diabetic, hypertensive VE-PTP
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control littermates (Fig. 4, C and D; Young et al., 1995). No aSMA-
positive glomeruli were detected in nondiabetic control or VE-
PTP iKO mice. Additionally, we quantitatively analyzed the ex-
pression of glomerular endothelial and podocyte markers, in-
cluding endomucin and nephrin (Fig. 4 E). Immunofluorescence
analysis revealed a significant loss of glomerular endothelial cells
and podocytes in Akita/Ren mice. By contrast, we found no
significant reduction in endomucin or nephrin expression in VE-
PTP-deficient diabetic, hypertensive mice compared with non-
diabetic controls. Electron microscopic studies showed preser-
vation of glomerular slit diaphragms and podocyte foot processes
in kidneys from VE-PTP iKO mice compared with kidneys from
Akita/Ren mice, which showed flattened podocyte foot processes
(Fig. S5 F). Additionally, thickening of the glomerular basement
membrane observed in Akita/Ren mice was also prevented in
mice lacking VE-PTP (Fig. 4 F).

VE-PTP inhibition leads to reduced levels of the transcription
factor FOXO1 and its downstream targets

To understand how TIE2 activation by VE-PTP inhibition results
in vascular protection, we determined its effect on the regula-
tion of FOXO], a transcription factor that is increased in diabetic
tissues. We found elevated AKT protein levels and decreased
FOXO1 in hGECs following VE-PTP/PTPRB siRNA knock-down
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compared with control cells (Fig. 5, A and B). The reduction of
FOXOL also led to a decrease in genes known to be regulated by
FOXOL1, including PDGFB, ANGPT2, CTGF, and EDNI (Fig. 5 C).
Further analysis by immunofluorescent staining showed a re-
duction of FOXO1 in nuclei of hGECs 24 h after VE-PTP knock-
down (Fig. 5 D). Consistent with these in vitro data, Foxol mRNA
expression levels were reduced in renal cortical tissue from the
kidneys of VE-PTP iKO mice in vivo (Fig. 5 E). Expression of
FOXO1 target genes including Angpt2, Pdgfb, Ctgf, and Ednl were
also decreased in the renal cortex of VE-PTP iKO mice (Angpt2:
-62.3 + 5%, Pdgfb: —44.8 + 3% Ctgf: ~64.4 + 4%, Ednl: ~60.4 + 4%;
Fig. 5 F), suggesting a model whereby disrupted TIE2-FOXOL1
signaling is involved in the pathogenesis of DKD, which is cor-
rected through VE-PTP inhibition (Fig. 6).

Discussion

Microvascular injury in diabetes results in kidney failure,
blindness, and nerve damage and is strongly associated with
dysregulation of major vascular signaling pathways. While
anti-vascular endothelial growth factor agents have been suc-
cessful in the treatment of diabetic eye complications (Cheung
etal., 2010; Cheung and Wong, 2012; Do et al., 2013; Elman et al.,
2015), the continued requirement for vascular endothelial
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Figure 6. Schematic model of TIE2 signaling
in diabetic tissues with and without VE-PTP
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diabetic conditions, TIE2 signaling is reduced due
to increased VE-PTP expression; this results in
decreased eNOS phosphorylation, as well as in-
creased Foxol levels and its downstream pro-
fibrotic and pro-inflammatory targets Angpt2,
Pdgfb, Ctgf, and Ednl. Inhibition of VE-PTP re-
stores TIE2 phosphorylation and downstream
signaling pathways resetting a “healthy” endo-
thelial phenotype.

Balanced TIE2 activity
in stable vasculature

Decreased TIE2 signaling
by increased
VE-PTP and ANGPT2
destabilizes vascular integrity

Increased TIE2 phosphorylation
by VE-PTP inhibition rescues
vascular stability through
elevated NO and reduced

FOXO1 signaling

growth factor signaling in the renal glomerulus throughout life
precludes their use for treating DKD in patients (Eremina et al.,
2003, 2008). Here, we identify a new vascular-specific thera-
peutic target that may protect kidney function in patients with
diabetes: TIE2 activation through inhibition of the phosphatase
VE-PTP.

In diabetes, an association between dysregulation of the
angiopoietin-TIE2 pathway and worse outcomes has been re-
ported in both rodents and humans (Jeansson et al., 2011; Chang
et al., 2013; Dessapt-Baradez et al., 2014; Antai et al., 2016).
Previous models suggest suppression of TIE2 activation may
occur due to increased circulating levels of the context-
dependent antagonistic ligand, ANGPT2 (Rizkalla et al., 2005;
Jeansson et al., 2011; Dessapt-Baradez et al., 2014). In keeping
with these models, an increased ANGPT2:ANGPT1 ratio has been
linked to increased risk of both micro- and macrovascular
complications in patients (Augustin et al., 2009; Koh, 2013). In
our study, we were surprised to discover a dramatic up-
regulation of the TIE2-inhibiting phosphatase VE-PTP in dia-
betic kidney tissue, identifying an alternative mechanism to
explain suppression of the TIE2 vasculoprotective pathway in
disease. We found that VE-PTP expression in cultured glomer-
ular endothelial cells is potently stimulated by both hypoxia and
increased osmolarity. In vivo, acriflavine, an inhibitor of HIF
subunit dimerization, reduced Veptp transcript levels in a mouse
model of type I diabetes, which is consistent with prior studies
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that have shown that HIF2a up-regulates VE-PTP in endothelial
cells (Gong et al., 2015). As both hypoxia and hyperosmolarity
occur in diabetic tissues and increased endothelial HIF2a levels
have been reported in diabetes (Chakravarthy et al., 1998;
Kowluru et al., 2001; Akita et al., 2003; El-Remessy et al., 2003;
Gunton et al., 2005; Xiao et al., 2013; HoWangYin et al., 2014;
Gong et al., 2015), we propose a model whereby the diabetic
milieu itself down-regulates angiopoietin-TIE2 signaling
through increased endothelial VE-PTP expression leading to
dephosphorylation of the TIE2 receptor.

To determine VE-PTP’s potential as a novel diabetic kidney
therapy, we generated a conditional VE-PTP transgenic mouse
model. We found Veptp is essential for early embryogenesis, but
postnatal global deletion was compatible with normal lifespan,
fertility, and growth of mice. Importantly, phase I and IIa trials
using a small-molecule inhibitor of VE-PTP, AKB-9778, have
been completed in patients with diabetic macular edema, dem-
onstrating the safety of VE-PTP inhibition in humans
(Campochiaro et al., 2015). In mice, postnatal VE-PTP deletion
led to ligand-independent constitutive activation of TIE2 and
was not harmful to the vasculature or kidney function. In fact,
VE-PTP iKO mice of mixed genetic background exhibited lower
systolic BP and enhanced renal function (GFR was 25% higher)
compared with control littermates in nondiabetic conditions.
The BP effect appears to translate to humans as systolic BP
was reduced in patients in the phase 1B trial after AKB-9778
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treatment (Campochiaro et al., 2015). In mice, we showed these
physiological effects were mediated by enhanced eNOS signaling
as differences were abrogated by the administration of the NOS
inhibitor L-NAME. While glomerular hyperfiltration is believed
to be the first step in the development of DKD and, hence, is
harmful, no albuminuria or glomerular hypertrophy was ob-
served in VE-PTP iKO mice, suggesting the enhanced GFR due to
VE-PTP inhibition is not the result of glomerular capillary hy-
pertension. Instead, MRI studies showed enhanced renal blood
flow in VE-PTP iKO mice, providing a plausible explanation for
the observed increase in GFR, although other factors, such as an
increased ultrafiltration coefficient, cannot be excluded.

In the setting of diabetes and severe hypertension, VE-PTP iKO
mice were protected from the development of proteinuria, loss of
GFR, and glomerular histopathological changes. Despite the ben-
eficial effects on BP in control and VE-PTP nondiabetic mice, we
did not observe lower BPs in the Ins22ki;RenAAV (Akita/Ren)
model, likely due to the severity of hypertension from RenAAV
expression and/or the difference in genetic background strains
(129S6.SvEvTac strain for diabetic studies vs. mixed strain for
baseline studies). Furthermore, insulin and glucose levels were
not different, and both KO and control diabetic mice exhibited
hyperfiltration, suggesting the kidney-protective effects of VE-
PTP inhibition are independent of glucose levels, BP, and effects
on hyperfiltration. However, we did find that triglyceride levels
were lower in VE-PTP iKO mice, suggesting other possible pro-
tective effects, which were not fully explored.

The elevation of VE-PTP identified in endothelial cells of di-
abetic mice and in glomeruli isolated from biopsy samples of
patients (He et al., 2008) suggests that increased expression of
the phosphatase may be pathogenic and an important driver of
kidney disease progression in diabetes. Intriguingly, prelimi-
nary results from diabetic patients treated with the VE-PTP
inhibitor AKB 9778 showed a reduction in albuminuria (Peters,
K., M. Brigell, and S. Pakola. 2018. American Society of Ne-
phrology Kidney Week). We posit that inhibition of this negative
regulator can reset the endothelial phenotype, restoring it to-
ward a nondiabetic state. TIE2 activation initiates a cascade of
downstream signaling events, including activation of PI3K and
AKT, which increases eNOS phosphorylation and local NO
production, a molecular pathway previously shown to be re-
noprotective in diabetic mouse models (Zhao et al., 2006; Cheng
and Harris, 2014; Takahashi and Harris, 2014). The BP results
and L-NAME studies discussed above confirm VE-PTP inhibition
increases eNOS phosphorylation in vivo. In addition to effects on
eNOS, activation of the ANGPT-TIE2 pathway results in phos-
phorylation of the FOXO1 transcription factor, resulting in its
exclusion from the nucleus. It has previously been reported that
activation of FOXOLI in the endothelium occurs in the setting of
diabetes (Battiprolu et al., 2012; Fiorentino et al., 2013) and leads
to up-regulation of a number of genes promoting fibrogenesis
and endothelial cell apoptosis such as Pdgfb, Ctgf, Ednl, and
Angpt2 (Baelde et al., 2007; Dharaneeswaran et al., 2014; Dang
et al., 2017). Hence, reducing FOXOl-mediated events through
TIE2 activation is predicted to be vasculoprotective. In this
study, we confirmed that inhibition of VE-PTP leads to de-
creased FOXO1 nuclear accumulation in hGECs and shows for
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the first time that long-term activation of TIE2 leads to de-
creased expression of Foxol mRNA in kidney tissue and reduc-
tion of its transcriptional targets.

In sum, we have shown that the endothelial-specific phos-
phatase VE-PTP is strongly up-regulated in the setting of dia-
betes, suppressing the vasculoprotective actions of the
angiopoietin-TIE2 signaling cascade. Inhibition of VE-PTP using
an inducible KO mouse model restored TIE2 activation and
protected the kidney from diabetic injury, resulting in favorable
downstream molecular signatures, including decreased expres-
sion of Foxol. Taken altogether, these data provide a compelling
rationale to consider VE-PTP inhibition as a candidate therapy to
prevent and/or slow progression of DKD.

Materials and methods

Generation of mouse lines and husbandry

The Veptp lacZ reporter mouse line was used to analyze VE-PTP
expression in adult kidney tissue (Biumer et al., 2006;
Winderlich et al., 2009). We generated a mouse line carrying a
conditional Veptp floxed allele on the genetic C57Bl/6 back-
ground (Fig. 2 A). Conditionally ready Ptprbtm2a(EUCOMM)
Hmgu JM8A3.N1.C2 ES embryonic stem cells (C57/BL6N back-
ground) were obtained from EUCOMM and injected into blas-
tocysts in The Northwestern University Transgenic and
Targeted Mutagenesis Laboratory core transgenic facility.
Chimeric mice were then mated with C57BL6/N mice from
Charles River Laboratories. Founder heterozygotes were iden-
tified by PCR and Southern blot genotyping. Mice were sub-
sequently maintained on a C57BL6/N background by
intercrossing or backcrossing to C57BL6/N. Mice were bred
under standard husbandry conditions in standard cages with
environmental enrichment. KO mice were genotyped by PCR
by using the following primers: VeptpF'x, forward 5'-GCGTCT
ATCCAGTGGAGGACT TTC-3', reverse 5'-CCAGGTGCCGTTCAT
TCAGC-3' (WT: 489-bp product; VeptpF'o*: 546-bp); VeptpPelete,
forward 5'-GACAGCAAGGCGCATAACGATA-3’, reverse 5'-CCA
GGTGCCGTTCATTCAGC-3’ (234-bp product). The Veptp floxed
mice were further bred on strains carrying Rosa26TA/"TA (Gt
[ROSA]26Sort™(MTAEGFP)Nagy)  and  tetO-Cre (Tg(tetO-cre)ljaw)
transgenes (Belteki et al., 2005) on mixed genetic backgrounds.
Deletion of the floxed Veptp alleles was induced postnatally by
0.5% wt/vol doxycycline via drinking water for 21 d. VE-PTP
iKO (Veptpflox/flox, Rosa26-rtTA*/*, tetO-CreT8/*) mice were then
bred for five generations on the Ins24%t 129/SvEv background
for diabetic studies. Male littermates were aged to 12 wk before
a single dose of 10'° GC RenAAV was administered intrave-
nously (Harlan et al., 2015, 2018). Diabetic mice were then
further observed until 24 wk of age. The mouse colony was
housed, maintained, and phenotyped at the Center for Com-
parative Medicine of Northwestern University following ethi-
cal procedures approved by the Institutional Animal Care and
Use Committee.

RNA isolation and quantitative PCR (qPCR)
RNA was isolated from various organs by using the stand-
ard trizol (Life Technologies) extraction protocol. cDNA was
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reverse-transcribed by using the iSCRIPT synthesis kit (Bio-
Rad). Murine mRNA levels were determined by SYBR green
qPCR on a 7500 real-time cycler (Applied Biosystems). The fol-
lowing primers were used (m, mouse; h, human): m/hGAPDH-F:
5'-AAGGTCATCCCAGAGCTGAA-3’, m/hGAPDH-R: 5'-CTGCTT
CACCACCTTCTTGA-3'; mVeptp-F: 5'-TCTATCCAAGGAATATGA
GG-3', mVeptp-R: 5'-ACCCCATGGTCTGGCCACACC-3'; hPDGFB-
F: 5-GATCCGCTCCTTTGATGATC-3', hPDGFB-R: 5'-GTCTCA
CACTTGCATGCCAG-3'; mPecaml-F: 5'-CGGTGTTCAGCGAG
ATCC-3', mPecaml-R: 5'-ACTCGACAGGATGGAAATCAC-3';
mFoxol-F: 5'-ACATTTCGTCCTCGAACCAGCTCA-3’, mFoxol-R:
5'-ATTTCAGACAGACTGGGCAGCGTA-3'; hFOXO0I-F:3'-GCCAT
GTAAGTCCCATCAGGA-5', hFOXOI-R: 5’-ATCGGAACAAGA
ACGTGGAATC-3’; mAngpt2-F: 5'-GATCTTCCTCCAGCCCCTAC-
3, mAngpt2-R: 5'-TTTGTGCTGCTGTCTGGTTC-3';, m/hEDNI-
F: 5'-TCTCTGCTGTTTGTGGCTTG 3’, m/hEDNI-R: 5'-GACT
GGGAGTGGGTTTCTCC-3'; mCtgf-F: 5'-GTGCCAGAACGCACA
CTG-3', mCtgf-R: 5'-CCCCGGTTACACTCCAAA-3'; and hCtgf-
F: 5'-TTGGCCCAGACC CAACTA-3', hCtgf-R: 5'-GCAGGAGGC
GTTGTCATT-3'.

Histology and immunostaining

Kidney tissues were fixed overnight in 4% paraformaldehyde in
PBS and embedded in paraffin blocks followed by 5-pum-thick
sectioning for immunofluorescent staining. Paraffin sections
were deparaffinized and stained for periodic acid Schiff or MSB
or processed for immunofluorescent staining following standard
protocols for antigen retrieval, blocking in 5% BSA/3% donkey
serum in PBS, and antibody incubation. The following primary
antibodies were used: rabbit-VE-PTP-c (University of Muenster,
Germany; Nawroth et al., 2002), endomucin (Abcam;
Ab106100), pecaml (CD31; BD Bioscience; 55337), B-galactosidase
(Life Technologies; A11132), nephrin (R&D Systems; AF3159),
a-SMA (Sigma-Aldrich; F3777), and renin (Aviva Systems Biol-
ogy; OACA02177). Immunofluorescent images were obtained
using a Nikon Al confocal microscope from the Center of Ad-
vanced Microscopy at Northwestern University. For X-Gal
staining, Veptp®?“t and Akita, Veptp**#/*t animals were
anesthetized using ketamine/xylazine and perfused through the
left ventricle with heparinized saline (10 U/ml heparin in PBS)
until the exudate was free of blood. Animals were then perfused
with 20 ml 0.2% paraformaldehyde to fix the tissues. Both kid-
neys of each animal were then collected and 400-um sections
were obtained using a vibratome set with frequency 40 Hgz,
amplitude 1.2 mm, and speed 30 mm/s (Microm HM650V;
Thermo Scientific). Sections were permeabilized with three
washes of rinse solution (2 mM MgCl,, 0.01% Na deoxycholate,
0.1% IGEPAL CA-630, and 100 mM Tris buffer, pH 8) before
incubation in the LacZ staining solution (2 mM MgCl,, 0.01% Na
deoxycholate, 0.1% IGEPAL CA-630, 5 mM K,Fe(CN)g, 5 mM
K3Fe(CN)e, and 1 mg/ml X-Gal in PBS, pH 7.5) at 37°C for 2 h.
Chloroquine (0.3 mM final) was added at each washing and
staining step to inactivate endogenous [B-galactosidase. After
staining, the reaction was quenched by replacing the staining
solution with 10% phosphate-buffered formalin overnight. Sec-
tions were cleared in 1% KOH solution up to 24 h and mounted
between coverslips for imaging.
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Ultrastructure analysis by electron microscopy

Dissected kidneys were fixed in 0.1 M cacodylate buffer (pH 7.5)
containing 2% glutaraldehyde and 4% formaldehyde and post-
fixed in 1% OsO,. Fixed specimens were then dehydrated and
embedded in epoxy resin for sectioning. Ultrathin resin sections
were stained with a solution containing uranyl acetate and lead
acetate and viewed in an FEI Tecnai G2 transmission electron
microscope.

Protein analysis by Western blot

Protein samples from kidney tissue or cell culture were lysed in
radioimmunoprecipitation assay buffer with protease inhibitor
and phosphatase inhibitor cocktails (Sigma-Aldrich). Lysates
were then separated by SDS-PAGE and transferred to poly-
vinylidene difluoride membranes by the Trans-Blot Turbo
Transfer System (Bio-Rad). Membranes were blocked in 5%
BSA/TBS-0.5% Tween-20 followed by incubation with primary
antibodies overnight at 4°C. For immunoprecipitation, tissue
lysates were incubated with anti-TIE2 antibody and subse-
quently with Dynabeads against Protein A (Invitrogen). The
samples were eluted with Laemmli sample buffer with a re-
ducing agent containing 200 mM dithiothreitol. The following
antibodies were used for Western blot analysis: TIE2 antibody
(Santa Cruz; C-20; SC-324), 4G-10 platinum anti-phosphotyrosine
(EMD Millipore; 05-1050), o-tubulin antibody (Genscript;
A01410), eNOS (Cell Signaling Technology; 49G3), phospho-eNOS
(Cell Signaling Technology; C9C3), and FOXO1 (Cell Signaling
Technology; C29H4). HRP-tagged secondary antibodies (Jackson
ImmunoResearch) were used in a dilution of 1:10,000 in TBS-0.5%
Tween. Quantification of protein expression was performed on
multiple replicate experiments using the software Image].

Glomerular protein isolation

Renal cortices were isolated from VE-PTP iKO mice and Cre-
negative controls at 10 wk of age, and glomeruli were isola-
ted by using a sieving protocol as previously described
(Thongboonkerd, 2008). To increase yield, cortices from
two littermate mice with matching genotype (four kidneys)
were pooled into a single sample before sieving. After pooling,
minced tissue was passed through 150- and 75-pm sieves before
glomeruli were captured by using a 53-um stainless steel sieve
and resuspended in ice-cold sterile PBS (Gibco). Glomeruli were
then collected by centrifugation (1,000 g for 5 min at 4°C) and
frozen in liquid N,. For analysis of TIE2 phosphorylation, frozen
glomeruli were thawed and lysed in radioimmunoprecipitation
assay buffer (50 mM Tris, 150 mM NaCl, 1% IGEPAL CA-630,
0.5% Na deoxycholate, and 0.1% SDS, pH 7.5) containing protease
and phosphatase inhibitor cocktails (Sigma-Aldrich). Lysates
were centrifuged (14,000 g for 15 min at 4°C), and 100 pg of the
resulting supernatant was used for immunoprecipitation using
anti-TIE2 antibodies as described above.

Urine and plasma analysis

Urine ACRs were determined by ELISA (Albuwell M kit; Exocell)
and the microtiter-format colorimetric Jaffe reaction assay by
using alkaline picrate. Blood glucose was measured by a Contour
blood glucose meter (Bayer). Plasma insulin was determined by

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20180009

520z Jequeoa( 90 uo 3senb Aq pd 60008102 Wel/£9019.1/9€6/+/9 1 Z/spd-ajone/wal/Bio sseidny/:dpy wouy papeojumoq

945


https://doi.org/10.1084/jem.20180009

ELISA (Thermo Scientific) with the help of the Northwestern
University Comprehensive Metabolic Core. Plasma triglycerides
were measured by autoanalyzer at Eli Lilly & Company.

GFR and BP measurement

GFRs were measured by FITC-labeled sinistrin clearance ob-
taining seven consecutive blood draws over the time course of
75 min after retro-orbital 1% FITC sinistrin injection (56.1 pg
sinistrin/g body weight; Fresenius Kabi). Plasma clearance of
FITC-sinistrin was measured fluorometrically (Aex = 488 nm/
Aex = 538 nm) from blood samples obtained via the saphenous
vein at seven postinjection time points from 3 to 75 min. Systolic
BP measurements were obtained by tail-cuff plethysmography
(Kent Scientific). Mice were trained in the system for 3 con-
secutive days during the same time of day before BP measure-
ments were recorded.

Measurement of renal blood flow by MRI

Multiple MRI techniques were used for the imaging of kidney
anatomy and function by using a subset of mice (two to three)
from each group (WT controls and VE-PTP iKO). All scans were
conducted on a dedicated high-field small-animal MRI (7T
Bruker Clinscan) by using a four-channel phased array coil
placed on the mouse kidney region. Scans included a series of
dynamic contrast-enhanced MRI (DCE-MRI) acquisitions fol-
lowing injection of gadolinium contrast and a set of T1/T2
mapping sequences for anatomical and quantitative functional
assessment of the kidneys. From the DCE-MRI data, semiquan-
titative kidney maps were obtained from the sequential images
30 s after injection. This parameter was selected to qualitatively
describe different regional kidney perfusion.

Inhibition of NOS signaling

1 g/ml L-NAME was administered to VE-PTP iKO mice and
control littermates via the drinking water for 5 d before GFRs
and BP were measured (Miilsch and Busse, 1990; Rees et al.,
1990).

Inhibition of HIF signaling

To inhibit HIF subunit dimerization in diabetic Ins22kt mjce,
acriflavine (Sigma-Aldrich) was administered intraperitoneally
at 2 mg/kg daily for 5 d before kidney tissue was harvested for
further analysis (Lee et al., 2009).

Cell culture

Primary human glomerular microvascular endothelial cells
(Applied Cell Biology Research) and EA.Hy926 human endo-
thelial cells were cultured in EBM-2 medium including EGM-
BulletKit factors (Lonza) and DMEM high glucose, respectively,
by using standard cell culture methods. For osmotic stimulation,
cells were treated 24 h with 30 mM p-glucose, L-glucose or
mannitol. Hypoxia was induced by incubation at 1% O, in a
custom-made oxygen chamber. For siRNA-mediated gene
knock-down, Lipofectamine RNAi max transfection reagent
(Thermo Fisher, 13778075) was used as recommended by the
manufacturer. Briefly, 30 pmol of siRNA targeting human VE-
PTP/PRPTB (Ambion Silence Select; s11536) or control scramble
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siRNA was transfected into the cultured cells on six-well plates,
and the cells were harvested at 24 h and 48 h after transfection.
(Souma et al., 2018).

Statistics

Quantitative phenotyping data were expressed as means and
their corresponding SEs. Means were compared for statistical
significance by two-tailed Student’s t test, one-way ANOVA with
Bonferroni comparison, or two-way ANOVA accordingly. P <
0.05 was considered statistically significant.

Online supplemental material

Fig. S1 shows VE-PTP expression in tissues of WT and diabetic
and hypertensive mice. Fig. S2 shows the Kaplan Meier Survival
plot of VE-PTP-deficient mice versus control littermates. Fig. S3
shows renal perfusion images obtained by MRI following gad-
olinium contrast agent injection. Fig. S4 shows a schematic di-
agram of the generation of diabetic hypertensive VE-PTP iKO
mice. Fig. S5 shows BP, insulin, and glucose levels and additional
histological images from diabetic hypertensive mice versus
control mice.
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