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ZHU ET AL.

Phosphatase and Tensin Homolog—f-
Catenin Signaling Modulates Regulatory
T Cells and Inflammatory Responses in
Mouse Liver Ischemia/Reperfusion

Injury

Qiang Zhu,"™ Changyong Li,»>* Kunpeng Wang,l’2 Shi Yue,® Longfeng Jiang,4 Michael Ke,*
Ronald W. Busuttil,* Jerzy W. Kupiec-Weglinski,* Feng Zhang,"” Ling Lu,"* and Bibo Ke*

ITranslational Research Medicine Center, Affiliated Jiangning Hospital, Liver Transplantation Center, First Affiliated Hospital,
and >Children’s Hospital, Nanjing Medical University, Nanjing, China; “The Dumont-UCLA Transplant Center, Division of Liv-
er and Pancreas Transplantation, Department of Surgery, David Geffen School of Medicine at the University of California, Los
Angeles, Los Angeles, CA; 5 Department of Physiology, School of Basic Medical Sciences, Wuhan University, Wuhan, China; and
®Eli and Edythe Broad Center for Regenerative Medicine and Stem Cell Research at USC, Department of Stem Cell Biology and
Regenerative Medicine, Keck School of Medicine, University of Southern California, Los Angeles, CA

The phosphatase and tensin homolog (PTEN) deleted on chromosome 10 plays an important role in regulating T cell acti-
vation during inflammatory response. Activation of f-catenin is crucial for maintaining immune homeostasis. This study
investigates the functional roles and molecular mechanisms by which PTEN-f-catenin signaling promotes regulatory T cell
(Treg) induction in a mouse model of liver ischemia/reperfusion injury (IRI). We found that mice with myeloid-specific
phosphatase and tensin homolog knockout (PTENM-KO) exhibited reduced liver damage as evidenced by decreased levels of
serum alanine aminotransferase, intrahepatic macrophage trafficking, and proinflammatory mediators compared with the
PTEN-proficient (floxed phosphatase and tensin homolog [PTEN"TL)) controls. Disruption of myeloid PTEN-activated
b-catenin promoted peroxisome proliferator-activated receptor gamma (PPARy)-mediated Jagged-1/Notch signaling and
induced forkhead box P3 (FOXP3)1 Tregs while inhibiting T helper 17 cells. However, blocking of Notch signaling by
inhibiting y-secretase reversed myeloid PTEN deficiency-mediated protection in ischemia/reperfusion—triggered liver inflam-
mation with reduced FOXP3™ and increased retinoid A receptor—related orphan receptor gamma t-mediated interleukin
17A expression in ischemic livers. Moreover, knockdown of f-catenin or PPARy in PTEN-deficient macrophages inhibited
Jagged-1/Notch activation and reduced FOXP3"* Treg induction, leading to increased proinflammatory mediators in macro-
phage/T cell cocultures. In conclusion, our findings demonstrate that PTEN-f-catenin signaling is a novel regulator
involved in modulating Treg development and provides a potential therapeutic target in liver IRI.

Liver Transplantation 23 813-825 2017 AASLD.
Received October 4, 2016; accepted January 19, 2017.

Liver inflammatory injury induced by ischemia/reper-

Abbreviations: ARGI, arginase 1; BMM, bone marrow—derived fusion injury (IRI) is the major pathogenesis to cause
TGS C’f’) Wf[iz”fi”? recombination; DAPT, N-[N~(3,5- hepatic dysfunction and failure following liver trans-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; DMSO, U E)) .

dimethyl sulfoxide; FOXP3, forkhead box P3; H & E, hematoxylin- plantat1on. Macr op hages (Kup ffer CCHS) Play ap ot-
eosin; Hes1, hairy and enbhancer of split-1; HPF, high-power field; 211 I'OIC mn tr1gger1ng innate immune response and
HPRT, hypoxanthine-guanine phosphoribosyltransferase; IL, inter- developing liver inflammation during liver IRI.@) Acti-

leukin; IL2R, interleukin 2 receptor; iNOS, inducible nitric oxide

synthase; IR, ischemia/veperfusion; IRI, ischemia/reperfusion injury; vated macrop hages release tumor necrosis factor o

LPS, lipopolysaccharide; LysM, lysozyme M; mAb, monoclonal anti- (TNF-OC) and interleukin (IL) 1, which initiate a com-
body; mRINA, messenger RNA; NICD, Notch intracellular domain; plCX inﬂammatory cascade that leads to activate CD4+
NLRIS, NLR family, pyrin domain-containing 3; 15, nonspecif T cells.®* Moreover, the retinoid A receptor—related
PE, phycoerythrin; PI3K, phosphoinositide 3-kinase; PPARY, peroxi- . ’ P "

some proliferator-activated receptor gamma; PTEN, phosphatase and orphan receptor gamma t—expressing (ROR’})t ) T

cells are the main source of T helper 17 (T},17)-
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producing effector cells during the early phase of liver
IRI. Inhibition of RORyt™ activity resulted in reduced
ischemia/reperfusion (IR)—induced liver damage."

Phosphatase and tensin homolog (PTEN) has been
known to play an important role during inflammatory
response. PTEN positively regulates lipopolysaccharide
(LPS)—-induced toll-like receptor 4 (TLR4) signaling
and proinflammatory cytokine secretion by antagoniz-
ing phosphoinositide 3-kinase (PI3K) signaling.(é)
Increased PTEN activity promotes tissue inflammation,
whereas deletion of PTEN activates PI3K/Akt signal-
ing and reduces inflammatory response.”” Our previous
studies demonstrated that PTEN/PI3K regulated
innate TLR4-driven inflammatory response, which was
mediated by activating f-catenin signaling in IR-
triggered liver inflammation.®

Macrophage polarization plays an important role in
the regulation of inflammatory responses. The innate

tensin homolog; PTEN™"™, floxed phosphatase and tensin homolog;

PTENY ’KO, myeloid-specific phosphatase and tensin homolog knock-
out; RBP-], recombination signal sequence-binding protein ji;
RORyt, retinoid A receptor—related orphan receptor gamma
RORyt+, retinoid A receptor—related orphan receptor gamma t—
expressing; RT-PCR, real-time polymerase chain reaction; sALT,
serum alanine aminatmmfemxe; 8D, standard deviation; sifi-cat, -
catenin small interfering RINA; siagged-1, Jagged-1 small interfer-
ing RNA; siPPARy, proliferator-activated receptor gamma small
interfering RNA; siRNA, small interfering RINA; TGF-f3, trans-
forming growth factor p; Tp17, T helper 17; TLR4, toll-like receptor
4; TNF-u, tumor necrosis factor o; Treg, regulatory T cell; TUNEL,
terminal deoxynucleotidyl transferase—mediated deoxyuridine triphos-

phate nick-end labeling.
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and adaptive immunity regulated by macrophage
PTEN/PI3K signaling might be involved in the
expression of arginase 1 (ARG1).”) Activation of
Wnt/f-catenin signaling promoted tissue damage
repair by a signal transducer and activator of transcrip-
tion 6-mediated M2 polarization."” Moreover, dis-
ruption of peroxisome proliferator-activated receptor
gamma (PPARy) in myeloid cells impairs alternative
macrophage activation, suggesting PPARy is
required for the acquisition and maintenance of the
anti-inflammatory macrophage phenotype.

Regulatory T cells (Tregs) are essential for the main-
tenance of immune homeostasis in liver inflammatory
injury." Tregs constitutively express the transcription
factor forkhead box P3 (FOXP3), which is a key for
Treg development and function.™ Increasing PTEN
activity inhibits the development of CD4"CD25"
Tregs via a distinct interleukin 2 receptor (IL2R) signal-
ing, which is associated with downstream mediators of
PI3K." PTEN deficiency increases nuclear accumula-
tion of f-catenin and promotes PI3K, leading to acti-
vation of downstream Akt and induction of Tregs.®
Moreover, stabilization of f-catenin enhances Treg sur-
vival and controls inflammatory responses.'” Activation
of Jagged-1/Notch signaling instructs Treg differentia-
tion."™® Thus, PTEN-f-catenin signaling might play
an important role in promoting Treg induction during
inflammatory response. However, it is still unclear how
PTEN-f-catenin signaling may regulate Treg induction
during liver inflammatory injury. Here, we report a novel
regulatory mechanism of PTEN—f-catenin signaling on
inflammatory response in liver injury. We have demon-
strated that myeloid PTEN deficiency ameliorates IR-
induced liver injury through the activation of f-catenin,
which in turn promotes PPARy-mediated Jagged-1/
Notch signaling to induce FOXP3™ Tregs while inhib-
iting T},17 cells. Our data document that PTEN-f-
catenin signaling is crucial for the modulation of innate
and adaptive immunity in the mechanism of IR-induced
liver injury.

Materials and Methods

ANIMALS

Floxed phosphatase and tensin homolog (PTE
mice (The Jackson Laboratory, Bar Harbor, ME) and
the mice expressing the cyclization recombination
(Cre) recombinase under the control of the lysozyme

M (LysM) promoter (LysM-Cre; The Jackson Labo-
ratory) were used to generate myeloid-specific

NFL/ FL)
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FIG. 1. Myeloid PTEN deficiency ameliorates hepatocellular damage and reduces macrophage trafficking in IR-induced liver injury.
(A) Representative histological staining (H & E) of ischemic liver tissue (n=4-5/group, magnification X 100). (B) Liver damage,
evaluated by Suzuki’s score. ***P < 0.001. (C) Hepatocellular function, assessed by sALT levels (IU/L). Results expressed as mean =
SD (n = 4-5/group), **P<0.001. (D) Liver apoptosis by terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick-end labeling (TUNEL) staining. Results expressed as mean = SD (n = 4-6/group, magnification X 400), **P < 0.001. (E) Immu-
nofluorescence staining of CD68" macrophages (short arrow) in ischemic liver lobes. Results expressed as mean * SD (n = 4/group,
magnification X 400), **P < 0.001. [Color figure can be viewed at wileyonlinelibrary.com]

Ehosphatase and tensin homolog knockout (PTEN™"

9) mice, as described."” All animals received
humane care according to the criteria outlined in Guide
Jor the Care and Use of Laboratory Animals (National
Institutes of Health publication 86-23, 1985 revision)
and were maintained under specific pathogen-free con-
ditions. The study protocols were approved by the
Institutional Animal Care and Use Committee of the
University of California, Los Angeles.

MOUSE LIVER IRI MODEL

We used an established mouse model of warm hepatic
ischemia followed by reperfusion, as described.®” Some
animals were injected via tail vein with Notchl small

interfering RNA (siRNNA) or nonspecific (NS) siRNAs
(2 mg/kg, Santa Cruz Biotechnology, Dallas, TX) at 4
hours prior to ischemia,® or with y-secretase inhibitor
N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylgly-
cine t-butyl ester (DAPT) (10 mg/kg, Sigma-Aldrich)
and dimethyl sulfoxide (DMSQO) vehicle at 30 minutes

prior to ischemia (see Supporting Information).

HEPATOCELLULAR FUNCTION
ASSAY

Serum alanine aminotransferase (sALT) levels, an
indicator of hepatocellular injury, were measured by

IDEXX Laboratories (Westbrook, ME).

ORIGINAL ARTICLE | 815


http://wileyonlinelibrary.com

ZHU ET AL.

HISTOLOGY,
IMMUNOHISTOCHEMISTRY, AND
IMMUNOFLUORESCENCE
STAINING

Liver sections were stained with hematoxylin-eosin (H
& E). The IRI severity was graded using Suzuki’s crite-
ria.?Y Liver CD11b™ macrophages were detected by
immunohistochemistry staining with a rat anti-mouse
CD11b monoclonal antibody (mAb; BD Biosciences,
San Jose, CA). Immunofluorescence staining was used
to identify CD68" macrophages with a goat anti-
mouse CD68 mAb (Santa Cruz Biotechnology; see
Supporting Information).

TUNEL ASSAY

The Klenow-FragELL DNA Fragmentation Detection
Kit (EMD Chemicals, Billerica, MA) was used to
detect the DNA fragmentation characteristic of
oncotic necrosis/apoptosis in formalin-fixed paraffin-
embedded liver sections.® Results were scored semi-
quantitatively by averaging the number of apoptotic
cells/microscopic field at 400 X magnification. Ten
fields were evaluated per sample.

QUANTITATIVE REAL-TIME
POLYMERASE CHAIN REACTION
ANALYSIS

Quantitative real-time polymerase chain reaction (RT-
PCR) was performed as previously described.*? The
primer sequences used for the amplification are shown

in Supporting Table 1.

WESTERN BLOT ANALYSIS

Protein was extracted from liver tissue or cell cultures,
as described.”” Monoclonal rabbit anti-mouse f-cate-
nin, phos-Akt, Akt, PPARYy, Jagged-1, cleaved Notch1,
hairy and enhancer of split-1 (Hes1), and f-actin Abs
(Cell Signaling Technology, Danvers, MA) were used.
The relative quantities of proteins were determined by
densitometer and expressed in absorbance units.

BONE MARROW-DERIVED
MACROPHAGE ISOLATION AND
IN VITRO TRANSFECTION

Murine marrow—derived macrophages (BMMs) were
generated as previously described.®? Cells (1 X 10%/
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well) were cultured for 7 days and then transfected
with 100nM of siRNA (f-catenin small interfering
RNA [sifi-cat], proliferator-activated receptor gamma
small interfering RNA [siPPARy], or Jagged-1 small
interfering RNA [siJagged-1]; Santa Cruz Biotechnol-

ogy; see Supporting Information).

SPLEEN T CELL ISOLATION

The spleen T cells were purified using the EasySep
mouse T cell isolation kit (STEMCELL Technolo-
gies, Vancouver, Canada) according to the manufac-
turer’s instructions. T cells were then stimulated with
anti-CD3 (1 pg/mL) and anti-CD28 (2 pg/mL;

eBioscience).

MACROPHAGE/T CELL
COCULTURE

The PTEN"FL PTENMKO gip-cat, siPPARy, or
sifagged-1-transfected macrophages (5 X 10°  cells/
mL) were cultured and stimulated with LPS (100 ng/
mL) for 6 hours. Splenic T cells were added at a ratio
of 1:10 (macrophage:T cell). The cocultured cells were
incubated for 24 hours.

FLOW CYTOMETRY ANALYSIS

Spleen T cells from DMSO or DAPT-treated
PTENMO mice were stained with anti-mouse CD4—
phycoerythrin (PE)-Cyanine5, CD25-PE, retinoid A
receptor—related orphan receptor gamma t (RORyt)-
PE, and FOXP3-fluorescein isothiocyanate mAbs
(eBioscience) according to the manufacturer’s instruc-
tions. PE-labeled rat anti-mouse immunoglobulin
(G2a isotypes were used as negative controls. Measure-
ments were performed using a FACSCalibur flow
cytometer (BD Biosciences). Data analysis was per-
tormed using CellQuest software.

STATISTICAL ANALYSIS

Data are expressed as mean = standard deviation (SD)
and analyzed by Student 7 tests. Per comparison, 2-
sided P values < 0.05 were considered statistically sig-
nificant. Multiple group comparisons were performed
using 1-way analysis of variance with a post hoc test.
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FIG. 2. Myeloid PTEN deficiency promotes f-catenin activation and Treg induction in IR-induced liver injury. (A) Western blot
analysis and relative density ratio of f-catenin, P-Akt, and Akt in ischemic livers. *P < 0.05, **P < 0.01. Quantitative RT-PCR~-
assisted detection of (B) TNF-o, IL1, IL6, TGF-f, (C) ARG1, iNOS, and (D) FOXP3, RORyt, IL17A in ischemic livers or (E)
Notchl, Hes1, RBP-J and (F) FOXP3, RORyt, IL17A in spleen T cells from PTEN'MFL and PTENMXO mice. Each column rep-

resents the mean * SD (n = 3-4/group). *P < 0.05, P < 0.01.

Results

MYELOID PTEN DEFICIENCY
AMELIORATES
HEPATOCELLULAR DAMAGE
AND REDUCES MACROPHAGE
TRAFFICKING IN IR-INDUCED
LIVER INJURY

The hepatocellular damage was evaluated in mouse liv-
ers subjected to 90 minutes of warm ischemia followed
by 6 hours of reperfusion. Livers in PTEN"" mjce
showed severe edema, sinusoidal congestion, and
necrosis (Fig. 1A,B; score = 3.4 = 0.5). However, liv-
ers in PTENM O mice showed mild to moderate ede-
ma and sinusoidal congestion (Fig. 1A,B;

score = 1.3 = 0.2; P< 0.001). Consistent with the his-
topatholo%cal data, the serum ALT levels (IU/L) in
PTENM®O mice were significantly lower than those
in the PTEN"YFL controls (Fig. 1C; 6905 = 1852
versus 26,265 +2610; P<0.001). Moreover,
PTENMX© reduced the frequency of TUNEL ™ cells
in ischemic livers compared with the PTEN*™ con-
trols (Fig. 1D; 29.5%3.5 wversus 67.9*5.6;
P<0.001). PTEN deficiency in PTENM™XC fivers
decreased CD68" macrophage infiltration (Fig. 1E;
14.5 = 2.5) compared with the PTEN"™*" controls
(26.5+4.5; P<0.001). To confirm inflammatory cell
recruitment in ischemic livers, CD11b" macrophages
were detected by immunohistochemistry staining.
Indeed, reduced CD11b" macrophages were observed
in PTEN™™X© but not PTEN"*" mice (Supporting
Fig. 1;12.3 £ 2.2 versus 31.5 = 4.6; P < 0.001).
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FIG. 3. PTEN-f-catenin axis activates PPARy and Jagged-1/Notch signaling pathway and induces FOXP3* Tregs in vitro. BMMs
were transfected with sifi-cat, and then cocultured with spleen T cells after LPS stimulation for 6 hours. (A) Western blot analysis and
relative density ratio of ff-catenin, PPARy, and Jagged-1 in LPS-stimulated macrophages. *P < 0.05, **P < 0.01. Quantitative RT-PCR-
assisted detection of (B) TNF-o, IL1f, IL6, TGF-f, (C) ARG1, iNOS in LPS-stimulated macrophages. Each column represents the
mean * SD (n = 3-4/group). *P< 0.05, *P<0.01. (D) Western blot analysis and relative density ratio of cleaved Notchl in spleen T
cells after coculture *P< 0.05, *P< 0.01. Quantitative RT-PCR-assisted detection of (E) Notchl, Hesl, RBP-] and (F) FOXP3,
RORyt, IL17A in spleen T cells after coculture. Each column represents the mean = SD (n = 3-4/group). *P < 0.05, **P < 0.01.

MYELOID PTEN DEFICIENCY
PROMOTES B-CATENIN
ACTIVATION AND TREG
INDUCTION IN IR-INDUCED
LIVER INJURY

We found that by 6 hours of reperfusion after 90
minutes of ischemia, the protein expression of f-
catenin  (P=0.006) and phosphorylated Akt
(P=0.03) was up-regulated in PTEN™™© but not in
PTEN"™" livers (Fig. 2A). The messenger RNA
(mRNA) levels of proinflammatory genes coding for
TNF-o0 (P=0.008), IL15 (P=0.02), and IL6
(P=0.03) were decreased, whereas transforming

growth factor f (TGF-f; P=0.03) expression was

818 | ORIGINAL ARTICLE

increased in PTENM™ livers compared with the
PTEN"'L controls (Fig. 2B). Moreover, PTENM-
KO promoted M2 macrophage differentiation as evi-
denced by the increased ARG1 (P = 0.03) and reduced
M1 macrophage inducible nitric oxide synthase
(iINOS; P=0.006) expression in ischemic livers com-
pared with the PTEN LFL controls (Fig. 2C). Inter-
estingly, the expression of FOXP3 (P=0.02), a
master regulator of Treg cells, was increased while the
expression of RORypt (P=0.006) and IL17A
(P=0.01) was decreased in PTEN™X© but not in
PTEN"'L livers (Fig. 2D). Consistent with these
data, we found that PTEN™X© activated Notch sig-
naling by increased expression of Notchl (P = 0.03)
and its downstream target gene, Hesl (P=0.005),
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and transcription factor recombination  signal
sequence-binding protein jx (RBP-J; P=0.04; Fig.
2E), which was accompanied by augmented FOXP3
(P=0.01) and reduced RORyt (P=0.005) and
IL17A (P=0.02) in spleen T cells (Fig. 2F).

PTEN-$-CATENIN AXIS
ACTIVATES PPARy AND JAGGED-
1/NOTCH SIGNALING PATHWAY
AND INDUCES FOXP3*TREGS

IN VITRO

To elucidate the putative mechanisms by which
PTEN-mediated f-catenin regulates Notch signaling
and adaptive Treg development, we disrupted f-catenin
in BMMs from PTEN™™X© mice by using a siff-cat.
Indeed, PTEN™™X© increased the expression of f3-
catenin (P = 0.004), PPARy (P=0.04), and Jagged-1
(P=0.02) in LPS-stimulated BMMs after NS siRNA
treatment. However, knockdown of f-catenin with sifs-
cat pretreatment in PTENM™XC-BMMs resulted in
reduced PPARy (P=0.03) and Jagged-1 (P = 0.008)
expression after LPS stimulation (Fig. 3A). Moreover,
sifi-cat treatment in PTENM™C-BMMs augmented
the mRNA levels of TNF-o (P=0.02), IL1pS
(P=0.02), and IL6 (P=0.01) but reduced levels of
TGF- (P=0.04) in response to LPS stimulation
compared with the NS siRNA-treated controls (Fig.
3B). The decreased ARG1 (P=0.008) and increased
iNOS (P=0.03) expression was observed in siff-cat—
treated PTENM™O-BMMs but not in NS siRNA-
treated cells (Fig. 3C). Furthermore, we used sifj-cat—
pretreated BMMs from PTENM™© mice and then
cocultured them with spleen T cells after LPS stimula-
tion. Indeed, knockdown of S-catenin in PTENMKO-
BMMs decreased cleaved Notchl (P = 0.006) protein
expression (Fig. 3D) and mRNA levels coding for
Notchl (P=0.04), Hesl (P=0.04), and RBP-]
(P=0.02; Fig. 3E). This was accompanied by reduced
FOXP3 (P=0.04) but augmented RORyt (P=0.04)
and IL17A (P=0.03) in spleen T cells (Fig. 3F).

PPARy MEDIATES JAGGED-1/
NOTCH SIGNALING PATHWAY
IN VITRO

Using a macrophage (BMM)/spleen T cell coculture
system, we found that myeloid PTEN deficiency
increased PPARy (P = 0.009) and Jagged-1 (P = 0.02)
expression in NS siRNA-treated macrophages after

ZHU ET AL.

LPS stimulation (Fig. 4A). However, knockdown of
PPARy with siPPARy treatment resulted in reduced
Jagged-1 (P=0.007) expression in PTEN-deficient
cells (Fig. 4A), with increased expression of TNF-o
(P=0.03), IL18 (P=10.04), and IL6 (P=0.02) and
reduced levels of TGF-f (P = 0.03) in response to LPS
stimulation compared with the NS siRNA-treated con-
trols (Fig. 4B). siPPARy treatment decreased ARG1
(P=0.005) but increased iNOS (P = 0.01) expression
in PTEN-deficient macrophages compared with the
NS siRNA-treated cells (Fig. 4C). Moreover, PPARy
knockdown in macrophages reduced cleaved Notchl
(P=0.03) protein expression (Fig. 4D) and Notchl
(P=0.04) and RBP-J (P=0.04) mRNA levels (Fig.
4E), with reduced FOXP3 (P=0.04) but increased
RORyt (P=0.03) and IL17A (P = 0.008; Fig. 4F) in
spleen T cells after coculture.

JAGGED-1/NOTCH SIGNALING IS
ESSENTIAL FOR THE
FOXP3*TREG INDUCTION

IN THE PTEN--CATENIN
SIGNALING-MEDIATED IMMUNE
REGULATION IN VITRO

We disrupted Jagged-1/Notch signaling in BMMs
from PTEN™™® mice with siJagged-1, and then
cocultured with spleen T cells. Pretreatment of LPS-
stimulated BMMs with siJagged-1 diminished Jagged-
1 expression compared with the NS siRNA-treated cells
(Fig. 5A; P=0.005). Moreover, unlike NS siRNA-
treated controls, siJagged-1 pretreatment inhibited
cleaved Notchl (P = 0.008) and Hes1 (P = 0.006) pro-
tein expression in spleen T cells after coculture (Fig.
5B). The mRNA levels coding for Notchl (P = 0.03)
and RBP-] (P=0.04) were reduced in siJagged-1 but
not NS siRNA-treated cells (Fig. 5C). Consistent with
these data, knockdown of Jagged-1 resulted in reduced
FOXP3 (P = 0.03) while increasing RORyt (P = 0.02)
and IL17A (P= 0.04) expression in T cells (Fig. 5D).

BLOCKING JAGGED-1/NOTCH
SIGNALING PATHWAY
AGGRAVATES IR-INDUCED LIVER
DAMAGE AND INHIBITS
FOXP3*TREG INDUCTION IN VIVO

We next investigated whether disruption of Notch sig-
naling may affect local inflammatory responses in
mouse liver IRI. DAPT, a y-secretase inhibitor, can

ORIGINAL ARTICLE | 819
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severe sinusoidal congestion/cytoplasmic vacuolization,
and extensive (30%-50%) necrosis (score = 3.2 + 0.5;
P <0.001). These data were consistent with hepatocel-
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cell apoptosis was analyzed by TUNEL staining.
DAPT treatment in PTENMXO mice increased the
frequency of apoptotic TUNEL™ cells in ischemic liv-
ers compared with the DMSO-treated controls (Fig.
6D; 67.5 = 7.8 versus 30.9 = 4.2; P<0.001). To fur-
ther confirm the role of Notchl signaling in liver IRI,
we disrupted Notch signaling in PTEN™X ' mice
using Notchl siRNA or NS siRNA. Livers in mice
treated with NS siRNA showed mild to moderate ede-
ma without necrosis (Supporting Fig. 2; score = 1.1 =
0.2). In contrast, Notch1 siRNA-treated livers revealed
significant edema, severe sinusoidal congestion/cyto-
plasmic vacuolization, and extensive (30%-50%) necro-
sis (score=3.3+0.7; P<0.001). PTEN deﬁcienl\c/:ly
increased Hes1 expression in DMSO-treated PTEN
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coculture. *P < 0.05, *P< 0.01. Quantitative RT-PCR-assisted detection of (C) Notchl, RBP-] and (D) FOXP3, RORyt, IL17A in
spleen T cells after coculture. Each column represents the mean = SD (n = 3-4/group). *P < 0.05.

KO mice (Fig. 6E; P=0.006). However, blocking
Notch signaling in PTENMX O mice resulted in
reduced Hesl expression (Fig. 6E; P=0.03) after
DAPT treatment. The expression of proinflammatory
TNF-o (P=0.03), IL1p (P=0.03), and IL6
(P=0.008) was increased in DAPT but not in
DMSO-treated PTENM %O mice (Fig. 6F). Consistent
with these data, the mRNA level of RBP-] was
decreased (Fig. 6G; P=0.007), leading to reduced
FOXP3 (P=0.04) while augmented RORyt
(P=0.02) and IL17A (P=0.008) expression in
DAPT-treated PTEN™X© mice, as compared with
that in DMSO-treated controls (Fig. 6H). We then
analyzed FOXP3 or RORyt expression in spleen T cells
by flow cytometry analysis. As a result, we observed a
significantly reduced percentage of CD4"CD25™"

FOXP3" Tregs in DAPT-treated PTENMKO mice
but not in DMSO-treated controls (Fig. 6I; 3.9 = 0.4
versus 6.8 = 0.6; P< 0.001). In contrast, DAPT treat-
ment resulted in an increased percentage of RORyt™ T
cells (IL17A-producing T cells) compared with the
control groups (Fig. 6I; 3.6 £0.5 versus 1.5+ 0.4;
P<0.001).

Discussion

This study documents for the first time that PTEN—f-
catenin signaling is crucial for orchestrating inflamma-
tory responses, PPARy activation, Jagged-1/Notch
signaling, and Treg induction in liver inflammatory

injury due to IR. First, PTEN, a key negative regulator
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vivo. (A) Representative histological staining (H & E) of ischemic livers. (n = 4-5/group, magnification X 100). (B) The severity of
liver IRT was evaluated by the Suzuki’s histological grading. **P < 0.001. (C) Hepatocellular function was evaluated by sALT levels
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[Color figure can be viewed at wileyonlinelibrary.com]
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of the PI3K/Akt signaling pathway, is essential for IR-
induced liver injury. PTEN™™ reduced liver damage
and macrophage trafficking in ischemic livers. Second,
PTENM™®O promoted f-catenin activation, which in
turn induced PPARy activation, increased anti-
inflammatory M2 macrophage differentiation, and
decreased proinflammatory cytokines. Third, PTEN-
f-catenin axis activated PPARy-mediated Jagged-1/
Notch signaling, leading to increased FOXP3™ Tregs.
Fourth, disruption of the Jagged-1/Notch signaling
pathway resulted in aggravated IR-induced liver dam-
age and reduced FOXP3 " Treg induction. Our results
highlight the role of PTEN—f-catenin signaling in
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regulating innate and adaptive immune responses dur-
ing IR-triggered liver inflammation.

The molecular mechanisms of IR-induced liver dam-
age involved in the activation of innate and adaptive
immunity may be through multiple cellular and molecu-
lar signaling pathways. PTEN, a multifunctional phos-
phatase, is shown to be essential for controlling innate
immunity in liver injury through regulation of its down-
stream PI3K/Akt signaling.“***) Activation of Akt
increases f-catenin activity and inhibits TLR4 and
NLR family, pyrin domain-containing 3 (NLRP3)-
mediated innate immune response during liver IRL.®22)
Consistent with the role of Akt/f-catenin signaling
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tory responses in liver IRI.

cascade in the inflammatory response, our current in
vivo study has shown that myeloid-specific PTEN defi-
ciency promoted f-catenin activation and diminished
inflammatory injury, as evidenced by ameliorated IR-
induced liver damage, reduced macrophage activation,
and proinflammatory cytokines while increasing anti-
inflammatory M2 macrophage differentiation. Interest-
ingly, myeloid-specific PTEN deficiency augmented
liver FOXP3 and reduced RORyt/IL17A expression,
implying the important role of PTEN—f-catenin sig-
naling in the regulation of FOXP3" Treg induction
during liver IRI.

The transcription factor FOXP3 is crucial for the
ability of Treg cells to inhibit inflammatory response.®®
Using the macrophage and T cell coculture system, we
found that myeloid-specific PTEN deficiency activated
p-catenin, PPARy, Jagged-1/Notch signaling, and
increased FOXP3" Treg induction. However, knock-
down of f-catenin in PTEN-deficient macrophages
inhibited PPARy and Jagged-1/Notch, which led to
reduced FOXP3™ Tregs. Indeed, B-catenin signaling
was required for the control of innate and adaptive
immunity during inflammatory response.® Activation
of f-catenin increased anti-inflammatory mediators and
Treg induction while inhibiting inflammatory effect T
cells.?” PPARy was shown to transcriptionally regulate
macrophage activation and function.?® Ligand of
PPARy inhibited T cell and proinflammatory cytokine

ZHU ET AL.

activation during the regulation of inflammatory activi-
ties.?” In agreement with these findings, we found that
PPARy knockdown inhibited M2 macrophage difter-
entiation as evidenced by reduced ARG1 and augment-
ed iNOS expression. Moreover, PPARy knockdown in
PTEN-deficient macrophages resulted in reduced Jag-
ged-1/Notchl activation. This may imply the mecha-
nistic links between PTEN-f-catenin axis and the
PPARy-mediated Jagged-1/Notch signaling pathway in
the regulation of FOXP3" Treg induction in liver
inflammation.

To further elucidate the regulatory network by which
PTEN-f-catenin signaling may regulate FOXP3 ™" Treg
induction through a Jagged-1/Notch pathway-
dependent manner in live inflammation, we knocked
down Jagged-1 in PTEN-deficient macrophages and
then cocultured with T cells. We found that knockdown
of Jagged-1 inhibited Notch1 activation, which resulted
in reducing its target gene Hes1 and transcription factor
RBP-] expression in T cells. Hes1 is a basic helix-loop-
helix—type transcriptional repressor and negatively regu-
lates gene transcription. It is known for cell proliferation
and differentiation.®” Hes1 may regulate innate TLR4
activation by targeting RBP-J via a feedback inhibitory
loop.(31) Moreover, Hes1 inhibits inflammatory response
by modulating transcription elongation.®? Loss of Hes1
gene results in impairing T cell development in the selec-
tive expansion of early T cell precursors.®* Notch signal-
ing might directly bind to FOXP3 promoter in Hesl-
and RBP-J-dependent mechanisms.®* Activation of
Notch-Hes1 may mediate Treg immunosuppressive
functions via a TGF-f signaling,> which is known to
be crucial for Treg development.®® Consistent with
these results, we found that PTENMXC increased
Notch1 and Hes1 expression in T cells. Blocking Jagged-
1/Notch signaling suppressed Hes1, leading to reduced
FOXP3 " Tregs while increasing RORyt/IL17A expres-
sion. This indicates that Hes1 is a key mediator for the
induction of FOXP3™ Tregs during liver IRI.

Further evidence of Jagged-1/Notch signaling-
mediated modulation of Tregs in liver IRI was
obtained from PTENM™® mice. We found that
PTENMXO mice treated with DAPT or Notchl
siRNA (Supporting Fig. 2) exacerbated liver damage.
Indeed, DAPT is a y-secretase inhibitor. y-secretase
mediates cleavage of the Notch receptor and releases
NICD, which translocates into the nucleus and directly
participates in a transcriptional complex with the
DNA-binding proteins to activate transcription of tar-
get genes.®” DAPT has been shown to inhibit Notch
signaling in  studies of autoimmune and
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lymphoproliferative ~ diseases.®”” Inhibition of -
secretase activity by DAPT treatment increased LPS-
induced inflammation by activating NF-xB signal-
ing.®® In agreement with these findings, we found that
blocking Notch signaling by DAPT treatment sup-
pressed Hes1 expression and increased proinflamma-
tory mediators. Notably, DAPT treatment resulted in
reduced CD4"CD25"FOXP3" Tregs and increased
RORyt-mediated 1L17A-producing T cells in
PTENM™XO livers, which suggests that Jagged-1/
Notch signaling most likely contributed to the
CD4"CD25"FOXP3" Treg induction during liver
IRI.

Figure 7 depicts putative molecular mechanisms by
which PTEN-f-catenin signaling may regulate Treg
development in liver IRI. Myeloid-specific PTEN
deficiency promotes f-catenin activation via Akt phos-
phorylation. After translocating to the nucleus, f-
catenin activates PPARy-mediated Jagged-1/Notch
signaling pathway by y-secretase cleavage of Notch to
NICD, which interacts with Hes1 and RBP-], leading
to promote FOXP3" Treg induction and inhibit
inflammatory response in the liver.

In conclusion, we demonstrate that PTEN-b-cate-
nin signaling regulates FOXP31" Treg induction via
activating a PPARc-mediated Jagged-1/Notch signal-
ing pathway in liver IRI. Myeloid-specific PTEN abla-
tion promotes b-catenin, which in turn activates
PPARc and Jagged-1/Notch signaling, leading to aug-
mented FOXP31" Treg induction while inhibiting
RORct/IL17A in IR-triggered liver inflammation. By
identifying molecular mechanisms of PTEN-f-
catenin signaling in the modulation of innate immune
response and adaptive Treg development, our study
provides potential therapeutic targets in liver IRI fol-
lowed by liver transplantation.
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