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Prolonged Ischemia Triggers Necrotic Depletion of Tissue
Resident Macrophages to Facilitate Inflammatory Immune
Activation in Liver Ischemia Reperfusion Injury

Shi Yuel”, Haoming Zhoul2*, Xuehao Wang?, Ronald W. Busuttill, Jerzy W. Kupiec-
Weglinskil, and Yuan Zhail

1Dumont-UCLA Transplant Center, Division of Liver and Pancreas Transplantation, Department of
Surgery, David Geffen School of Medicine at University of California-Los Angeles, Los Angeles,
CA, USA

2Department of Liver Surgery, The First Affiliated Hospital of Nanjing Medical University, Nanjing,
Jiangsu Province, China

Abstract

Although mechanisms of immune activation against liver ischemia reperfusion injury (IRI) have
been studied extensively, questions regarding liver resident macrophages, i.e., Kupffer cells,
remain controversial. Recent progress in the biology of tissue resident macrophages implicates
homeostatic functions of KCs. This study aims to dissect responses and functions of KCs in liver
IRI. In a murine liver partial warm ischemia model, we analyzed liver resident vs. infiltrating
macrophages by fluorescence-activated cell sorting (FACS) and immunofluorescence staining. Our
data showed that liver immune activation by IR was associated with not only infiltrations/
activations of peripheral macrophages (iM@), but also necrotic depletion of KCs. Inhibition of
Receptor Interacting Protein 1 (RIP1) by necrostatin-1s protected KCs from ischemia-induce
depletion, resulting in the reduction of iIM@ infiltration, suppression of pro-inflammatory immune
activation and protection of livers from IRI. The depletion of KCs by clodronate-liposomes
abrogated these effects of Nec-1s. Additionally, liver reconstitutions with KCs post-ischemia
exerted anti-inflammatory/cytoprotective effects against IRI. These results reveal a unique
response of KCs against liver IR, i.e., RIP-1-dependent necrosis, which constitutes a novel
mechanism of liver inflammatory immune activation in the pathogenesis of liver IRI.

Introduction

Liver ischemia reperfusion injury (IR1) is one of the primary cause of organ dysfunction and
failure after surgery, including tumor resection and transplantation. The pro-inflammatory

immune response is the driving force of the disease pathogenesis (1-3). Prolonged ischemia
causes initial tissue damages to release danger associated molecular pattern, which activates
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innate immune cells via pattern recognition receptors, such as Toll-Like-Receptor (TLR) 4.
The resultant tissue inflammation promotes reperfusion injury. Major progress has been
made in the last decade in our understanding of the molecular mechanisms of liver innate
immune activation. However, cellular basis of liver inflammation in IRI has been
ambiguous, particularly regarding roles of liver resident macrophages, Kupffer cells (KCs).
Both pro- and anti-inflammatory properties have been associated with these liver
macrophages (4-6).

Liver is a unique organ in our body with high content of resident macrophages in the
homeostatic state. KCs have been assumed to be the major responding cells against IR.
However, majority of studies measures liver inflammatory responses only at the tissue level
without cell type-specific analysis. Liver IRI is characterized by the infiltration of large
amounts of circulating monocyte-derived macrophages. The question of whether and how
tissue resident vs. infiltrating macrophages are involved in liver IRI has yet to be fully
addressed. As liver resident KCs are CD11b negative and relatively radiation-resistant (7, 8),
experiments using bone marrow chimeras or CD11b- diphtheria toxin receptor mice
document functions of infiltrating, but not resident, macrophages (9-11). Although
clodronate-liposomes target mainly KCs, effects of KC depletion on liver IRI have been
controversial in literature (4-6). Most importantly, these studies focused primarily on the
outcome of liver inflammation/injury following KC depletion. The actual response of KCs
vs. infiltrating macrophages in the disease process was not defined. The recent seminal
finding in macrophage biology reveals that tissue resident and monocyte-derived
macrophages are distinctive in their lineages and functions (12-17). Tissue resident
macrophages are embryonically derived from yolk sac and play fundamental roles in tissue
homeostasis (13-15). This further prompts us to differentially define functional roles of KCs
vs.iM®s in liver IRI.

In current study, we employed both FACS and immunofluorescent staining to analyze liver
macrophages in vitro and in situ at different stages of liver IRI. Distinctive responses of KCs
vs. iM®s were identified and functional significance of KC necraosis in response to liver IR
was determined.

Materials and Methods

Animals

Male wide-type (WT) C57BL/6 mice (6—8 weeks old) were purchased from the Jackson
Laboratory (Bar Harbor, ME), and 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” prepared by the National Academy of
Sciences and published by the National Institute of Health.

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/portal venous blood supply to the cephalad-liver lobes.
After 90 min of ischemia, the clip was removed initiating hepatic reperfusion. Sham controls
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underwent the same procedure, but without vascular occlusion. Mice were sacrificed after Oh
or 6h or 24h post-reperfusion, and liver and serum samples were collected. 7-CI-O-Nec-1
(Nec-1s, 4mg/kg) or zDEVD-fmk (3.3mg/kg) was administered 1 hour prior to the ischemia,
i.p.(EMD Millipore, Billerica, MA); Macrophage Depletion Kit (Encapsula NanoSciences
LLC, Brentwood, TN) was used to deplete KCs according to manufacturer’s protocols. In
brief, 100-200ul/mouse Clodronate encapsulated liposomes or control liposomes were
injected i.p., 48 hours 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 liver specimens was fixed in 10%
buffered formalin and embedded in paraffin. Liver sections (4um) were stained with
hematoxylin and eosin (HE). The severity of liver IRl was graded blindly using Suzuki’s
criteria on a scale from 0 to 4. No necrosis, congestion/ centrilobular ballooning is given a
score of 0, while severe congestion and >60% lobular necrosis are given a score of 4.

Liver NPC/Kupffer cell isolation

Liver NPC/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 magnesium-
free HBSS supplemented with 2% heat-inactivated FBS, followed by 0.27% collagenase IV
(Sigma, St Louis, MO). Perfused livers were dissected, and teased through 70 pm nylon
mesh cell strainers (BD Biosciences, San Diego, CA). Non-parenchymal cells (NPCs) were
separated from hepatocytes by centrifuging at 50g for 2 min three times. NPCs were stained
with fluorescence-labeled Abs and analyzed by FACS.

To purify KCs, NPCs were suspended in HBSS and layered onto a two-layer 25%-50%
Percoll gradient (Sigma-Aldrich, St. Louis, MO) in a 50-ml conical centrifuge tube and
centrifuged at 1800g at 4°C for 15 min. KCs in the middle layer were collected and allowed
to attach to cell culture plates in DMEM with 10% FBS, 10 mM HEPES, 2 mM GlutaMax,
100 U/ml penicillin, and 100 mg/ml streptomycin for 15 min at 37°C. Nonadherent cells
were removed by replacing the culture medium. These cells were trypsinized and washed
twice with cold PBS and injected immediately in mice: 2x10° cells were injected into
ischemic livers through portal vein prior to the onset of reperfusion. The purity of KCs in the
adherent cells was determined by immunofluorescent staining with anti-F4/80 (Supplement
Fig.1). 80-90% adherent cells were F4/80 positive.

Flow Cytometric Analysis

Liver non-parenchymal cells (NPCs) were isolated from sham or IR livers, as described
above. 1x10° cells were incubated with purified rat anti-mouse CD16/32 for 10 minutes and
stained with rat anti-mouse F4/80-PeCy5/PE, CD11b-FITC or -APC, Gr1-FITC (Clone:
RB6-8C5), CD40-PE and isotype-matched negative control antibody (eBioscience, San
Diego, CA) were added to the cell suspension. After 20 minutes of incubation in the dark,
the cells were washed with PBS and subjected to flow cytometric analysis with FACS
Calibur (BD Biosciences). For intracellular staining of CD206 and iNOS, cells were fixed in
4% formaldehyde for 20 minutes after the staining of F4/80 and CD11b, and washed twice
with 1xpermeabilization buffer (eBioscience, San Diego, CA). After incubation with
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CD206-APC (Biolegend, San Diego, CA) and iNOS-PE (eBioscience, San Diego, CA) in
1xpermeabilization buffer for 20 minutes in the dark, the cells were washed with PBS and
subjected to flow cytometric analysis.

Immunofluorescence staining

Liver samples were embedded in TissueTek OCT compound (Electron Microscopy Sciences,
Japan). Five micrometers of the frozen section were fixed in 4% paraformaldehyde and
blocked with 2% bovine serum albumin, then incubated with anti-mouse F4/80- eFluor®
570, or anti-mouse CD11b Alexa Fluor® 488 (eBioscience, San Diego, CA) for 2 hours at
room temperature. After washing the sections were covered with Vectashield mounting
medium containing DAPI and observed under a microscope (Leica M165 FC). In a blinded
fashion, liver sections were first observed under low power (40x), 10-20 representative areas
were selected and positive cells were counted under high power (x400). Quantitation was
based on average numbers of positive cells/high power field. 3 mice/group/time point were
analyzed.

To stain LSECs, liver sections (5um) were stained with rat anti-mouse CD31 antibody (BD
Biosciences, San Jose, CA) for 2 hours at room temperature, followed by FITC -labeled goat
anti-rat 19G (Vector, Burlingame, CA). DAPI (blue) was used for nuclear counterstaining.

Quantitative RT-PCR

Total RNA (2.0ug) was reverse-transcribed into cDNA using SuperScriptTM 11 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 pl, the following were added: 1xSuperMix (Platinum SYBR Green gPCR Kit,
Invitrogen, Carlsbad, CA), cDNA and 0.5 mM of each primer. Amplification conditions
were: 50°C (2 min), 95°C (5 min) followed by 50 cycles of 95 °C (15 s), 60 °C (30 s). The
primers for mouse gene fragments, including TNF-a, IL-1b, IL-6, IL-10, IL-12p40 were as
described previously (18). Additional primers to study LSECs are the followings: von
Willebrand factor (VWWF) F: GGGTTTTCTCTCCCTGGCTC; R:
ACAGAGCCACAAAGGA CTCG; CD31 F:CAAGGCCAAACAGAAACCCG;
R:TCGACCTTCCGGATCTCACT; vascular cell adhesion molecule 1 (VCAM-1)
F.CTGGGAAGCTGGAACGAAGT; R:GCCAAACACTTGACCGTGAC.

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, 137mM sodium chloride, 20mM Tris, pH
7.4). Proteins (20 ug) were subjected to 12% SDS-PAGE electrophoresis and transferred to
PVDF nitrocellulose membrane. Antibodies against RIP1 and RIP3 (Novus Biologicals,
LLC, Littleton, CO) were used for Western blot analysis. Membranes were probed with
primary antibody in 10 ml blocking buffer with gentle agitation overnight at 4°C. After
washing, membranes were further probed with an appropriate HRP-conjugated secondary
antibody (Cell Signaling Technology, San Diego, CA) in 10 ml of blocking buffer for 1 h at
room temperature. SuperSignal® West Pico Chemiluminescent Substrates (Thermo Fisher
Scientific, Rockford, IL) were used for chemo-luminescence development.
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Cell Cultures

ELISA

Bone marrow-derived macrophages (BMMs), obtained from femoral bones of 6-10-week
old C57B/6 mice, were cultured in DMEM w/ 10% FBS and 20% L929 conditioned medium
for 6-7 days. The cell purity was assayed to be 94-99% CD11b*. BMMs were trypsinized
and washed twice with cold PBS. 2x10% BMMs were injected into ischemic livers similarly
as above.

BMMs were stimulated with LPS (1ug/ml, Invivogen, San Diego, CA) in the absence or
presence of caspase inhibitor zZVAD-fmk (50uM), or Nec-1s (10uM). Culture supernatants
were taken at 6-24h post- stimulation for measurements of LDH (Biochain Institute,
Hayward, CA) and cytokines.

Cytokines (TNF-a, IL-6, and 1L-10) levels in cell culture supernatants or serum was
measured by ELISA, according to manufacturer’s standard protocols (eBioscience, San
Diego, CA). OD was measured in a Multiscan FC plate reader and analyzed with Skanlt for
Multiscan FC software (Thermo Scientific).

Statistical Analysis

Results

Results are shown as mean=SD. Statistical analyses were performed using unpaired Student’
s t-test with p < 0.05 (two-tailed) considered as significant.

IR triggers distinctive changes in KCs vs. infiltrating macrophages

We isolated liver macrophages from both normal (sham) and IR livers at Oh or 6h post-
reperfusion (peak of liver injury and immune response) and performed FACS analysis to
determine their compositions and functional status. These cells were separated into resident
and infiltrating subsets, based on F4/80 and CD11b staining (Fig.1a). The relative % of KCs/
iM®s in the whole liver macrophage population (F4/80+) was calculated to quantitate their
changes during the course of IR (Fig.1b, n=3-4/time point). IR triggered a significant
increase in iIM®s (67.7+0.5% vs. 2.2 £1.2% in sham), as well as a drastic decrease in KCs
(32.3+£0.5% vs. 97.5 £1.3% in sham) in livers at 6h post-reperfusion when liver
inflammatory immune activation peaked in our model (18). The neutrophil population with
F4/80"CD11b* phenotype was absent in sham livers, and increased in IR livers at 6h
reperfusion (Fig.1b).

As we calculated the relative frequencies of KCs and iM®s in the total liver macrophage
population, the decrease of KC percentages could result from a massive increase of iM®s,
rather than their physical “depletion”. To further examine IR-induced alterations in liver
macrophage compositions, we performed immunofluorescence staining of liver sections
with anti-F4/80 and -CD11b antibodies. As shown in Fig.2a, b, numbers of F4/80+ cells in
ischemic livers at 6h post-reperfusion were significantly lower than those in sham controls.
In contrast, numbers of CD11b+ cells (include both iM® and neutrophils) increased
significantly in the same ischemic liver sections, as compared with those of sham. These
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results, derived from both FACS and immunofluorescence staining, reveal that liver
macrophage subsets underwent distinctive changes in response to IR, that both iM®
infiltration as well as KC depletion were associated with liver immune activation.

Liver IR induces KC necrotic depletion

To determine mechanisms of KC depletion by IR, we analyzed cell death in KCs after 90
min. of ischemia prior to the onset of reperfusion. Liver macrophages at this time point were
mostly KCs, similar to those in sham controls (Fig.3a). However, percentages of necrotic
KCs, detected by cell-viable dyeTopro3-positive staining, were significantly increased (Fig.
3a, b, 58.27+£1.62% in ischemic livers, vs. 35.13+2.78% in sham, n=4/group, p<0.01).
Transient liver ischemia for 30m did not induce significant increases in necrotic KCs (data
not shown). To determine whether necroptosis was involved in ischemia-induced KC death,
we measured expression levels of receptor-interacting protein 1 and 3 (RIP1/3) by Western
blotting in KCs isolated from sham and ischemic livers. Clearly, ischemia (30m to 90m)
triggered an upregulation of RIP1/3 expressions in KCs (Fig.3c). Functionally, necroptosis
inhibitor Nec-1s (19, 20), the second generation of necrostatin with higher in vivo specificity
and stability, was administered in test animals prior to the onset of liver ischemia. Compared
with vehicle controls, pre-treatment with Nec-1s resulted in significant reductions of
Topro3-positive KCs in ischemic livers at Oh of reperfusion (32.7+4.54%, Fig.3a, b). The
protection of KCs from ischemia-induced necrosis led to alterations in macrophage
compositions at 6h post-reperfusion: the relative percentage of KC increased (86.7% vs. Ctl.
51.7%) and that of iM®s decreased (13.3% vs. Ctl. 48.3%), as well as inhibitions of
neutrophil infiltration (Fig.3a). Importantly, liver inflammatory immune activation was
suppressed: pro-inflammatory gene inductions, including TNF-a,, IL-1, IL-6, 1L-12p40 and
CXCL10, were reduced, while anti-inflammatory IL-10 induction was enhanced (measured
by gRT-PCR, Fig.4a). All of these resulted in the protection of livers from IRI (lower SALT
levels and better preserved liver architectures with lower Suzuki scores at both 6h and 24h
post reperfusion, Fig.4b). As iMds were present only after IR, necrosis was not detected in
this liver macrophage subset, Topro3-positive iM®s in IR-livers were similar to those KCs
from sham livers, and were not affected by the Nec-1s treatment (data not shown). As a
control, caspase 3-specific inhibitor z-DEVD-fmk was also tested in a separate group of
mice. Liver IRI was in fact aggravated by the caspase inhibitor (Fig.4a).

To determine cellular targets of the anti-inflammatory/cytoprotective effect of Nec-1s in liver
IRI, we treated mice with a single dose of clodronate-liposomes 48h. prior to the onset of
liver ischemia to deplete KCs/macrophages. Liver macrophages, inflammatory immune
activation, and IRI were analyzed at 6h post-reperfusion. FACS results showed that
clodronate preferentially depleted KCs in livers. Relative percentages of iM®s, vs. KCs at
6h of reperfusion increased significantly in IR livers of clodronate-liposome treated mice, as
compared with those of blank-liposome treated ones (91.9% vs. 65.8%, Fig.5a). This led to
an increase of liver IRI (Fig.5b, c. SALT and liver histological analysis with Suzuki scores)
and elevated pro-inflammatory, but suppressed anti-inflammatory 1L-10, gene inductions in
these animals (Fig.5d. qRT-PCR). Importantly, the Nec-1s treatment was no longer able to
protect livers from IRI, or inhibit liver inflammatory immune response in these KC-depleted
mice (Fig.5b, c, d). The chlodronate dose we used did not deplete liver sinusoidal endothelia
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cells (LSEC). Immunofluorescent staining (anti-CD31) showed intact LSEC structures
(central/portal veins and sinusoids) in treated livers; and RT-PCR analysis documented
similar expression levels of CD31, VCAM and Von Willebrand Factor (vWF) in vehicle and
clodronate-treated livers pre- and post-reperfusions (Supplement Fig.2). These results
indicate that Nec-1s protected livers against IRl in KC-dependent manner. KCs, rather than
parenchymal cells, underwent Nec-1s-dependent necrosis which was critical for the liver
inflammatory immune activation against IR.

KC reconstitution protects ischemic livers from IRI

To directly test the potential KC’s homeostatic function in liver IRI, we reconstituted mice
with exogenous KCs after liver ischemia prior to the onset of reperfusion. As controls, bone
marrow-derived macrophages (BMMs) were also used in a separate group of mice. Liver
inflammation and IRI were evaluated at 6h post-reperfusion. Indeed, KC reconstituted mice
were protected from liver IRI, as shown by reduced sALT levels and better-preserved liver
architecture with lower Suzuki scores (Fig.6a). Furthermore, these exogenous KCs inhibited
liver pro-inflammatory immune response against IR, as documented by lower levels of pro-
inflammatory, but a higher level of IL-10, gene induction in livers measured by qRT-PCR
(Fig.6b). Reconstitution of ischemic livers with BMMs, on the other hand, increased liver
IRI and enhanced local inflammatory gene inductions (Fig.6a, b). These results indicate that
KCs, but not BMMs, were indeed capable of protecting livers from inflammatory tissue
injury against IR.

Discussion

Our study documented for the first time that liver IR triggered necrotic depletion of liver
resident macrophages, which occurred in parallel with infiltration/activations of circulating
monocyte-derived macrophages, to facilitate liver pro-inflammatory immune activation
against IR. Nec-1s protected KCs from IR-induced necrosis, leading to diminished liver
inflammatory immune activation and reduced liver IRI. We provided direct evidence in
support of homeostatic functions of KCs that intrahepatic infusion of exogenous KCs post-
ischemia inhibited liver immune response and protected livers from IRI. Thus, despite that
total numbers of liver macrophages were increased during IR, resident vs. infiltrating
macrophages had very distinctive fates. Opposite to what we had been assumed, liver
resident macrophages underwent inflammatory cell death in response to IR, which disrupted
tissue homeostatic balance and facilitated inflammatory macrophage/neutrophil infiltration/
activation. This novel mechanism of liver IRI adds a new aspect to our understanding of
tissue innate immune activation that tissue resident macrophage depletion may in fact
promotes inflammation.

Roles of KCs in liver IRI have been controversial. Studies using clodronate-liposomes (CL)
to deplete KCs have shown both aggravation of liver IRI with enhancement of liver
inflammatory immune response (5, 6), as well as protection of livers from IRI (4). The
expression of heme oxygenase-1 (HO-1) and production of IL-10 have been proposed as
mechanisms of KC-mediated liver protection (5, 6). We have observed in our study that IR
condition and CL doses/timing were two key factors in determining effects of CL treatments
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in liver IRI. As KCs were in fact depleted by prolonged but not transient liver IR, CL would
not do much to the already depleted pool after prolonged ischemia. However, it would help
to eliminate KCs from transient ischemic livers and aggravate liver inflammation and injury.
Depending on the dose and timing, CL could impact types and activation of iMds, due
possibly to the depletion of peripheral or bone marrow monocytes/macrophages (21) (data
not shown). This would reduce liver inflammation and injury in the prolonged ischemia
condition. In our current study, the prolonged ischemia resulted in the depletion of
approximately 60% KCs. The lower dose of CL and 48h prior to the start of liver ischemia
preferentially depleted KCs, but not iM®s. Therefore, the CL treatment resulted in the
deterioration of liver IRI. Importantly, our calibrated experimental setting enabled us to
determine the functional mechanism and significance of KC necrosis in response to liver IR,
which facilitated iM® accumulation in livers post reperfusion. Thus, liver infiltration/
activation of peripheral macrophages is inhibited by functional KCs.

KCs are heterogeneous (7, 8, 22, 23). Although their responses, as a whole, to innate
immune stimulation are relatively more immune regulatory than those of BMMs (higher
IL-10/lower TNF-a, data not shown), KCs are capable of producing pro-inflammatory
cytokines/chemokines (24). As KC depletion by IR is partial, it remains to be determined
whether and how residual KCs are activated and functioning in inflammatory response
against IR. We have shown in a previous study that KCs isolated from ischemic livers did
respond differently from those in sham livers by selectively increasing pro- but decreasing
anti-inflammatory cytokine productions (24). Only prolonged (90m), but not transient
(30m), ischemia triggered KC necrotic depletion. This is correlated with the level of liver
pro-inflammatory immune activation and hepatocellular injury, as 30m liver ischemia causes
minimal IRI (SALT at 6h post reperfusion, 142.8+22.6 vs. 70791132 after 90m ischemia
and 6h reperfusion, n=4, p<0.0001) and little inflammatory gene induction (25).

KC depletion has been reported in an acute liver injury model. An overdose of N-acetyl-p-
aminophenol triggered a significant reduction in the frequency of resident KCs along with
massive infiltration of circulating monocytes (26). Drug-induced direct cytotoxicities were
probably responsible for KC death. However, mechanisms and functional significance of KC
depletion in liver inflammation and injury were not studied in the model. Macrophage
necroptosis was found during S. Typhimurium infection and constituted a key immune
evading mechanism of the intracellular bacterial (27). KC necroptosis has been found
recently to play key roles in orchestrating type-1 microbicidal inflammation in Listeria
infected livers (28). Type I interferon signaling pathway was critically involved in the death
of bacteria-infected macrophages/KCs (27, 29, 30), as well as in inflammatory macrophage
necroptosis in vitro (31). Either type I interferon receptor deficiency, or RIP1 inhibition or
RIP3 knock-down/deficiency prevented this type of macrophage death, improved control of
bacteria and prolonged survival of infected mice in vivo (27). Our study is the first in a non-
infectious disease model to document the functional significance of RIP1-dependent
necrosis of KCs.

Although we have detected upregulations of RIP1 and RIP3 in KCs from ischemic livers,
details of their activation mechanisms remain to be elucidated. Inflammatory stimuli,
including TNF-a,, TLRs and interferon, are classical inducers of macrophage necroptosis
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and clearly relevant in liver IR1. Metabolic stress due to ischemia is another possible trigger
(32). Oxidative stress and ER stress are both implicated in programed necrosis mediated by
both RIP1/3 dependent and independent pathways (32, 33). We have shown that ER stress
plays a critical role in both hepatocellular damages and inflammatory immune activation in
our model (34, 35). We have tested roles of ER stress in KC depletion by using chemical
chaperon 4-PBA to pretreat mice and preliminary results did show protections of these tissue
resident macrophages from necrosis (data not shown). Inflammatory and metabolic stress
signals can trigger apoptosis via extrinsic and intrinsic pathways, respectively. As ischemia
deprives organs of oxygen and nutrients, ATP-dependent apoptosis is inhibited early post-
reperfusion (36-38). Programed necrosis, as a caspase-independent regulated cell death
mechanism, may become the alternative death response against IR. Necroptosis has been
shown as a major cellular injury mechanism in parenchymal cells of several organ types in
their response to IR (19, 39-43). Its contribution to inflammatory immune activation has
been hypothesized to be indirect by the release of DAMPs (44). Our current study provides a
unique case that necrosis directly regulates innate immune activation in vivo by both
selectively depleting homeostatic tissue resident macrophages and augmenting inflammatory
macrophage TLR activation. Our data that Nec-1s failed to protect livers in the absence of
KCs implicated that liver parenchymal cells were damaged via RIP1-independent
mechanism by IR. This cell-type specific differences in necroptotic pathways have been
noticed in an in vitro study that RIP1 is required only for macrophages, but not fibroblasts,
in their necroptosis upon TLR stimulation (45).

In summary, our differential analysis of liver macrophage subset reveals the distinctive fate
of KCs and their functional role in the pathogenesis of liver IRI. The finding of KC
homeostatic function and of their depletion mechanism by IR not only furthers our
understanding of the disease mechanism but also provides us a novel therapeutic rationale to
ameliorate liver IRI, i.e., preservation of liver resident macrophages from inflammatory cell
death.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Dynamic changes of KC/macrophage subsets in liver IRI. NPCs were isolated from sham
liver, or ischemic livers after Oh or 6h of reperfusion, as described in the Material and
Methods. Cells were stained with fluorochrome-conjugated anti-F4/80, -CD11b.
Granulocytes and monocytes were gated first based on their sizes and granularities, and then
separated into resident and infiltrating subsets based on F4/80 and CD11b staining (a) F4/80
positive and CD11b negative cells were identified as KCs, F4/80 and CD11b double-positive
were infiltrating M®s and F4/80 negative and CD11b positive cells were neutrophils.
Quantitation of dynamic changes of liver macrophage subsets in IR were plotted (b).
Average percentages of KCs and iM®s in total F4/80+ liver macrophages were calculated in
sham, or ischemic livers after Oh or 6h of reperfusion based on FACS analysis.
Representative of 3 independent experiments; n=3-6/time point. *p<0.05
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Figure 2.
Immunofluorescence staining of liver macrophages. Frozen liver tissue sections were stained

with fluorochrome-labeled anti-F4/80 or —-CD11b and DAPI as described in the Materials
and Methods. (a) Representative images (x400) of sham, IR livers at 6h post-reperfusion
were shown. Positively stained cells were counted in at least 10 fields in each tissue section
and (b) average numbers/field in each group of tissue section were charted. **p<0.01
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Figure 3.
KC necroptosis in liver IRI. Groups of B6 mice were treated with either vehicle or Nec-1s,

prior to the onset of liver ischemia, as described in the Materials and Methods. (a) Liver
macrophages were isolated from different groups of mice without the attachment step. Total
NPCs were stained with CD11b-FITC, F4/80-PE, Topro3. Topro3-positive KCs
(F4/80+CD11b-) in sham or ischemic livers at Oh post-reperfusion were analyzed, as well as
liver macrophage subsets and neutrophils in sham or ischemic livers at 6h post-reperfusion.
(b) Average percentages of Topro3-positive KCs in sham, vehicle- or Nec-1s treated
ischemic livers at Oh post-reperfusion were plotted. (c) Western blot analysis of RIP1 and 3
expressions in KCs. KCs were isolated from sham or ischemic livers at Oh post-reperfusion
(after 30m or 60m or 90m ischemia). Cellular proteins were prepared and separated by SDS-
PAGE, followed by Western blotting with anti-RIP1/3 Abs. Representative results of 2
independent experiments; n=3-6/group, **p<0.01

J Immunol. Author manuscript; available in PMC 2018 May 01.
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Nec-1s inhibits liver inflammatory immune activation and protects livers from IRI. Groups

of B6 mice were treated with either vehicle or Nec-1s, prior to the onset of liver ischemia, as
described in the Materials and Methods. (a) Liver inflammatory gene inductions by IR (6h

post-reperfusion) in different groups of mice were measured by gRT-PCR. Average ratios of
target gene/HPRT were plotted. (b) Liver IRI in different groups of mice (treated with
vehicle or Nec-1s or zDEVD-fmk) were measured at 6h and/or 24h post-reperfusion by
SALT levels, liver histological analysis with Suzuki scores. Representative results of 2
independent experiments; n=3-6/group, *p<0.05, **p<0.01
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KC depletion and Nec-1s effects in liver IRI. Groups of mice were treated with either
control- or clodronate-liposomes to deplete KCs. Vehicle or Nec-1s was administered 1h
prior to the onset of liver ischemia, as described in the Material and Methods. Liver
macrophages, IRI and inflammatory gene inductions were measured after reperfusion. (a)
Liver macrophage constitutions were analyzed at 6h post reperfusion by FACS. (b) Liver IRI
was evaluated at 6h post reperfusion by SALT and liver histological analysis with Suzuki
scores. (c) Liver inflammatory gene expressions were measured by gRT-PCR. Target gene/
HPRT ratios were plotted. Representative results of 2 independent experiments; n=3,

*p<0.05
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Figure®6.
KC reconstitution in liver IRI. KCs and BMMs were obtained as described in the Materials

and Methods. These cells were injected in separate groups of mice via portal vein after liver
ischemia prior to the onset of reperfusion. Liver IRl was evaluated at 6h post-reperfusion. (a)
Serum ALT and liver histological analysis with Suzuki scores. (b) Liver inflammatory gene
expressions measured by target gene/HPRT ratios. Representative results of 2 independent
experiments; n=3-4/group, *p<0.05
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