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The Journal of Immunology

Myeloid PTEN Deficiency Protects Livers from Ischemia

Reperfusion Injury by Facilitating M2 Macrophage

Differentiation

Shi Yue,*,1 Jianhua Rao,*,†,1 Jianjun Zhu,*,‡ Ronald W. Busuttil,*

Jerzy W. Kupiec-Weglinski,* Ling Lu,† Xuehao Wang,† and Yuan Zhai*

Although the role of phosphatase and tensin homolog deleted on chromosome 10 (PTEN) in regulating cell proliferation is well

established, its function in immune responses remains to be fully appreciated. In the current study, we analyzed myeloid-

specific PTEN function in regulating tissue inflammatory immune response in a murine liver partial warm ischemia model.

Myeloid-specific PTEN knockout (KO) resulted in liver protection from ischemia reperfusion injury (IRI) by deviating the local

innate immune response against ischemia reperfusion toward the regulatory type: expression of proinflammatory genes was se-

lectively decreased and anti-inflammatory IL-10 was simultaneously increased in ischemia reperfusion livers of PTEN KO mice

compared with those of wild-type (WT) mice. PI3K inhibitor and IL-10–neutralizing Abs, but not exogenous LPS, recreated liver

IRI in these KO mice. At the cellular level, Kupffer cells and peritoneal macrophages isolated from KO mice expressed higher

levels of M2 markers and produced lower TNF-a and higher IL-10 in response to TLR ligands than did their WT counterparts.

They had enhanced Stat3- and Stat6-signaling pathway activation, but diminished Stat1-signaling pathway activation, in response

to TLR4 stimulation. Inactivation of Kupffer cells by gadolinium chloride enhanced proinflammatory immune activation and

increased IRI in livers of myeloid PTEN KO mice. Thus, myeloid PTEN deficiency protects livers from IRI by facilitating M2

macrophage differentiation. The Journal of Immunology, 2014, 192: 5343–5353.

T
oll-like receptor 4 activation has been identified in recent

years as the key initiating step of the liver inflammatory

immune response against ischemia reperfusion (IR) (1–3).

Because both pro- and anti-inflammatory gene programs are trig-

gered downstream of TLR4 engagement via multiple intracellular-

signaling pathways (4, 5), the question of whether we can manipulate

TLR-signaling pathways to curtail its tissue-damaging proinflam-

matory property is of high interest to identify potential therapeutic

targets. The PI3K/Akt–signaling pathway was shown to be an en-

dogenous gate-keeping system to prevent excessive innate immune

responses (6). Mice deficient in the PI3K regulatory subunit

showed enhanced Th1 responses as the result of increased IL-12

production from dendritic cells (DCs) (7). More recent studies

revealed that glycogen synthase kinase 3b (Gsk3b) represents

a key target of this negative-regulatory pathway of TLR responses

(8, 9). As a constitutively active kinase, Gsk3b is inactivated upon

innate immune stimulation in macrophages by Akt, and Gsk3

inhibition results in diminished NF-kB–driven proinflammatory,

but increased IL-10, gene expression (8, 10). We showed that

active Gsk3b is critical for the liver proinflammatory immune

response against IR, because its inhibitor SB216367 was able

to shift the liver immune response toward an IL-10–dominated

regulatory type and protected livers from IR injury (IRI) (11).

Because the PI3K/Akt/Gsk3b–signaling pathway is involved

in multiple aspects of cellular functions in different cell types, in-

cluding proliferation, differentiation, apoptosis, and chemotaxis

(12, 13), the precise definition of its immune regulatory function

in vivo in a complex organ, such as liver, requires cell type–spe-

cific analysis. In particular, the immune response against IR is

triggered by tissue damage via damage-associated molecular

patterns, and any regulatory mechanisms of parenchymal cell

death will have indirect impacts on immune activation. Thus, non–

cell-selective targeting approaches of this signaling pathway, such

as chemical inhibitors of PI3K or phosphatase and tensin ho-

molog deleted on chromosome 10 (PTEN) small interfering RNA

(siRNA), will not differentiate the cellular mechanisms of their

immune regulatory effects in vivo. In the current study, we used

the Cre-LoxP system to create myeloid PTEN knockout (KO)

mice to specifically study PI3K activation in myeloid cells in liver

IRI. PTEN is a dual-specificity protein/lipid phosphatase, and it

functions as a major negative regulator of the PI3K/Akt-signaling

pathway. PTEN was originally identified as a tumor-suppressor

gene, and loss of its function stimulates cell growth and survival

(14). Its inhibition with small molecule inhibitor has been widely
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used in infarction models to ameliorate cardiomyocyte/neuron

apoptosis and cell death (15–20). PTEN knockdown with its spe-

cific siRNA also was tested in a liver IR model recently (21, 22),

with an implication of immune regulation. However, only correla-

tive conclusions can be draw from these studies because of issues

of target cell specificity, incomplete gene inhibition/downregulation,

and off-target effects of chemical inhibitors and siRNAs. Our

myeloid-specific KO model enabled us, for the first time to our

knowledge, to determine specifically whether PTEN is directly

involved in liver innate immune activation against IR.

Materials and Methods
Animals

PTEN-LoxP mice (generous gift from Dr. Hong Wu, University of California-
Los Angeles, Los Angeles, CA) and the myeloid-specific Cre mice (Lyz2-
Cre; The Jackson Laboratory, Bar Harbor, ME) were used to create myeloid-
specific PTEN KO mice. Briefly, homozygous PTENloxP/loxP mice were
bred with homozygous Lyz2-Cre mice, and the heterozygous offspring
(for both PTEN and Cre) were back-crossed with homozygous PTENloxP/loxP

mice. Mouse genotyping was performed by using a standard protocol with
primers described in the JAX Genotyping protocols database. Animals
were housed in the University of California-Los Angeles animal facility
under specific pathogen–free conditions and received humane care according
to the criteria outlined in the Guide for the Care and Use of Laboratory

Animals prepared by the National Academy of Sciences and published by
the National Institutes of Health.

Mouse liver IRI model

PTEN-normal and -deficient mice (6–8 wk old) were used in experiments.
As described previously (23), mice anesthetized with sodium pentobarbital
(60 mg/kg i.p.) were injected with heparin (100 mg/kg), and an atraumatic
clip was used to interrupt the arterial and portal venous blood supply to the
cephalad lobes of the liver. After 90 min of partial hepatic warm ischemia,
the clip was removed, initiating hepatic reperfusion. Mice were sacrificed
after 0, 6, or 24 h of reperfusion. Sham controls underwent the same
procedure but without vascular occlusion. LPS (1 mg/mouse; LPS-EK;
InvivoGen, San Diego, CA), anti–IL-10 (JES5-2A5), or control Ig (300
mg/mouse; both from Bio X Cell, West Lebanon, NH) was administered
prior to the liver reperfusion via the portal vein. Other treatments include
wortmannin (WM; 1 mg/g in 200 ml, i.p.; Tocris Bioscience) for 1 h and
GdCl3 (10 mg/g in 200 ml DMSO, i.p.; Sigma, St. Louis, MO) for 16 h
prior to the onset of liver ischemia.

Serum alanine aminotransferase (sALT) levels were measured with an
autoanalyzer by ANTECH Diagnostics (Los Angeles, CA). Part of the liver
was fixed in 10% buffered formalin and embedded in paraffin. Liver
sections (4 mM) were stained with H&E. The severity of liver IRI was
graded blindly, on a scale from 0 to 4, using Suzuki’s criteria. No necrosis,
congestion/centrilobular ballooning is given a score of 0, whereas severe
congestion and .60% lobular necrosis is given a score of 4 (24).

Liver macrophages and neutrophils were detected using primary rat anti-
mouse F4/80 mAb (AbD Serotec, Raleigh, NC) and Ly6G mAb (BD
Biosciences, San Jose, CA), respectively. The secondary, biotinylated goat
anti-rat IgG was incubated with immunoperoxidase (ABC Kit; both from
Vector, Burlingame, CA).

Myeloperoxidase assay

Liver myeloperoxidase (MPO) activities were measured. Briefly, the frozen
tissue was thawed and placed in iced 0.5% hexadecyltrimethyl–ammonium
bromide and 50 mM potassium phosphate buffer solution (pH 5). Each
sample was homogenized and centrifuged at 15,000 rpm for 15 min at
4˚C. Supernatants were mixed with H2O2–sodium acetate and tetramethyl-
benzidine solutions. The change in absorbance was measured by spectro-
photometry at 655 nm. One unit of MPO activity was defined as the
quantity of enzyme degrading 1 mmol H2O2/min at 25˚C/g of tissue.

Cell cultures

Cells were derived from PTEN-loxP+/+ (Cre2ptenL/L) mice as PTEN
normal/wild-type (WT) or from Lyz2-Cre+/2 PTEN-loxP+/+ (Cre+ptenL/L)
mice as PTEN-deficient/KO after euthanasia (pentobarbital 100 mg/kg,
i.p.).

Peritoneal macrophages were generated by injection of 1 ml 2% Bio-Gel
P-100 (Bio-Rad, Hercules, CA) into the mouse peritoneal cavity, followed
by peritoneal lavage with sterile PBS 4 d later.

Kupffer cells (KCs) were isolated as follows: livers were perfused in situ
via the portal vein with calcium- and magnesium-free HBSS supplemented
with 2% heat-inactivated FBS, followed by 0.27% collagenase IV (Sigma).
Perfused livers were dissected and teased through 70-mm nylon mesh cell
strainers (BD Biosciences). Nonparenchymal cells (NPCs) were separated
from hepatocytes by centrifuging at 50 3 g for 2 min three times. NPCs
were suspended in HBSS and layered onto a 50%/25% two-step Percoll
gradient (Sigma) in a 50-ml conical centrifuge tube and centrifuged at
1800 3 g at 4˚C for 15 min. KCs in the middle layer were collected and
allowed to attach onto cell culture plates in DMEM with 10% FBS, 10 mM
HEPES, 2 mM GlutaMax, 100 U/ml penicillin, and 100 mg/ml strepto-
mycin for 15 min at 37˚C. Nonadherent cells were removed by replacing
the culture medium. The purity of KCs was 80% as assessed by immu-
nofluorescence staining for F4/80.

Spleen macrophages were isolated using an immunomagnetic CD11b
Positive Selection Kit (STEMCELL Technologies, Vancouver, BC, Can-
ada), according to the manufacturer’s manual.

Macrophages or KCs were cultured overnight prior to the start of
stimulations with TLR ligands: 100 ng/ml LPS-EK, 1 mg/ml LAM-MS, or
1 mg/ml polyinosinic-polycytidylic acid (InvivoGen). Cells or culture
supernatants were harvested after various lengths of stimulation for RNA,
protein, and ELISA assays.

Quantitative RT-PCR

Total RNA (2 mg) was reverse-transcribed into cDNA using a SuperScript
III First-Strand Synthesis System (Invitrogen, Carlsbad, CA). Quantitative
PCR was performed using the DNA Engine with Chromo 4 Detector (MJ
Research, Waltham, MA). In a final reaction volume of 20 ml, the fol-
lowing were added: 13 SuperMix (Platinum SYBR Green qPCR Kit,
Invitrogen), cDNA, and 0.5 mM of each primer. Amplification conditions
were 50˚C for 2 min and 95˚C for 5 min, followed by 50 cycles of 95˚C
(15 s) and then 60˚C for 30 s. Primers used to amplify specific mouse gene
fragments were the same as described previously (25).

Western blots

Tissue or cellular proteins were extracted with ice-cold lysis buffer (1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 10% glycerol, 137
mM sodium chloride, 20 mM Tris [pH 7.4]). Proteins (20 mg) were sub-
jected to 12% SDS-PAGE and transferred to polyvinylidene difluoride
nitrocellulose membrane. Abs against PTEN, p-AKT, Stat3, foxo1, b-actin
(Cell Signaling Technology, San Diego, CA), and HO-1 (Stressgen Bio-
tech, Victoria, BC, Canada) were used for Western blot analysis.

ELISA

Cytokine (TNF-a, IL-6, IL-12p40, and IL-10) secretion in cell culture
supernatants or serum was measured by ELISA, according to the manu-
facturer’s protocol (eBioscience, San Diego, CA).

Statistical analysis

Results are shown as mean 6 SD. Statistical analyses were performed
using the unpaired Student t test, with p , 0.05 (two-tailed) considered
significant.

Results
Myeloid PTEN deficiency protects livers from IRI

Three PTEN mice, including PTEN-loxP+/+ (Cre2ptenL/L), Lyz2-

Cre+/2 PTEN-loxP+/2 (Cre+ptenL/2), and Lyz2-Cre+/2 PTEN-

loxP+/+ (Cre+ptenL/L), which had normal, haploid-deficient, or

completely deficient PTEN in myeloid cells, respectively, as docu-

mented by Western blots of PTEN of peritoneal macrophages

(Fig. 1A, upper panel), were used in our liver IRI experiments.

Although total liver tissue levels of PTEN were similar between

WT and myeloid PTEN KO mice, selective PTEN deficiency in

liver NPC versus parenchymal cell populations was confirmed

(Fig. 1A, lower panels). Unlike its tumor-suppressor function,

myeloid PTEN regulated the development of liver IRI in a hap-

loid-sufficient manner. Only complete PTEN deficiency, and not

haploid PTEN deficiency, protected mice from liver IRI, as shown

by lower sALT levels and better-preserved liver architecture (H&E

staining), with lower Suzuki scores, at both 6 and 24 h of reper-

fusion in Cre+ptenL/L, but not Cre+ptenL/2 or Cre2ptenL/L,

5344 PTEN REGULATES MACROPHAGE DIFFERENTIATION
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FIGURE 1. Complete myeloid PTEN KO protected livers from IRI. PTEN-loxP+/+ (Cre-PTEN L/L), Lyz-Cre+/2 PTEN-loxP+/2 (Cre+PTEN L/2), and Lyz-

Cre+/2 PTEN-loxP+/+ (Cre+PTEN L/L) mice were used in liver IR experiments, as described in Materials and Methods. (A) Western blots of PTEN in

peritoneal macrophages, as well as in liver tissues, hepatocytes, and NPCs, isolated from WT or myeloid PTEN KO mice. (B) sALT and Suzuki scores of

liver histological analysis (H&E stain, original magnification 340) in different groups of mice subjected to either sham operation or 90 min of ischemia,

followed by 0, 6 or 24 h of reperfusion. Typical areas with sinusoidal congestion (SC), cytoplasmic vacuolization (CV) and hepatocellular necrosis (N) are

indicated. (C) Quantitative RT-PCR analysis of inflammatory gene expression in sham-operated and ischemic livers after 0, 6, or 24 h of reperfusion. The

ratios of target gene/HPRT were plotted against different experimental groups. Bar labels are the same as in (B). Representative results of two different

experiments (n = 3–4/group). *p , 0.05, **p , 0.01.

The Journal of Immunology 5345
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mice (Fig. 1B). Indeed, IR livers in PTEN KO mice exhibited less

edema, minimal sinusoidal congestion and cytoplasmic vacuoli-

zation, and decreased hepatocellular necrosis compared with control

animals. The liver proinflammatory immune response against IR

was also regulated similarly by myeloid PTEN, as shown by lower

induction of proinflammatory genes, including TNF-a, IL-6,

IL-1B, CXCL10, and IL-12p40, and higher induction of anti-

inflammatory IL-10 genes only in livers of complete, but not

haploid, PTEN KO mice (Fig. 1C).

Because PTEN is a tumor-suppressor gene and regulates cell

proliferation, we compared myeloid cell compositions between WT

and myeloid PTEN KO mice. Increased numbers of monocytes

and neutrophils were found in peripheral blood (data not shown)

and livers (F4/80+ or Ly6G+ cells in sham) of KO animals com-

pared with WT controls. However, their inflammatory infiltration

into livers in response to IR was diminished. In sharp contrast to

the significant increases in PTEN-normal cells, PTEN-deficient

F4/80+ cells were not increased (or showed decreased trend) in

IR livers at 6 h postreperfusion; PTEN-deficient Ly6G+ cells were

increased to a significantly lower degree in IR livers than in

normal cells at both 6 and 24 h postreperfusion (Fig. 2A, 2B).

Liver MPO activities also were reduced in livers of KO mice at

both 6 and 24 h of reperfusion (Fig. 2C). Thus, myeloid PTEN

deficiency protected livers from IRI. This might be due to im-

pairment of myeloid cell function rather than cell depletion in KO

mice.

PI3K activation–dependent IL-10 induction is responsible for

liver protection in myeloid PTEN KO mice

Because PTEN could function via both PI3K-dependent and -in-

dependent pathways, we determined whether the liver protection

from IR in myeloid PTEN-deficient mice was dependent on PI3K

activation using a PI3K inhibitor (WM). Indeed, injections of the

inhibitor restored liver IRI in KO mice, as evidenced by increased

sALT levels and more severely damaged liver histological archi-

tecture (H&E staining), with higher Suzuki scores (Fig. 3A). No

significant increases in liver IRI were observed in WT mice

treated with WM (data not shown), as we reported previously (11).

FIGURE 2. Myeloid PTEN KO diminished liver myeloid cell infiltration and activation in IR. Sham and ischemic liver tissues from PTEN-loxP+/+ (WT)

and Lyz-Cre+/2 PTEN-loxP+/+ (KO) mice were harvested after 6 or 24 h of reperfusion. (A) Macrophage and neutrophil infiltration was analyzed by

immunohistological staining with Abs against F4/80 and Ly6G, respectively (original magnification 340), in sham and IR livers at 6 and 24 h post-

reperfusion. Arrows indicate positive cells. (B) F4/80+ or Ly6G+ cells were quantitated by counting numbers of positive cells/area. (C) MPO activity was

measured in these liver tissues. Representative results of two different experiments (n = 3–4/group). *p , 0.05, **p , 0.01.

5346 PTEN REGULATES MACROPHAGE DIFFERENTIATION
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FIGURE 3. PI3K activation protects livers from IRI in myeloid PTEN KO mice. PTEN-loxP+/+ (WT) and Lyz-Cre+/2 PTEN-loxP+/+ (KO) mice were

used in our liver IR experiment, as described inMaterials and Methods. A separate group of KO mice treated with PI3K inhibitor (WM) prior to the start of

liver ischemia was included. (A) Liver IRI was evaluated at 6 h postreperfusion by measuring sALT and assessing liver histology (H&E stain, original

magnification 340) using Suzuki scores. Typical areas with edema (E), sinusoidal congestion (SC), cytoplasmic vacuolization (CV), and hepatocellular

necrosis (N) are indicated. (B) Liver immune response against IR was determined by quantitative RT-PCR analysis of inflammatory (Figure legend continues)

The Journal of Immunology 5347

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/


gene expression in sham-operated and IR livers. The ratios of target gene/housekeeping gene HPRT expression levels were plotted for different experi-

mental groups. Representative results of two different experiments (n = 3–4/group). *p , 0.05, **p , 0.01.

FIGURE 4. Myeloid PTEN KO protected livers

against IRI via an IL-10–dependent mechanism. Anti–

IL-10 Abs or LPS were administered to KO mice after

liver ischemia and prior to the start of reperfusion via

the portal vein, as described in Materials and Methods.

WT and KO mice without any treatment were included

as controls. Liver IRI was evaluated at 6 h post-

reperfusion by measuring sALT (A) and assessing liver

histology (H&E stain, original magnification 340) (B).

Typical areas with edema (E), sinusoidal congestion

(SC), and hepatocellular necrosis (N) are indicated. (C)

Liver immune response against IR was determined by

quantitative RT-PCR analysis of inflammatory gene

expressions in IR livers. The ratios of target gene/

housekeeping gene (HPRT) expression levels were

plotted for different experimental groups. Representa-

tive results of two different experiments (n = 3–4/

group). *p , 0.05, **p , 0.01.

5348 PTEN REGULATES MACROPHAGE DIFFERENTIATION
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In addition, liver proinflammatory immune response against IR

was recreated that intrahepatic TNF-a, IL-1B, IL-6, IL-12p40,

and CXCL10 transcription levels were increased, whereas IL-10

was decreased in the inhibitor-treated myeloid PTEN KO mice

(Fig. 3B). Thus, PI3K activation was critical for liver regulatory

immune response and protection from IRI in myeloid PTEN-

deficient mice.

To test the functional significance of IL-10 in liver protection by

myeloid PTEN deficiency, we administered anti–IL-10 Abs prior

to the start of liver ischemia. In addition, LPS was injected into

a separate group of KO mice to determine whether the lack of

TLR activation played a role in the defective inflammatory im-

mune response to IR in PTEN-deficient mice. Liver injury and

immune responses were measured at 6 h postreperfusion. Our

results clearly showed that anti–IL-10, but not LPS, restored liver

IRI and proinflammatory immune activation. Treatment with anti–

IL-10, but not LPS, resulted in significant increases in sALT levels

and worsening of liver histopathology (H&E staining), with higher

Suzuki scores, in PTEN KO mice (Fig. 4A, 4B). Liver cytokine/

chemokine induction, including TNF-a, IL-6, IL-1B, IL-14p40,

and CXCL10, as measured by quantitative RT-PCR, also was in-

creased in the same group of treated KO mice (Fig. 4C). The IL-10

gene induction was not changed much by the treatment. Thus,

myeloid PTEN deficiency protected livers from IRI via an IL-

10–mediated immune-regulatory mechanism.

PTEN regulates macrophage differentiation

Because KCs are the major responding cells in liver innate immune

activation by IR, we determined whether myeloid PTEN KO af-

fected their functions. KCs and splenic macrophages were isolated

from livers of both control and KOmice and stimulated in vitrowith

LPS. ELISA results showed that PTEN KO KCs and spleen

macrophages produced significantly less TNF-a and more IL-10

in response to TLR stimulation compared with those from WT

controls (Fig. 5A).

Macrophages can be differentiated into two distinctive types,

classical proinflammatory M1 or alternative immune regulatory

M2. To determine whether PTEN KO resulted in the development

of M2 macrophages, we measured the expression of macrophage

differentiation markers in KCs and peritoneal macrophages by

quantitative RT-PCR. Clearly, PTEN KO cells expressed consti-

tutively higher levels of Arg1 and Mrc1 but lower levels of Nos2

FIGURE 5. PTEN deficiency results in

M2 macrophage development. (A) Cyto-

kine production by KCs and splenic mac-

rophages from WT and myeloid PTEN KO

mice. Liver and spleen macrophages were

isolated from either WT or KO mice, as

described in Materials and Methods, and

cultured in vitro with or without LPS stimu-

lation for 24 h. TNF-a and IL-10 levels

in culture supernatants were measured by

ELISA. (B) Peritoneal macrophages were

isolated from WT and PTEN KO mice, and

M1/M2 marker gene expression was mea-

sured by quantitative RT-PCR. Note, left

y-axis corresponds to Arg; right y-axis

corresponds to Mrc and Nos2. (C) Inflam-

matory cytokine/chemokine production by

peritoneal macrophages. Cells were cul-

tured in vitro for 24 h before TLR stim-

ulation. Cytokines in culture supernatants

after 24 h of stimulation were measured

by ELISA. Representative results of two

different experiments (n = 3/group). *p ,

0.05, **p , 0.01.
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gene (Fig. 5B). Functionally, these KO macrophages produced

significantly less TNF-a, IL-6, IL-12p40, and CXCL10, but more

IL-10, than did WT cells in response to LPS (Fig. 5C). Addi-

tionally, their responses to other TLR ligands also became less

proinflammatory: less TNF-a and IL-6 against the TLR2 ligand

and less TNF-a, IL-12p40, and CXCL10, but more IL-10, against

the TLR3 ligand (Fig. 5C). Furthermore, Western blot results

showed that these KO cells responded to LPS stimulation with

reduced activation (phosphorylation) of Stat1 but enhanced acti-

vation of Stat3 and Stat 6 (Fig. 6). Consistent with its role in

limiting PI3K activation, PTEN KO resulted in its constitutive

activation, because Akt was phosphorylated at both S473 and

T308 prior to TLR stimulation. Akt phosphorylation was further

increased after stimulation (Fig. 6). Thus, PTEN regulates mac-

rophage differentiation, and its deficiency results in the develop-

ment of M2 macrophages.

PTEN-deficient KCs protect livers against IRI

To test potential immune-regulatory functions of PTEN KO macro-

phages in vivo in response to IR, GdCl3 was used to inactivate

these cells prior to the start of liver ischemia. Consistent with

previous reports, GdCl3-treated WT mice had decreased levels of

sALT with better preserved liver architecture (H&E staining)

(Fig. 7A, 7B). Liver inflammatory gene induction, including TNF-a,

IL-1B, IL-6, IL-12B, CXCL10, and IL-10, also were decreased

compared with their vehicle-treated controls (Fig. 7C). In contrast,

GdCl3-treated KO mice had increased levels of sALT and liver

proinflammatory gene expression compared with their controls.

However, the IL-10 gene level was downregulated by the treat-

ment in KO mice. Thus, unlike its protective effect in WT mice,

GdCl3 treatment resulted in increased liver IRI and enhanced

tissue proinflammatory immune activation in myeloid PTEN KO

mice, indicating that PTEN KO macrophages exerted anti-inflam-

matory functions in vivo in the pathogenesis of liver IRI.

Discussion
Our current study provides strong evidence that PTEN is involved

directly in liver innate immune response against IR by regulating

macrophage differentiation and activation. Myeloid PTEN defi-

ciency results in the development of M2-type macrophages, which

respond to IR-induced innate immune stimulation by producing

a regulatory inflammatory response with higher levels of IL-10, but

lower levels of TNF-a, IL-6, and CXCL10, which protects livers

from IRI. These findings establish an innate immune regulatory

role for PTEN in vivo in a relevant clinical disease model and

provide the rationale for selectively targeting this signaling path-

way as a novel therapeutic strategy to ameliorate tissue inflam-

matory diseases.

Myeloid PTEN-deficient mice have been used to study roles of

PTEN in the innate immune response. In vitro, PTEN was shown

to negatively regulate FcgR signaling, but positively regulate TLR4

signaling, in that TNF-a production was increased in response

to FcgR stimulation but decreased against LPS in PTEN KO

macrophages compared with WT controls (26). These PTEN KO

macrophages also showed enhanced phagocytic ability. In a mu-

rine pneumococcal pneumonia model, myeloid PTEN deficiency

dampened pulmonary inflammation, reduced neutrophil infiltra-

tion, and augmented phagocytosis, which led to decreased tissue

injury and improved survival (27). Studies of neutrophils, the

other type of myeloid cells, revealed that PTEN suppressed neu-

trophil chemotaxis both in vitro and in vivo (28–30). In a neu-

tropenia-associated pneumonia model, PTEN-deficient neutrophils,

as well as macrophages, accumulated more in inflamed lungs,

which resulted in increased production of proinflammatory cyto-

kines and chemokines (29); this is very different from our finding

in a liver inflammatory injury model. Thus, the way in which

myeloid PTEN regulates immune responses can vary drastically,

probably because of differences in the cellular and molecular

mechanisms of disease pathogenesis.

Our results show that IR-induced liver inflammation was alle-

viated in myeloid PTEN KO mice. Despite the fact that both

macrophages and neutrophils cells were present at higher levels in

sham livers of these KO animals, they failed to respond to IR. Liver

macrophages are the major responding cells to IR and are re-

sponsible for triggering tissue inflammation, leading to neutrophil

activation and infiltration. Inhibition of the macrophage proin-

flammatory response by PTEN KO would result in diminished

neutrophil infiltration/activation. In fact, we found that PTEN KO

macrophages became the anti-inflammatory M2 type, which ac-

tively secrete IL-10 in response to innate TLR stimulation. Thus,

neutrophils might have been inactivated by the regulatory immune

response generated by PTENKOmacrophages. This was supported

by our finding that both GdCl3, which inactivates KCs/macrophages,

and anti–IL-10 Abs reversed the nature of the liver immune re-

sponse and recreated IRI in myeloid PTEN KO mice. In both

cases, local innate immune cells, DCs and neutrophils, were free

from the KC/IL-10–mediated immune regulation and became

activated in response to IR.

As the key negative regulator of the prosurvival PI3K/Akt

signaling pathways, PTEN has been studied extensively in brain

and myocardial IRI models. A transient PTEN downregulation was

identified as a physiological response to ischemia in these tissues.

Posttranslational modifications of PTEN, including proteolytic

degradation, phosphorylation, and ubiquitination-mediated nuclear

relocation, were responsible for the reduction of its lipid phos-

phatase activities, which correlated with PI3K activation (15, 31,

32). PI3K/Akt activation has been closely associated with ische-

mia preconditioning, which represents one the most effective

protective procedures against IRI. Thus, pharmacological inhib-

itors of PTEN, such as bisperoxovanadium (bpv), may function-

ally simulate ischemia preconditioning. Indeed, multiple studies

showed that PTEN inhibition protected brains/hearts from stroke/

FIGURE 6. Macrophage intracellular signaling-pathway activation. Peri-

toneal macrophages were not stimulated (0) or were stimulated with LPS

for 30 min or 1 or 6 h, and cell lysates were prepared and analyzed by

Western blotting to determine intracellular signaling molecule activation

(phosphorylation). Representative results of two different experiments.
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infarction (16, 18, 20, 33–35). Inhibition of caspase 3 activation

and promotion of mTOR activation have been associated with the

beneficial effect of bpv (16, 36). In vitro, PI3K activation was

critical for hepatocyte preconditioning against hypoxia/reperfusion

(37), which could be mimicked by bpv and translated into in vivo

protection against liver IRI (38). More recently, studies using

siRNA to knockdown PTEN were shown to promote Akt/b-catenin/

Foxo1 signaling in livers, leading to local enhancement of anti-

apoptotic gene induction (21). Although a liver inflammatory im-

mune response was also reduced, it might not be a direct effect in

liver innate immune cells, but rather an indirect one by reducing

damage-associated molecular pattern release from necrotic paren-

chymal cells, which are protected from IR-induced cell death by

PTEN inhibition/downregulation. Interestingly, we observed that

myeloid PTEN deficiency does not impact liver total PTEN levels;

only complete PTEN KO in macrophages showed significant

FIGURE 7. PTEN KO macrophages protect livers

from IRI. Saline or GdCl3 were administered 24 h prior

to the start of liver ischemia, as described in Materials

and Methods. Liver IRI was evaluated at 6 h post-

reperfusion by measuring sALT (A) and assessing liver

histology (H/E stain, original magnification 340) (B).

Typical areas with cytoplasmic vacuolization (CV),

and hepatocellular necrosis (N) are indicated. (C) Liver

immune response against IR was determined by quan-

titative RT-PCR analysis of inflammatory gene expres-

sion in IR livers. The ratios of target gene/housekeeping

gene (HPRT) expression levels were plotted for different

experimental groups. Representative results of two dif-

ferent experiments (n = 3–4/group). *p , 0.05, **p ,

0.01.
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immune regulatory effect. These indicate that hepatocyte PTEN

is dominant quantitatively in the liver. Only cell-specific genetic

approaches would allow us to dissect PTEN functions in liver

innate immune cells without interference from hepatocytes. Thus,

to our knowledge, our study is the first to document immune

regulatory function of PTEN in a tissue IR model.

PTEN regulates the liver immune response against IR in

a “haploid sufficient” manner: significant effects were observed

only in total myeloid PTEN-deficient animals. This is in sharp

contrast to the haploid-insufficient property in its tumor suppressor

function in that loss of heterozygosity or partial inhibition of

its expression/activity is sufficient to promote carcinogenesis.

Hepatocyte-specific PTEN KO induces hepatomegaly, hepato-

cellular adenoma, and hepatocellular carcinoma with aging and

promotes the development of steatohepatitis and fibrosis (39, 40).

In our myeloid PTEN-deficient mice, the numbers of both neu-

trophils and monocytes were increased in peripheral blood and

liver tissues, consistent with the role of PTEN in cell proliferation.

However, the functions of these cells were altered. Tissue mac-

rophages from both liver and spleen, as well as those from peri-

toneum, were defective in terms of their proinflammatory immune

activation by TLR ligands. DCs from the same animals, which are

PTEN normal, remain capable of mounting similar innate immune

responses as do those from WT animals (data not shown). This is

supported by the result from our in vivo KC-depletion experiment,

in which liver inflammation and injury were recreated in PTEN

KO mice after GdCl3 treatment.

Because PTEN negatively regulates PI3K activation, its defi-

ciency results in the constitutive activation of this kinase path-

way, as documented by higher levels of Akt phosphorylation.

Our result showed that PI3K activation was critical for the liver

protection phenotype in PTEN KO mice, which actually facilitated

the differentiation of M2-type macrophages. M2 macrophages

were shown to protect kidneys, brain, and hindlimbs from ischemia

injuries (41–43) by promoting either the resolution of tissue in-

flammation or healing/recovery. Our study extended the role of

M2 macrophages in liver IRI. Mechanistically, the PI3K/Akt/

mTOR pathway was shown to regulate macrophage differentia-

tion (44, 45), in part via miR-155 upregulation. The molecular

details of the M2-differentiation program in PTEN KO cells re-

main to be determined.

In summary, our data document an innate immune-regulatory

role for PTEN in the liver inflammatory response against IR. Its

genetic inactivation in macrophages results in their differentiation

into the anti-inflammatory M2 type, which protects livers from

IRI via an IL-10–dependent mechanism.
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