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Although glycogen synthase kinase B (Gsk3p) has been shown to regulate tissue inflammation,
whether and how it regulates inflammation resolution versus inflammation activation is unclear.

In a murine liver, partial warm ischemia/reperfusion injury (IR1) model, we found that Gsk3p
inhibitory phosphorylation increased at both the early-activation and late-resolution stages of the
disease. Myeloid Gsk3p deficiency not only alleviated liver injuries, it also facilitated the restoration
of liver homeostasis. Depletion of Kupffer cells prior to the onset of liver ischemia diminished

the differences between the WT and Gsk3p-KO mice in the activation of liver IRI. However, the
resolution of liver IRl remained accelerated in Gsk3p-KO mice. In CD11b-DTR mice, Gsk3f-deficient
BM-derived macrophages (BMM:s) facilitated the resolution of liver IRl as compared with WT

cells. Furthermore, Gsk3p deficiency promoted the reparative phenotype differentiation in vivo in
liver-infiltrating macrophages and in vitro in BMMs. Gsk3 pharmacological inhibition promoted the
resolution of liver IRl in WT, but not myeloid MerTK-deficient, mice. Thus, Gsk3p regulates liver IRI
at both activation and resolution stages of the disease. Gsk3 inactivation enhances the proresolving
function of liver-infiltrating macrophages in an MerTK-dependent manner.

Introduction

Liver ischemia/reperfusion injury (IRI) is an inevitable pathological consequence of multiple clinical
conditions, including hepatic tumor resection, transplantation, and trauma. An innate, immune-domi-
nated inflammatory response drives the pathogenesis of liver IRI (1, 2). The danger-associated molecular
pattern (DAMP) activates innate immune cells via pattern recognition receptors (e.g., TLR4, TLR9),
leading to inflammatory liver injuries (3-7). Liver-resident Kupffer cells (KCs) represent approximate-
ly 35% of liver nonparenchymal cells (NPCs) and 80%-90% of all tissue macrophages in the entire
body. They are the first responder to ischemia/reperfusion—-induced hepatocellular damage by producing
inflammatory cytokines or chemokines, leading to the infiltration and activation of peripheral mono-
cytes and amplification of liver inflammation and injuries. The clinical outcome of liver IRI depends not
only on the activation but also the resolution of the inflammatory response. Much less is known about
the resolution of liver IRI. The involvement of KCs and infiltrating macrophages (iM®s) in the resto-
ration of liver homeostasis after IRI remains to be delineated.

Glycogen synthase kinase 3 (Gsk3) regulates multiple cellular functions, including metabolism, prolif-
eration, differentiation, apoptosis, and immune activation, in different types of cells (8—14). The 2 isoforms
of Gsk3, a and B, share extensive homology in the kinase domain but are functionally distinctive due to
their diverse N and C terminals. Global Gsk3B-KO mice are embryonic lethal because of liver degenera-
tion (15), whereas Gsk30-KO mice are viable and normal (16). Gsk3 is unique in that it is constitutively
active and inhibited upon stimulation by N-terminal phosphorylation (17). We have been interested in
this kinase as a therapeutic target of liver IRI, in part because of its differential regulation of proinflam-
matory and antiinflammatory gene programs downstream of TLRs (9, 18). Importantly, pharmacological
Gsk3 inhibitors have been developed and tested in neurological and metabolic diseases and cancer (19).
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Gsk3 inhibition downregulates TNF-a but upregulates IL-10 production in macrophages and DCs upon
TLR stimulation (9, 18). In vivo, Gsk3 inhibitors protect mice from endotoxin shock (18). We have shown
that Gsk3 inhibition protects mice from liver IRI via an IL-10-mediated immune regulatory mechanism
(20) and that myeloid Gsk3p deficiency promotes regulatory macrophage differentiation via the AMPK-
SHP-mediated pathway (21). More recently, we demonstrated that Gsk3a, but not Gsk3p, regulates hepato-
cyte autophagy in response to inflammatory stimuli, and its S21A mutant protects livers from IRI (22).

In the present study, we analyzed how Gsk3p regulates the restoration of liver homeostasis after isch-
emia/reperfusion (IR) in the murine-liver partial warm-ischemia model (23). By extending the reperfu-
sion time from 6 hours to 7 days, we compared myeloid Gsk3f-deficient and WT mice in their resolution
kinetics of tissue inflammation, focusing on the macrophage heterogenicity (KCs and iM®s) and disease
stages (activation and resolution). By selective depletion of KCs and reconstitution with BM-derived mac-
rophages (BMM:s) in CD11b-DTR mice, we demonstrate that Gsk3p plays critical roles in the resolution of
liver IRI by controlling the development of immune regulatory and tissue reparative functions in iM®s in
an MerTK-dependent manner.

Results

Mpyeloid Gsk3p regulates liver inflammation resolution in IRI. To determine whether the inflammation resolution
was associated with Gsk3p inactivation in liver IRI, we analyzed Gsk3[, N-terminal, S9 inhibitory phos-
phorylation in IR livers with extended reperfusion time (6 hours to days 3—7 after 90 minutes of ischemia).
Western blot result showed that the level of Gsk3p S9 phosphorylation peaked at 6 hours (versus sham)
when liver injury was greatest (20) and declined after 12-24 hours. A second peak was detected at days 3—7
after reperfusion when liver IRI started to resolve (Figure 1A). This indicates that Gsk3p inhibitory phos-
phorylation might be associated with both the activation and resolution of liver IRI.

To test the functional consequences of Gsk3p inactivation in liver IRI, we compared myeloid Gsk3f
WT (Gsk3b"?) and KO (Lyz-Cre* Gsk3b"") mice at both the activation and resolution stages of the dis-
ease. Histological analysis revealed that Gsk3p deficiency resulted in not only significant reduction in liver
injuries at 6 hours but also accelerated the restoration of liver homeostasis (Figure 1, B and D). Average
Suzuki scores were significantly lower in IR livers of the Gsk3p KO versus WT mice at day 3 after reperfu-
sion. At the molecular level, there were lower levels of TNF-a and higher levels of IL-10 in IR livers of KO
mice at this time point (Figure 1E).

Because macrophage efferocytosis is critical for the resolution of inflammatory tissue injury, we mea-
sured liver gene expression levels of the efferocytosis receptors MerTK and TIM-4. Indeed, both genes were
induced to peak levels in the IR livers of KO mice at day 3 after reperfusion, as compared with 7 days in
their WT counterparts (Figure 1E). Additionally, myeloid Gsk3p deficiency diminished the upregulation of
profibrotic genes a-SMA and collagen 1A1 (Figure 1E) at day 3 after reperfusion in IR livers. These results
indicate that Gsk3p regulates the inflammation resolution in liver IRI.

To differentiate the possibility that the accelerated resolution of liver IRI in the Gsk3p-deficient mice was
due to reduced injuries early in the activation stage, we administered a single dose of anti-IL-10 Abs prior
to the onset of liver ischemia. This was based on our previous finding that IL-10 was critical for the immune
regulatory and cytoprotective effect of the Gsk3p pharmacological inhibitor in liver IRI (20). Indeed, anti—
IL-10 exacerbated liver IRI in both the KO and WT mice and diminished their differences at 6 hours after
reperfusion (Figure 1B). However, the KO mice still recovered much better than their WT counterparts from
liver IRI, as measured by the histological analysis of IR livers at days 3, 5, and 7 after reperfusion. The aver-
age Suzuki scores (determined from hematoxylin and eosin [H&E] staining) were significantly lower in the
KO group compared with the WT cohort at all these later time points (Figure 1, C and D). The anti-IL-10
treatment resulted in higher TNF-a and lower IL-10 gene expression at day 3 in IR livers, as compared with
control Ig-treated livers, in KO and WT mice (Figure 1E). However, the gene-induction kinetics of MerTK
and TIM-4 remained accelerated, whereas fibrosis gene expression levels remained lower in KO compared
with WT livers at days 3 and 7 after reperfusion (Figure 1E). Thus, Gsk3p regulates the resolution of liver
inflammatory response against IR independent of its role in the activation stage of the disease.

Myeloid Gsk3[3 regulates iM®s in the resolution of liver IRI. Because both liver-resident KCs and iM®s
are involved in the pathophysiology of liver IRI, we tested whether Gsk3p differentially regulated
these 2 macrophage subsets in the activation and resolution stages of the disease process. KCs were
depleted by clodronate liposomes (CLs) 48 hours prior to the onset of liver ischemia. Liver IRI was

JCl Insight 2023;8(1):e151819 https://doi.org/10.1172/jci.insight.151819 2


https://doi.org/10.1172/jci.insight.151819

. RESEARCH ARTICLE

A D E 57
4- * tnfa
34
Sham _6h  12h 24h _3d _7d
2
PGSK3P - s e - - -
Gsk3ﬁ ] 1
pacin = e SEEEEEEE - N
————————— — —— 4+ *
3 o
)
2_
B B Gsk3p KO NIl | . .
* 2.5 * * ik
15000 mertk %
S| 2.0 *
10000
'n_: 1.54
5 5000 n x
=) L I 1.0 ”
~ 200\ O (54
= c
= . )
I 150
S 100~ %Oics- T T " T :
50—
o1 L1111 & fm &8 6 o C
Sham Cll «lL10 Ctl «IL10 Cfl_aIL10 T
6h 3d 7d * *
5_
192
2.5m * | 10 r— acta2
3 38
@
g 201 54 * *
> ] : 141 Ak
o Jmm A ~ 0
S 1.0+ 205 T ; ’r‘ T T
N —
¢ 0.54 154 ‘15 coltat
E_J-J.!a_
0.0 T
3d 5d 7 10 . N
olL10 6 n ﬁ-—l ﬁfl
oLemm MMy

Sham Ctl «lL10 Ctl «ll10
3d 7d

Figure 1. Gsk3p N-terminal phosphorylation and its regulation of the resolution of liver IRI. Myeloid Gsk33 WT and Gsk3(3-KO mice were treated with control
(Ctl) Ig or anti-IL-10 Ab 1 hour prior to the start of liver ischemia. Serum and liver tissues were harvested at various times after reperfusion, as described in Meth-
ods. (A) Western blots of total and S9-phosphorylated Gsk3p and B-actin in sham and IR livers of WT BE mice at 6 hours, 12 hours, 24 hours, and days 3 and 7
after reperfusion. Average serum ALT (sALT) levels (B) and average Suzuki scores (C) in different experimental groups at indicated time points after reperfusion.
(D) Representative liver histological images (H&E staining; original magnification, x40; scale bar: 0.2 mm) of different experimental groups at indicated time
points after reperfusion. n = 6-8 livers/group. *P < 0.05. (E) Average ratios of target gene to HPRT expression (by a removing PCR) in livers of different experi-
mental groups at days 3 and 7 after reperfusion. Data represent mean + SEM. Representative results from 4 livers/group. *P < 0.05 (Student’s t test).

measured at 6 hours after reperfusion. Consistent with published results (24, 25), including our own
(26), the CL treatment increased liver IRI in WT mice. Myeloid Gsk3p—deficient mice also had more
severe liver damage after the CL treatment. Importantly, the differences between the WT and KO mice
in liver IRI was diminished at this time point (6 hours) after reperfusion, with similar average levels
of serum alanine aminotransferase (ALT) and liver histopathological grading (Figure 2A). However,
the resolution of liver IRI remained drastically different (Figure 2, B-D). In fact, the mortality rate
of KC-depleted WT mice was approximately 25%-30% at days 2-3 after reperfusion, whereas all
myeloid Gsk3 KO counterparts survived (Figure 2C). The recovery of liver IRI was accelerated in KO
mice. Average Suzuki scores were significantly lower in KO versus WT cohorts at days 3 and 7 after
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reperfusion (Figure 2, B, D, and E). Hepatocellular damage was fully repaired in KO mice at day 7, as
shown by H&E staining and gross appearance (Figure 2, D and E), whereas in the WT counterparts,
full repair was not complete until day 14 (27).

The resolution of liver inflammation was also measured at the cellular level. Liver NPCs were isolated
on day 7 after reperfusion and analyzed by FACS. On the basis of F4/80 and CD11Db staining, it was clear
that KCs were depleted by the CL treatment in the livers (sham;48 hours after injection). Although there
were significant amounts of iM®s (CD11b*F4/80") and neutrophils (CD11b*F4/80") detected in the IR
livers of WT mice, these infiltrated cells were nearly absent in livers of KO mice at day 7 after reperfusion
(Figure 2F). This indicates accelerated reprogramming of iM®s and clearance of neutrophils by myeloid
Gsk3p deficiency. The immunohistochemical staining of Ly6G™* cells also showed significantly fewer neu-
trophils in the IR livers of CL-treated KO versus WT mice (Figure 2G).

At the molecular level, the CL treatment resulted in increases in proinflammatory changes and fibrosis
and decreases in proresolving gene expression in IR livers of both strains of mice at day 3 after reperfusion
(versus blank liposome-treated livers; Figure 2H). However, the relative levels of TNF-a, o-SMA, and
CollA1 remained lower, whereas levels of IL-10, MerTK, and TIM-4 were higher, in the livers of KO
versus WT mice (Figure 2H). Sirius red staining confirmed that fibrosis, indeed, was reduced in myeloid
Gsk3p—deficient IR livers at day 7 after reperfusion (Figure 2G).

Because Gsk3p may potentially regulate macrophage proliferation, we quantitated F4/80" cells in IR
livers of CL-treated mice by immunofluorescence staining. Again, F4/80" cells were depleted by CLs and
detected in the IR livers of the 2 strains of mice at day 7 after reperfusion, without significant differences in
the numbers of positive cells (Supplemental Figure 1; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.151819DS1). These results indicate that myeloid Gsk3p regulates
iM®s in the resolution of liver IRI. Gsk3p deficiency upregulates the expression of immune-regulatory and
proresolving genes and facilitates the reparative reprogramming and functions in iM®s.

Gsk3p regulates BMMs in the resolution of liver IRI. Liver iM®s originate from BM. To functionally specify
whether Gsk3p regulated BMMs in the resolution of liver IRI, we reconstituted CD11b-DTR mice with
either Gsk3B-WT or -deficient BMMs. The recipient mice were conditioned with diphtherial toxin 24 hours
prior to the onset of liver ischemia, and BMMs were injected after 24 hours of reperfusion. IR livers were
harvested on days 3 and 7 after reperfusion and subjected to histological and molecular analyses.

Indeed, KO BMMs were much better in helping IR livers recover from IRI, and average Suzuki scores
were significantly lower at day 3 in the KO versus WT BMM-reconstituted mice (Figure 3, A and B). Liver IRT
was resolved at day 7 after reperfusion in both cohorts. This was accompanied by lower proinflammatory and
profibrosis gene expression (TNF-a, iNOS, a-SMA, Col1A1) and higher immune-regulatory and proresolving
(IL-10, Argl, MerTK, TIM-4) gene expression in Gsk3p-deficient compared with WT-cell reconstituted livers
(Figure 3C). These results confirm that Gsk3p regulates the proresolution functions of BMMs in liver IRI.

Myeloid Gsk3P deficiency facilitates the development of proresolving functions in BMMs in liver IRI. At the
cellular level, we isolated liver NPCs from CL-treated myeloid Gsk3p—deficient and WT mice at days 3
and 7 after reperfusion and compared gene expression profiles by quantitative reverse-transcription PCR.
Liver NPCs from CL-treated sham livers were used as the baseline (non-macrophages) control. As shown
in Figure 4, myeloid Gsk3p deficiency downregulated TNF-a at both days 3 and 7 but upregulated IL-10,
TGF-B, Arg-1, MerTK, and TIM-4 expression at day 3 after reperfusion in liver NPCs (Figure 4A). West-
ern blot analysis of day 3 samples confirmed the elevated level of MerTK expression in the KO cells com-
pared with WT cells (Figure 4B). Additionally, we measured the expression and activation of LXR, a key
transcription factor for the differentiation of BMMSs to KCs (28, 29) and the proresolution gene program
in macrophages (e.g., efferocytosis) (30, 31). Although LXRp (Nr1h2) is constitutively expressed, LXR-a
(Nr1h3) is inducible in response to various stimuli. Indeed, Nr1h3 was induced in liver NPCs, and NrlH2
much less so, during the resolution stage of IRI, and Gsk3p deficiency enhanced the induction rate at day 3
after reperfusion (Figure 4A). This was accompanied by higher induction of LXR-targeted gene expression
of Abcal and MerTK in the KO cells compared with WT cells. It is worth pointing out that the expression
of these immune-regulatory and proresolving genes was similar or lower in the KO than WT cells at day
7, which might correlate with the different kinetics of the resolution of liver IRI in these 2 strains of mice.

To confirm MerTK induction in iM®s and its functional significance, we switched to the LPS-induced
peritonitis model, in which peritoneal macrophages could be extracted without collagenase digestion (which
may affect cell surface MerTK expression) (32—-34). The peritoneal resident macrophages and iM®s can be
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Figure 2. Myeloid Gsk3p regulates the resolution function of iM®s in liver IRIl. Myeloid Gsk3p WT and Gsk3B-KO mice were treated with either
blank liposomes or CLs 48 hours before the onset of liver ischemia. IR livers were harvested at 6 hours, 3 days, and 7 days after reperfusion. (A)
Average levels of serum ALT (sALT). (B) Average Suzuki scores of different experiment groups. (C) The Kaplan-Meier survival curves of CL-treated
WT and KO mice after IR. (D) Representative liver histological images (H&E staining; original magnification, x40; scale bar: 0.2 mm) of different
experimental groups at indicated time points after reperfusion. (E) Liver gross appearance of sham or IR livers at day 7 after reperfusion of differ-
ent experimental groups. (F) FACS plots of NPCs isolated from sham (48 hours after CL) or IR livers at day 7 after reperfusion of different experi-
mental groups. Myeloid cells were first gated in the FSC/SSC plot and analyzed for F4/80 and CD11b expression. (G) Immunohistochemical staining
of Ly6G* cells in sham and IR livers at day 7 (left panel), and Sirius red staining of IR livers at day 7 (right panel), after reperfusion of different
experimental groups (original magnification, x40; scale bar: 0.2 mm). n = 6-8/group. *P < 0.05. (H) Average ratios of target gene to HPRT in sham
and IR livers at day 7 after reperfusion of different experimental groups. Data represent mean + SEM. Representative results from 4 livers/group.
*P < 0.05 (Student's t test). BL, blank liposome.
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Figure 3. Gsk3p regulates BMMs in the resolution of liver IRI. CD11b-DTR mice were treated with diphtheria toxin at 24 hours prior to the onset of liver
ischemia. BMMs derived either from myeloid Gsk3p WT orGsk3B-KO mice were injected at 24 hours after reperfusion, as described in Methods. Sham
and IR livers harvested at days 3 and 7 after reperfusion were analyzed. (A) Liver histological images (H&E staining; original magnification, x40; scale
bar: 0.2 mm). (B) Average Suzuki scores of different experiment groups at indicated time points after reperfusion. n = 6x8/group. *P < 0.05. (C) Aver-
age ratio of target gene to HPRT in sham and IR livers at days 3 and 7 after reperfusion of different experimental groups. Data represent mean + SEM.
Representative results from 4 livers/group. *P < 0.05 (Student’s t test). Ctl, control; DT, diphtheria toxin.

distinguished by TIM-4 expression (35). FACS analysis revealed clearly that Gsk3p-deficient iM®s (TIM-
4°F4/80%) were induced to express MerTK at substantially higher levels than in the WT counterparts at the
resolution stage of the disease (48 hours after LPS injection; Supplemental Figure 2). Their efferocytosis
functions, measured in vitro, also were higher than in WT cells.

Because TLR4 is critical for iM® activation in liver IRI, and iM® reprogramming depends on liver-spe-
cific stimuli (28, 29), we studied BMMs in vitro in response to LPS or the LXR agonist N, N-dimethyl-3p-hy-
droxy-cholenamide (DMHCA). The induction of an immunoregulatory or proresolving gene program was
measured at 24 hours after stimulation. KCs isolated from WT sham livers were included to represent liver
homeostatic macrophages. Interestingly, Gsk3p-deficient BMMs expressed constitutively higher levels of
Arg-1, Nrlh3, MerTK, and Abcal, indicating their differentiation bias toward an immune regulatory or
reparative phenotype during BM cell culture with macrophage CSF (Figure 4, C and D). The proinflamma-
toryTLR4 stimulation increased expression of Arg-1, Nr1h3, and Abcal but decreased MerTK expression
in both types of cells. The relative levels of these transcripts remained significantly higher in the LPS-stim-
ulated KO cells than in WT cells (Figure 4C). TNF-o expression was similar in the 2 types of cells at this
time point. However, IL-10 and TIM-4 were expressed at significantly higher levels in the KO cells. The
proresolution LXR stimulation, on the other hand, induced MerTK, but not TIM-4, expression in BMM:s.
Gsk3p-deficient cells had significantly higher levels of MerTK than the WT counterparts both before and
after LXR stimulation (Figure 4C), which was confirmed by Western blot analysis (Figure 4E). Levels of
Arg-1, Nr1h3, and Abcal were also higher in LXR-stimulated Gsk3f KO than in WT BMMs (Figure 4D).
Overall, Gsk3p-deficient BMMs were more similar to KCs than to the WT counterpart in the LXR-induced
gene expression profile. Thus, Gsk3p deficiency facilitates the induction of immune regulatory and repara-
tive genes in BMMs both constitutively and upon proinflammatory or proresolving stimulation.
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Figure 4. Myeloid Gsk3p deficiency enhances proresolving gene expressions in macrophages. NPCs were isolated from sham and IR livers at days
3 and 7 after reperfusion in CL-treated WT or myeloid Gsk3B-KO mice, as described in Methods. (A) Average ratios of target gene to HPRT. (B) West-
ern blot of MerTK levels in liver NPCs of different experimental groups at indicated time points after reperfusion. (C and D) BMMs derived from WT
or myeloid Gsk3fB-KO mice were stimulated in vitro for 24 hours with LPS (C) or the LXR agonist DMHCA (D). Average ratios of target gene to HPRT
of different experiment groups are plotted. KCs isolated from WT sham livers were used as the control in D. (E) Western blot of MerTK in LXR-stim-
ulated BMMs. Gene expression was measured by quantitative reverse-transcription PCR. Data represent mean + SEM. Representative results from
3-4 livers/group. *P < 0.05 (Student’s t test). Ctl, control.

The proresolution function of BMMs before and after LXR stimulation was measured in an in vitro effe-
rocytosis assay. Confocal fluorescence microscopy indicated that Gsk3p-deficient cells had higher efferocyto-
sis capacities both constitutively and after LXR stimulation than their WT counterparts. The LXR stimulation
promoted efferocytosis in both types of cells, consistent with its ability to induce MerTK expression (Figure 5,
A and B). The immune regulatory effect of efferocytosis was analyzed by co-incubating BMMs with apoptot-
ic thymocytes during LPS stimulation. ELISA results showed that Gsk3p-deficient BMMs produced higher
levels of IL-10 and lower levels of TNF-a than did their WT counterparts, and the presence of apoptotic cells
further increased IL-10 and decreased TNF-a production by both types BMMs (Figure 5C). Thus, Gsk3p
deficiency enhances proresolution functions of BMM:s both constitutively and upon stimulation.

Pharmacological inhibition of Gsk3 facilitates the resolution of liver IRI in an MerTK-dependent manner.
To test whether pharmacological inhibition of Gsk3 had therapeutic effects on the resolution of liver
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Figure 5. Myeloid Gsk3p deficiency enhances proresolution functions in BMMs in vitro. BMMs derived from WT or myeloid Gsk3B-KO mice were
stimulated in vitro for 24 hours with a control (Ctl) or the LXR agonist DMHCA and tested in an in vitro efferocytosis assay by incubating with pHro-
do-labeled apoptotic thymocytes, as described in Methods. Cells were stained with FITC-labeled anti-F4/80, and efferocytosis was quantitated
under a confocal microscope. (A) Representative fluorescence images of F4/80-stained BMMs. (B) Average percentage of efferocytes in total mac-
rophage population. (C) Average TNF-a and IL-10 levels in the culture supernatants of WT and Gsk3B KO BMMs stimulated with LPS for 24 hours in
the absence or presence of apoptotic thymocytes. Cytokine levels were quantitated by ELISA. Data represent mean + SEM. Representative results
from 4 livers/group. *P < 0.05 (Student’s t test). AC, apoptotic cells.

IRI, we treated WT B6 mice with 3 consecutive doses of SB216763 (25 pg/g i.p.) starting at 24 hours
after reperfusion (after liver IRI already peaked). Serum ALT levels and liver histopathology were ana-
lyzed at 6 hours and on days 3, 5, and 7 after reperfusion (Figure 6). With similar levels of liver IRI at 6
hours (according to serum ALT level), Gsk3 inhibition facilitated the recovery of liver IRI. Compared
with vehicle controls, repair of hepatocellular damage was improved in SB216763-treated livers, with
lower average Suzuki scores at each of these time points (Figure 6). These results extend the therapeu-
tic efficacy of pharmacological Gsk3 inhibition in the resolution of liver IRI.

To explore the molecular mechanism of Gsk3f inactivation in promoting macrophage proresolution
functions, we compared the therapeutic effect of the Gsk3 inhibitor between myeloid MerTK KO and
WT mice. To focus on iM®s, we depleted KCs by CLs prior to the onset of liver ischemia, followed by
administration of 3 doses of SB216763 (25 mg/kg i.p.) starting at 24 hours after reperfusion. Liver histo-
pathology and inflammatory response were analyzed at day 7 after reperfusion. Unlike KC-intact cohorts,
Gsk3 inhibition facilitated liver recovery from IRI only in KC-depleted WT mice, not in MerTK-deficient
mice, as measured by average Suzuki scores at day 7 after reperfusion (Figure 7A). Myeloid MerTK-KO
mice had significantly more liver IRI than did their WT counterparts, regardless of the treatment, and the
significant difference in the restoration of liver homeostasis between SB216763- and vehicle-treated IR
livers detected in CL-treated WT mice at day 7 was diminished by myeloid MerTK deficiency (Figure 7B).
At the molecular level, Gsk3 inhibition increased MerTK, TIM-4, and IL-10 expression but decreased
TNF-a, 0-SMA, and CollA1l gene expression in IR livers of WT, but not MerTK KO (except TIM-4),
mice (Figure 7C). These results indicate that the induction of efferocytosis receptor MerTK is critical for
the proresolving mechanism of Gsk3 inactivation in liver iM®s.
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Figure 6. Pharmacological inhibition of Gsk3 facilitates the resolution of liver IRI. WT B6 mice were subjected to 90 minutes of liver ischemia, as
described in Methods. At 24 hours after reperfusion, they were divided into 2 groups and treated with vehicle control (Ctl) or SB216763. IR livers were har-
vested at days 3, 5, and 7 after reperfusion and analyzed by histological evaluation. Average serum ALT (sALT) levels (A) and average Suzuki scores (B) of
the 2 experimental groups at indicated time points after reperfusion. (C) Representative liver histological images (H&E staining) of different experiments
at indicated time points after reperfusion. Data represent mean + SEM. Representative results from 6-8 livers/group. *P < 0.05 (Student’s t test).

Discussion

Our study describes a murine model in which Gsk3p regulates the inflammation resolution, independent of
Gsk3p’s role in the activation stage, in liver IRI by controlling the development of proresolving functions in
iM®s. This is illustrated biochemically by the detection of second peak of Gsk3p inhibitory phosphoryla-
tion in the resolution stage, as well as functionally by the clinical impact of Gsk3p inactivation in liver IRT
with both cell type—specific genetic deficiency in mice and chemical inhibition. Our data further show that
the efferocytosis receptor MerTK is one of the key downstream mediators of this proresolving mechanism
of Gsk3 inactivation, because Gsk3p regulates MerTK induction in BMMs, and myeloid-specific deficien-
cy of MerTK diminishes the therapeutic benefits of Gsk3 inhibition in the resolution of liver IRI.

Roles of macrophages in liver tissue repair have been documented in several models. A seminal work using
CD11b-DTR mice showed that depletion of CD11b* cells (iM®s) during the induction phase of CCl-induced
liver fibrosis attenuated the disease severity, whereas cell depletion at the recovery phase delayed tissue repair
(36), suggesting that liver iM®s could play distinctive roles at different stages of the disease process. iM®s and
KCs were involved in the clearance of apoptotic cells and neutrophils and repair of hepatocellular damages in
the acetaminophen- or heat-induced acute liver injury model (37-40). CCR2* monocytes were shown to infil-
trate inflamed livers and differentiate into reparative CX3CR1* macrophages. KCs were also shown to be the
dominant reparative cells, by expressing MerTK (38). In liver IRI models, neuroimmune guidance cue ntrin-1
regulated inflammation resolution and regeneration by controlling the infiltration of Ly6C* macrophages,
which had higher capacity of efferocytosis (versus Ly6Ce" cells) in vitro (41). Our study is among the first to dis-
sect roles of Gsk3p in liver iM®s in the resolution of IRI using KC-depleted myeloid specific gene KO models.

Although CLs effectively depleted KCs, they also reduced iM®s early after reperfusion (26). However,
we found abundant iM®s in IR livers at the resolution stage (i.e., at day 7 after reperfusion) (Figure 2F), and
myeloid Gsk3p deficiency facilitated liver recovery from IRI in these KC-depleted mice. The reconstitution
of CD11b"DTR mice with BMMs provides direct evidence of the specific role of Gsk3f in iM®s in the
resolution of liver IRI. It is important to point out that these data do not exclude the role of KCs in the late
stage of liver IRI, which may also be subjected to Gsk3p regulation. In fact, the CL treatment resulted in
increases of hepatocellular damage and delay of the inflammation resolution in our model (Figure 2). As
KC depletion abrogates the differences between myeloid Gsk3B WT and Gsk3p-KO mice in liver IRT at 6
hours after reperfusion, it implicates the role of Gsk3p in KCs in the activation stage of the disease. Whether
Gsk3p specifically regulates KC proresolution function remains to be determined.
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Figure 7. MerTK is critical for the proresolving therapeutic effect of pharmacological Gsk3 inhibition. WT and myeloid MerTK-KO mice were treated with
CLs 48 hours prior to the onset of liver ischemia. Vehicle control (Ctl) and SB216763 were administered at 24 hours and on days 3 and 5 after reperfusion, as
described Methods. IR livers were harvested on day 7 after reperfusion. (A) Liver gross appearance and histological images of different experiment groups.
(B) Average Suzuki scores of IR livers of different experimental groups at day 7 after reperfusion. (C) Average ratios of target gene to HPRT in IR livers of
different experimental groups at day 7 after reperfusion. Liver gene expression was determined by quantitative reverse-transcription PCR. Data represent
mean + SEM. Representative results from 4-6 livers/group. *P < 0.05 (Student’s t test).

The proresolving iM®s can be either descendant of proinflammatory precursors infiltrated earlier
or of new infiltrates during the resolution of liver IRI (42, 43). Although our data do not differentiate
these 2 possibilities, we do show that myeloid Gsk3p deficiency enhances immunoregulatory and pro-
resolution properties of iM®s in vivo in IR livers, both functionally and genetically (as seen in gene
expression profiles). Our in vitro experiments further reveal that Gsk3f regulates the differentiation
of BMMs toward the proresolution type in response to both inflammatory (TLR4) and liver-specific
(LXR) stimuli. Interestingly, the expression of LXR-a, which is critical for macrophage efferocytosis
function (44, 45) and KC differentiation (28), was significantly increased by Gsk3p deficiency in liver
iM®s (Figure 4A) in vivo and in BMMs in vitro upon TLR4 or LXR stimulation. The activation of
LXR was demonstrated by the upregulation of LXR-targeted gene expression, including of Abcal and
MerTK. Functionally, we demonstrate that Gsk3p deficiency increases BMM efferocytosis both before
and after LXR stimulation and enhances the immunoregulatory response of BMMs upon TLR4 stim-
ulation in the presence or absence of apoptotic cells. It remains to be determined how Gsk3p regulates
LXR-a expression. One potential pathway is via Notch 1 signaling, which facilitates LXR-0 expression
in liver iM®s (28), and Gsk3p inhibition enhances Notch 1 activation by mobilizing the receptor from
endosomal stores (46). Interestingly, liver IRI is aggravated in myeloid Notch-deficient mice (47).

Roles of MerTK in liver injury models seem to be context specific. It is critically involved in liver recov-
ery from inflammatory tissue injuries in LPS/D-Gal and anti-Fas Ab-induced models (48). However, the
same global MerTK deficiency did not significantly affect the resolution of acetaminophen-induced liver
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Figure 8. Gsk3p as the converging point in the differentiation and the execution of pre-resolving functions in
macrophages. Gsk3p is able to regulate (1) TLR-mediated sterile inflammation (DAMPs from necrotic cells); (2) Notch
mediated signaling (to upregulate LXR); as well as (3) MerTK-mediated resolution functions (binds PtdSer on apoptotic
cells via Gas6/ProS) and LXR-mediated resolution functions, downstream or independent of PI3K/Akt, are potentially
regulated by Gsk3p. Gsk3p inactivation downregulates the proinflammatory, but upregulate the immunoregulatory or
reparative, gene programs, including IL-10, MerTK, and LXR-a, and possibly specific proresolving mediators (SPMs).

injuries (38, 48). Growth arrest—specific gene 6 (GAS6), a MerTK ligand, plays an important role in the
tissue repair of acute CCl -triggered liver injuries (49) and protects livers from IRI by diminishing proin-
flammatory cytokine productions by macrophages in response to LPS (50). We found in the present study
that the resolution of liver IRI was significantly delayed in myeloid MerTK—deficient mice. Importantly,
pharmacological inhibition of Gsk3, which facilitated liver recovery from IRI in WT mice, did not exert
the proresolving effect in these MerTK-KO mice. Thus, MerTK induction constitutes one of the key prore-
solution mechanisms of Gsk3p inactivation in liver iM®s. It is important to clarify that Gsk3f deficiency
only accelerates and enhances MerTK induction and expression. Gsk3p is naturally inhibited by phosphor-
ylation upon stimulation in WT cells, and our preliminary experiments have shown that Gsk3p-deficient
KCs and peritoneal macrophages were similar to their WT counterparts, which are all MerTK", in their
capacity of efferocytosis (data not shown).

Obviously, there are many other potential proresolution mediators downstream of Gsk3p. In addition to
the obvious candidates, such as IL-10 and TGF-f, LXR activation promotes the resolution of acute sterile
and lung inflammation (51, 52), and pharmacological activation of LXR attenuates inflammatory disor-
ders in multiple organ (53). Interestingly, LXR can be induced by MerTK activation and efferocytosis in
macrophages in a PI3 kinase-Akt—dependent manner (52), and LXR is important for efferocytosis-initiated
reprogramming of macrophages to the reparative type (31, 54, 55). We hypothesize that Gsk3f may act as
the potential converging point in the differentiation and the execution of pre-resolving functions in macro-
phages (Figure 8). Gsk3p, as the key kinase downstream of the PI3K/ Akt signaling pathway, regulates LXR
expression and activation and MerTK induction upon proinflammatory and differentiation stimulation (9,
18, 19). The same pathway is also critically important for the execution of MerTK-initiated proresolving
functions (namely, efferocytosis and synthesis of immune regulatory and proresolving mediators) (56, 57).

In summary, our data reveal in a mouse model a proresolution mechanism of Gsk3p inactivation in liver
IRI by regulating the induction of an immune regulatory and tissue reparative gene program in BM-derived
iM®s. This knowledge not only advances our understanding of the pathophysiology of liver IR, it also adds
a new dimension in the therapeutic exploration of Gsk3p inhibition in tissue inflammatory diseases.

Methods

Animals. Male C57BL/6J (WT), CD11b-DTR, and Lyz-Cre mice (68 weeks old) were purchased from
the Jackson Laboratory. Myeloid Gsk3f or MerTK-KO mice were created by crossing floxed Gsk3p (from
Jim Woodgett, University of Toronto, Samuel Lunenfeld Research Institute, Toronto, Ontario, Canada)
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or floxed-MerTK (from Carla V. Rothlin, Yale University, New Haven, Connecticut, USA) mice with
Lyz-Cre mice. All mice were housed in the UCLA 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 (National Academies Press, 2011).

Mouse liver partial warm-ischemia model. After a midline laparotomy, mice were injected with heparin
(100 pg/kg) and an atraumatic clip was used to interrupt arterial and portal venous blood supply to the
cephalad liver lobes. After 90 minutes of ischemia, the clip was removed to initiate hepatic reperfusion.
Sham controls underwent the same procedure but without vascular occlusion. Mice were sacrificed after
6 hours to 7 days of reperfusion, and liver and serum samples were collected. Serum ALT levels were
measured with an autoanalyzer by ANTECH Diagnostics. Portions of liver specimens were fixed in 10%
buffered formalin and embedded in paraffin. Liver sections (4 um) were stained with H&E. The severity
of liver IRI was graded blindly using the Suzuki criteria on a scale from 0 to 4. No necrosis, congestion, or
centrilobular ballooning is given a score of 0, whereas severe congestion and >60% lobular necrosis is given
a score of 4. Anti-IL-10 Abs (0.5mg/mouse; clone JES5-2A5, Bio-Express) were administered i.p. 1 hour
prior to inducing the liver ischemia. Gsk3 inhibitor SB216763 (25 pg/g; Sigma) was administered i.p. at 24
hours, 3 days, and 5 days after reperfusion.

Liver NPC/KC isolation. Liver NPCs and KCs were isolated from normal or IR livers of B6 mice by
in situ collagenase perfusion. In brief, livers were perfused via the portal vein with calcium- and magne-
sium-free HBSS supplemented with 2% heat-inactivated FBS, followed by 0.27% collagenase IV (Sigma).
Perfused livers were dissected and teased through 70 um nylon-mesh cell strainers (BD Biosciences). NPCs
were separated from hepatocytes by centrifuging at 50g for 2 minutes 3 times. NPCs were stained with
fluorescence-labeled Abs and analyzed by FACS. To enrich KCs, NPCs were suspended in HBSS and
layered onto a 2-layer 25%—-50% Percoll gradient (Sigma-Aldrich) in a 50 mL conical centrifuge tube and
centrifuged at 1800g at 4°C for 15 minutes. KCs in the middle layer were collected and allowed to attach
to cell culture plates in supplemented DMEM with 10% FBS for 15 minutes at 37°C. Nonadherent cells
were removed by replacing the culture medium. The purity of KCs in the adherent cells was determined
by immunofluorescence staining with anti—F4/80. Most (80%—90%) adherent cells were F4/80 positive.

BMM cell cultures. BM cells were isolated from mouse femurs and tibias. Cells were cultured in DMEM
supplemented with 10% FBS and 20% L929-conditioned medium for 7 days. BMMs were stimulated with
either LPS (200 pug/mL) in the absence or presence of apoptotic thymocytes, or DMHCA(a selective LXR
agonist; 1 pM), for 24 hours. Culture supernatants and cells were harvested for additional analysis.

Macrophage depletion and reconstitution. Macrophage Depletion Kit (Encapsula NanoSciences) was used
to deplete KCs, according to manufacturer’s protocols. In brief, 200 uL./mouse clodronate-encapsulated
liposomes or control liposomes were injected i.v. at 48 hours prior to the onset of liver ischemia. In CD11b-
DTR mice, 10 pg/g diphtheria toxin was injected i.v. at 24 hours and 0 hours before the onset of liver
ischemia; 2.5 x 10° BMMs were injected i.v. at 24 hours after reperfusion. The depletion specificity was
documented in the FACS analysis of liver NPCs at day 3 after reperfusion (Supplemental Figure 3).

Flow cytometry. Liver NPCs were isolated from sham or IR livers, as described above. We incubated
1x10¢ cells first with rat anti-mouse CD16/32 for 10 minutes, followed by staining with rat anti-mouse
F4/80 (clone BMS8), CD11b (clone M1/70), Grl (clone RB6-8C5), TIM-4 (clone RMT4-54), MerTK (clone
DS5MMER), or isotype-matched control Ab (eBioscience) for 20 minutes. Cells were washed with PBS
and subjected to flow cytometry analysis with BD LSR Fortessa (BD Biosciences). A representative FACS
plot of liver NPCs at day 3 after reperfusion is shown in Supplemental Figure 4. Clearly, KCs expressed
higher levels of MerTK than iM®s.

Efferocytosis assay. Thymocytes (10 /mL) were incubated with dexamethasone (0.1 pM; Sigma-Al-
drich) for 16 hours in supplemented DMEM medium plus 10% FBS to induce apoptosis. Apoptot-
ic cells were labeled with 20 ng/mL pHrodo red succinimidyl ester (Thermo Fisher Scientific) for
30 minutes and washed twice with PBS. BMMs (1.5 x 10°) were plated on 8-well Permanox Plastic
chamber slides (Nunc) and co-cultured with 2 x 10° labeled apoptotic thymocytes for 2 hours in 200
pL of medium. Nonadherent cells were washed off with PBS. BMMs were further incubated with rat
anti-mouse CD16/32 for 10 minutes and stained with rat anti-mouse F4/80-FITC or isotype-matched
control Ab (eBioscience). After 20 minutes of incubation in the dark, the cells were washed with PBS
and fixed for 15 minutes with 4% paraformaldehyde containing 5% sucrose. BMMs and efferocytes
were visualized under a confocal fluorescent microscope (KEYENCE). The number of pHrodoSE*
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BMMs were enumerated; the percentage of efferocytes was calculated as the number of pHrodoSE*
BMMs divided by the total number of BMMs.

Quantitative reverse-transcription PCR. Total RNA (2.0 pg) was reverse transcribed into cDNA using
SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA). Quantitative PCR was per-
formed using the DNA Engine with Chromo 4 Detector (MJ Research). To a final reaction volume of 20
uL, the following were added: 1x SuperMix (Platinum SYBR Green qPCR Kit, Invitrogen), cDNA, and
0.5 mM of each primer. Amplification conditions were as follows: 50°C (2 minutes), then 95°C (5 minutes),
followed by 50 cycles at 95°C (15 seconds), then at 60°C (30 seconds). The primers for mouse gene frag-
ments, including #fa, il10, tgfb, mertk, tim44, argl, acta? (a-SMA), and collal, were as described previously
(27, 58). Other primers included nrih2, left 5'-agctctgectacategtggt-3', right 5’-aagccttgtctecgeaca-3'; nrih3,
left 5'-cgcgacagttttggtagagg-3’, right 5'-ctccagccacaaggacatc-3'; and abeal, left 5'-atggagcagggaagaccac-3/,
right 5'-gtaggccgtgccagaagtt-3'.

Statistics. Results are shown as mean + SD. Statistical analyses were performed using a multiple
unpaired 2-tailed Student’s ¢ test for direct 2 group comparison or 2-way ANOVA for multiple group com-
parisons. All analyses were performed using GraphPad Prism. P < 0.05 (2-tailed) was considered statisti-
cally significant.

Study approval. The animal studies described were reviewed and approved by the UCLA IACUC).
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