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Abstract

Although roles of the metabolic stress in organ ischemia reperfusion injury (IRI) have been well

recognized, the question of whether and how these stress responses regulate innate immune

activation against IR remains unclear. In a murine liver partial warm ischemia mode, we showed

that prolonged ischemia triggered endoplasmic reticulum (ER) stress response, particularly, the

ATF6 branch, in liver Kupffer cells and altered their responsiveness against TLR stimulation.

Ischemia-primed cells increased pro-, but decreased anti-, inflammatory cytokine productions.

Alleviation of ER stress in vivo by small chemical chaperon 4-phenylbutyrate or ATF6 siRNA

diminished the pro-inflammatory priming effect of ischemia in KCs, leading to the inhibition of

liver immune response against IR and protection of livers from IRI. In vitro, ATF6 siRNA

abrogated the ER stress-mediated pro-inflammatory enhancement of macrophage TLR4 response,

by restricting NF-kB and restoring Akt activations. Thus, ischemia primes liver innate immune

cells by ATF6-mediated ER stress response. The IR-induced metabolic stress and TLR activation

function in synergy to activate tissue inflammatory immune response.
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Introduction

Liver ischemia-reperfusion injury (IRI) remains the major cause of liver dysfunction and

failure after hepatic trauma, resection and transplantation (1, 2). Tissue inflammatory

immune response triggered by innate immune receptor activation, such as TLR4, plays a key

role in the pathogenesis of liver IRI (3, 4). Initial tissue damage and stress prompt the

release of danger-associated molecular pattern (DAMP), such as HMGB1, which activate

pattern recognition receptors, such as TLR4, to trigger production of cytokines and

chemokines (5). During the reperfusion stage, inflammatory cytokines drive further

hepatocellular damages (6). Thus, inhibition of immune activation is the most effective

approaches to alleviate experimental organ IRI. However, TLR activation by itself is not

sufficient to facilitate IRI, as a low dose endotoxin, which triggers a strong inflammatory

immune response in livers, causes minimal hepatocellular injuries. One potential

explanation is that TLR activation induces both pro- and anti-inflammatory gene programs,

which is self-limiting and minimal pathogenicity. Thus, it is important to identify additional

pro-inflammatory mechanisms that may function in synergy with TLR activation, leading to

the development of IRI.

Metabolic disturbance due to hypoxia and nutrient deficiency is the primary consequence of

the ischemia process. Redox alteration and ATP deficiency cause dysfunction of key

intracellular organelles, such as mitochondria and endoplasmic reticulum (ER), and trigger

cellular stress responses. Although their roles in direct hepatocellular damage is well

established (7), the potential interplay between stress responses and innate immune

activations has only recently been revealed. Increasing evidence from chronic vascular

disease and diabetes models indicates that metabolic stress may constitute a direct activating

mechanism of tissue inflammation (8). ER stress due to the accumulation of unfolded

proteins in ER lumen represents one of cellular stress responses against IR. Cells develop an

evolutionarily conserved adaptive response called Unfolded Protein Response (UPR) to

resolve ER stress (9). Recent studies have documented that liver IR does indeed trigger UPR

(10-12)whereas small molecule chaperons, such as tauroursodeoxycholic acid (TUDCA) or

4-phenyl butyric acid (PBA)that reduce ER stress, do protect livers from IR-damage.

Although IR-induced parenchymal cell necrosis/apoptosis was proposed as the primary

targets of these chaperon in vivo, liver inflammatory immune activation was also affected by

the ER stress inhibition (13, 14). The question is whether it regulates immune responses

directly or indirectly via parenchymal cell death, which releases DAMP to trigger sterile

inflammation.

Direct regulation of innate immune activation by ER-stress induced UPR signaling

molecules has been demonstrated in vitro (15-17). To determine whether similar mechanism

operates in liver innate immune responses at the organ level would require cell-type specific

experiments. Here, we isolated KCs from normal vs. ischemic livers and compared their

immune functions in vitro. The relevance of ER stress in ischemia regulation of liver

immune response was determined by in vivo targeting of ER stress with PBA, and more

specifically with ATF6 siRNA. In parallel, immune regulatory functions of ER stress and

ATF6 were studied in vitro in macrophage cultures. Our results provide direct evidence that

ischemia-induced ER stress: 1/ constitutes a pro-inflammatory activation mechanism in
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innate immune cells in synergy with TLR activation, and 2/ is essential in liver

inflammatory immune response against IR, at least in part via ATF6 activation.

Materials and Methods

Animals

Male wide-type (WT) C57BL/6 mice (8-12 weeks old) were purchased from the Jackson

Laboratory (Bar Harbor, ME). Animals were housed in the UCLA animal facility under

specific pathogen-free conditions, and received human 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 IRI model

As described (18), an atraumatic clip was used to interrupt the arterial and portal venous

blood supply to the cephalad liver lobes for 90min. Sham controls underwent the same

procedure, but without vascular occlusion. PBA was administered 1h prior to the ischemia at

100mg/kg, i.p.(Sigma, St. Luis, MO). Mice were sacrificed after 0, 1 or 6 h and liver and

serum samples were collected. Serum alanine aminotransferase (sALT) levels were

measured with an auto analyzer by ANTECH Diagnostics (Los Angeles, CA). Part of liver

specimens were fixed in 10% buffered formalin and embedded in paraffin. Liver sections

were stained with hematoxylin and eosin (HE). The severity of liver IRI was graded blindly

using Suzuki's criteria on a scale from 0 to 4 (19).

Cell cultures

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, St Louis, MO). Perfused livers were dissected, and teased through

70μm nylon mesh cell strainers (BD Biosciences, San Diego, CA). Non-parenchymal cells

(NPCs) were separated from hepatocytes by centrifuging at 50g x2min for 3 times. NPCs

were then suspended in HBSS and layered onto a 50%/25% two-step percoll gradient

(Sigma, St Louis, MO) in a 50-ml conical centrifuge tube and centrifuged at 1400g, 4°C for

20 minutes. KCs in the middle layer were collected and allowed to attach onto cell culture

plates in DMED with 10% FBS for 15 minutes at 37°C. Nonadherent cells were removed by

replacing the culture medium. The purity of KCs (.80%) was assessed via staining with

immunofluorescence-labeled anti-F4/80 Ab.

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 days. The cell purity was assayed to be 94-99% CD11b+.

Cells were stimulated with LPS (1μg/ml, Invivogen, San Diego, CA). ER-stressed

macrophages were prepared by pre-incubating cells with Tunicamycin (Tm; 1μg/ml) for 6h,

or Thapsigargin (Tg; 1μM/ml) for 1h (all from Sigma, St. Luis, MO), and washed with fresh

warm media prior to LPS stimulation. No significant cell death is detected in cell cultures

(>90% viable).
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ATF6 knockdown

The siRNA sequences of mouse ATF6 are as follows: 5′-

AAGGATCATCAGCGGAACCAA-3′; nonspecific (NS): 5′-

CGAATCCACAAAGCGCGCTT-3′. In vitro, BMMs were transiently transfected with

siRNA using Genmute™ Reagent (SignaGen Laboratories, MD, USA) according to the

manufacturer's protocol. In vivo, siRNA were mixed with mannose-conjugated polymers

(Polyplus transfection™, France) at a ratio specified by the manufacturer, and administered

by tail vein injection (siRNA 2mg/kg) at 4h prior to the onset of liver ischemia.

Quantitative RT-PCR

Total RNA (2.5 μg) was reverse-transcribed into cDNA using SuperScriptTM III System

(Invitrogen, Carlsbad, CA). Quantitative-PCR was performed using SuperMix (Platinum

SYBR Green qPCR Kit, Invitrogen, Carlsbad, CA) in the DNA Engine with Chromo 4

Detector (MJ Research, Waltham, MA) as described previously (20). We used the

comparative CT method (21) to quantitate gene expression levels, and target gene

expressions were normalized using the HPRT gene expression level of the same samples.

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 μg) were separated by 12% SDS-PAGE electrophoresis and transferred to

PVDF nitrocellulose membrane. Western blot antibodies include: ATF4, pAkt, IkB, pNF-

kBp65, pErk and β-actin (Cell Signaling Technology, San Diego, CA), XBP1 and ATF6

(Abcam, Cambrige, MA) and HRP-conjugated secondary antibody (Cell Signaling

Technology, San Diego, CA). SuperSignal® West Pico Chemiluminescent Substrates

(Thermo Fisher Scientific, Rockford, IL) were used for chemo-luminescence development.

The quantitation of Western blots was performed by using ImageJ software. Quantities of

target proteins were normalized to that of β-actin of the same sample.

ELISA

Cytokine (TNF-α, L-6 and IL-10) levels in cell culture supernatants or serum was measured

according to the manufacturer's protocols (eBioscience, San Diego, CA), Results were

obtained using a Multiscan FC plate reader with SkanIt software (Thermo Scientific).

Statistical analysis

Results are shown as mean±SD. One-way ANOVA test was used in comparisons of three

groups (Fig.1 and 2c, 0m, 30m and 90m ischemia at 0h post-reperfusion). Unpaired t-test

was used for comparison of two groups. A two-tailed P value less than 0.05 was considered

to be statistically significant.
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Results

Prolonged ischemia primed KCs to enhance the pro-inflammatory nature of their TLR
response

To determine the immune regulatory effects of ischemia, we cultured KCs isolated from

either sham-operated livers or those subjected to 30 or 90 min. of warm ischemia (harvested

at 0h of reperfusion). Their productions of inflammatory cytokines, constitutive or after

stimulation with LPS, were measured by ELISA. Clearly, prolonged ischemia activated

KCs, as evidenced by significantly increased TNF-α, IL-6 and IL-10 secretion by cells from

livers after 90m, but not 30m, of ischemia in vivo (Fig.1a), as compared with sham controls.

More significantly, these cells became more responsive to TLR stimulation that they

produced much higher levels of TNF-α and IL-6 than those from sham or short ischemic

livers. Interestingly, IL-10 production was selectively downregulated upon in vitro

stimulation in KCs by ischemia. Thus, prolonged ischemia not only activates KCs, but also

enhances the pro-inflammatory property of their TLR response.

ER stress response mediated the pro-inflammatory priming of ischemia in liver innate
immune cells

As ER stress represents a key cellular stress response against IR, we determined the

activation of UPR signaling pathways in ischemic livers after various reperfusion time. As

shown by Western blot results, all three UPR signature signaling molecules: ATF4, spliced

(s) XBP1, and cleaved (c) ATF6 were upregulated by IR with distinctive kinetics (Fig.2a).

In particular, cATF6 level was increased at 0h post reperfusion and sustained throughout the

reperfusion period, while ATF4 and sXBP1 levels were increased transiently between 2-4h

post reperfusion and returned to baseline at 6h. The induction of cATF6, but not ATF4 and

sXBP1, was also detected specifically in liver NPCs isolated from 90m ischemic livers (at

0h post reperfusion), as compared with those from sham (Fig.2b). Simultaneously, the

expression of ER stress associated genes, represented by CHOP, Grp78 and Xbp1, were also

increased in these NPCs by ischemia and their levels were correlated with liver ischemia

times in vivo (Fig.2c).

To test functional roles of ER stress in ischemia priming of liver NPCs, we administrated

small chemical chaperon 4-PBA in vivo prior to liver ischemia, which has been shown to

alleviated ER stress in vivo and protected livers from IRI in our previous study (13). Indeed,

4-PBA treatment prevented the induction of ER stress genes in liver NPCs (Fig.2c). More

importantly, KCs isolated from PBA-treated ischemic livers produced significantly less

TNF-α and IL-6, but more IL-10, both constitutively and after stimulation with LPS in vitro

(Fig.2d). PBA treatment by itself did not directly suppress macrophage TLR activation in

vitro and in vivo (data not shown). Thus, ER stress is critically involved in the priming of

liver NPCs by ischemia to facilitate their pro-inflammatory immune activation.

ATF6 played a key role in ischemia priming of liver innate immune cells and the
development of IRI

To study the mechanism of ER stress regulation of liver immune activation, we tested the

functional role of ATF6 in KCs using its specific siRNA. The knock-down (KD) efficacy of
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ATF6 expressions by our siRNA construct was validated in vitro in macrophage cultures at

both protein and mRNA levels. The Tm-induced ATF6 upregulation, both of its cleaved

protein measured by Western blot (Fig.4b) and gene expression measured by qRT-PCR

(Supplement 1a), were significantly inhibited in the ATF6-, but not non-specific (NS),

siRNA transfected cells. Tm-induced expressions of other ER stress-associated genes,

including XBP1, CHOP and Grp78, were not much different between these transfected cells.

To target KCs in livers, we utilized mannose-conjugated polymers to deliver siRNA in vivo.

The bio-distribution pattern of fluorescence in spleen indicated that phagocytes (expressing

mannose receptors) were transfected by the fluorescence-labeled siRNA/polymers

(Supplement 2, upper panel). In livers, fluorescent cells merged with CD68 positive cells,

whereas hepatocytes were mostly negative for any fluorescence signals (Supplement 2,

lower panel). Four experimental groups, including sham and IR with either NS or ATF6

siRNA, were set up to test ATF6 functions in the ischemia priming of liver KCs (0h), as

well as the activation of liver immune response and the development of IRI (6h). Although

ATF6KD did not affect constitutive cytokine levels in KCs, it abrogated the pro-

inflammatory priming effect of ischemia: cells from ATF6 siRNA-treated ischemic livers

produced significantly less TNF-a and IL-6, but more IL-10, than those from NS siRNA

treated ischemic livers upon in vitro LPS stimulation (Fig.3a). At the organ level, liver TNF-

α and IL-6 gene expressions were reduced, but IL-10 was selectively increased in ATF6

siRNA-treated mice 6h post reperfusion, as compared with those in NS siRNA-treated ones

(Fig.3b). This translated into liver protection from IRI that serum ALT levels were

significantly lower by ATF6 KD, with better preserved liver tissue architectures and lower

Suzuki scores than those in controls (Fig.3c). Thus, ATF6 played a key role in liver

inflammatory immune response against IR by mediating a pro-inflammatory priming effect

of ischemia in liver innate immune cells.

ER stress-induced ATF6 inhibited AKT-Gsk3b but enhanced NF-kB signaling

To dissect molecular mechanisms of ATF6 regulation of innate immune response, we

studied TLR responses in vitro in ER stressed macrophages induced by chemicals. Bone-

marrow-derived macrophages were pre-treated with either Tm or Tg, followed by TLR

stimulation (Tm/Tg was removed prior to the stimulation). ER-stressed macrophages did not

produce cytokines spontaneously. However, they became more responsive to LPS

stimulation, by producing significantly higher levels of TNF-α and IL-6, but much lower

level of IL-10, as measured by ELISA (Fig.4a). Interestingly, the IP-10 gene induction was

not altered significantly by ER stress (Supplement 1b). Similar pro-inflammatory effects

were also observed in macrophage responses against other TLR ligands (data not shown).

Thus, similar to ischemia, chemical-induced ER stress had a pro-inflammatory priming

effect in macrophages in vitro.

To determine the role of ATF6 in ER stress priming of macrophages, siRNA-mediated gene

KD was performed prior to the induction of ER stress in macrophages. ATF6KD resulted in

significant less productions of TNF-α and IL-6, but more IL-10 in ER stressed macrophages

in response to TLR4 activation, at both transcriptional and translational levels (Fig.4b), as

compared with the NS siRNA transfection. ATF6 KD had a similar, but less prominent anti-

inflammatory effect, in normal macrophages as well, indicating a role of endogenous ATF6
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in regulating TLR response. ATF6 or NS siRNA did not alter macrophage IP-10 response

regardless of ER stress status (Supplement 1c).

Activations of intracellular signaling pathways by LPS were compared between normal vs.

ER-stressed macrophages. Western blot results (Fig.4c) showed that AKT phosphorylation

at Ser308 was decreased most significantly in ER-stressed cells. ATF6 KD restored/

enhanced this phosphorylation. Meanwhile, although Thr473 phosphorylation of AKT was

also slight inhibited in ER stressed cells, ATF6 KO further decreased the phosphorylation at

this site. Although NF-kB phosphorylation was not affected by ER stress, IkB recovery from

the TLR activation-induced degradation was inhibited in ER stressed cells (Fig.4c). ATF6

KD facilitated the IkB recovery. Meanwhile, extracellular signal-regulated kinase-1 (ERK1)

activations were similar between normal and ER stressed cells, and ATF6 KD had no impact

on this kinase activation. Thus, ER stress-induced ATF6 activation enhances the pro-

inflammatory nature of TLR4 response by both inhibiting Akt and enhancing NF-kB

signaling.

Discussion

Our current data documents that prolonged ischemia not only activated liver innate immune

cells but also altered their responsiveness against subsequent TLR stimulation by increasing

its pro-inflammatory property. Importantly, we found that ER stress and its specific

signaling pathway mediated by ATF6 constituted a key intracellular mechanism of ischemia

in regulating innate immune cells, which inhibited the anti-inflammatory Akt, but enhanced

the NF-kB, activations. While the latter has a broad effect to promote inflammatory gene

expression, the Akt inhibition would limit the induction of IL-10. These results provide us

definitive evidence in a clinically relevant disease model that ER stress directly regulates

innate immunity in vivo.

The involvement of ER stress in IRI has been documented in various animal models,

including liver, kidney, heart and brain (22-28). The mechanism, however, was explored

mostly in cell death pathways with contradictory results. As ER stress-induced UPR is an

adaptive response, inhibition of UPR often decreases cell survival against mild or transient

ER stress, as demonstrated in series of studies in cardiac myocyte ischemic cultures and

heart ischemia models (23, 29-31). Overexpression of ATF6 in myocardium increased

Grp78 induction against ex vivo IR and reduced cell death, while ATF6 KD did the

opposite. Similar cytoprotective effects were observed with ER stress-induced Xbp1 in vitro

(32-34). Despite its adaptive nature, prolonged UPR resulted from unresolved/lethal ER

stress could lead to cell death. C/EBP homologous protein (CHOP) plays a key role in ER

stress-induced cellular damage and its genetic deletion attenuated myocardial and brain IRI

in vivo (26, 35), as well as hepatocyte death in vitro (36). Alleviation of ER stress by

chemical chaperons, therefore, effectively protected organs from IRI (14, 25, 27, 28).

Although several studies, including our own, have demonstrated a potential role of ER stress

in regulating inflammatory immune response against IR (13, 28, 35), the underlying

mechanism was unclear. By isolating liver innate immune cells from ischemic livers, we not

only confirmed the induction of UPR in these particular cells, but also revealed its functional

significance in regulating immune responses of these cells. Our finding that ischemia-
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induced ER stress differentially regulates TLR-triggered pro- and anti-inflammatory gene

production programs is of high significance for us to further understand the mechanism of

liver inflammatory injuries.

The ER stress-induced UPR, in fact, shares multiple signaling components with innate

immune responses, leading to the activation of MAP kinases, NF-kB and JNK (17, 37).

Thus, structurally, synergistic interactions between ER stress and innate immune activation

are conceivable. It has been postulated that the transient global inhibition of protein

translation mediated by the PERK pathway of UPR could activate NF-kB. Indeed, we have

observed a significant delay of IkB recovery from degradation in ER-stressed macrophages,

which would leads to prolonged NF-kB activation. The specific UPR signaling pathway

XBP1 has been demonstrated closely involved in innate immune activation. Its deletion in

macrophages reduces IL-6, TNF-α and IL-1β gene induction by LPS (15). It has been shown

that XBP1 binds to a subset of inflammatory gene promoters. Relevant to our experimental

setting, XBP1 activation by chemical ER stress inducers enhances TLR activation, which is

abrogated by IRE1 α KD (15). Our own preliminary data using Xbp1siRNA also indicted its

role in ER stress pro-inflammatory priming of macrophages (data not shown). Furthermore,

ER stress-induced XBP1 activation was shown to play a key role in the synergy of LPS and

ER stress in macrophage IFN-β induction. Thus, its relevance in IR-induced inflammatory

immune response is conceivable. Systemic biology studies of ER stressed cells have resulted

in the identification of a novel NLRP3 inflammasome activation pathway mediated by IRE1

α (upstream of XBP1), which promoted β cell death in diabetes (38, 39). Although the direct

connection of ATF4 to inflammatory innate immune activation has yet to be established, a

recent study revealed its involvement in saturated fatty acid induced IL-6 production in

macrophages (40). Although CHOP downstream of ATF4 has been firmly linked to ER

stress-induced cell death, it has been shown to regulate IL-23 expression in ER stressed

dendritic cells (41).

ATF6 has been shown to become readily activated by ischemia in cardiac myocytes in vitro

and in heart ischemia model in vivo (23, 30). Its functional roles, however, were limited to

protect cells from death. Additionally, ATF6 was found to be involved in ER stress-induced

liver steatosis (42, 43). Our study is the first to document the role of ATF6 in acute liver IRI

and its direct involvement in innate immune regulation, both in vivo and in vitro. ATF6 KO

significantly reduced TNF-a/IL-6 and enhanced IL-10 production by ER-stressed

macrophages in vitro and in ischemic livers in vivo. Mechanistically, we have observed that

the anti-inflammatory signaling pathway AKT was inhibited significantly in ER-stressed

cells and ATF6 KD could restored its activation by LPS. Akt inhibition or genetic deletion

has been shown to enhance the pro-inflammatory property of TLR response via either Gsk3b

or microRNAs (44, 45). Thus, the ER stress-induced ATF6 signaling prohibits Akt

activation upon TLR stimulation, resulting in a more pro-inflammatory response. Consistent

with our in vitro finding, we have observed that prolonged ischemia inactivated liver Akt

(dephosphorylation) (data not shown). Interestingly, it has been reported that the activation

of ATF6 in macrophages by bacterial toxin subtilase triggered a transient AKT

phosphorylation leading to NF-kB activation (46). This indicates us a possibility that Akt
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might become refractory to subsequent TLR stimulation after initial ER stress induced

activation in ER-stressed macrophages.

In summary, this study provides us a novel mechanistic insight of liver inflammatory

immune activation in the course of IR, and documents a direct immune regulatory role of

ischemia via ER stress induced ATF6 activation. The functional synergy between IR-

induced metabolic stress and TLR activation is critical for tissue inflammatory immune

activation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

PBA 4-Phenylbutyric acid

ATF4 Activating transcription factor 4

ATF6 Activating transcription factor 6

BMMs Bone-marrow-derived macrophages

ER Endoplasmic reticulum

IRI Ischemia/Reperfusion Injury

LPS Lipopolysaccharide

NPCs Non-parenchymal cells

sALT Serum alanine aminotransferase

siRNA Small interfering RNA

Tg Thapsigargin

Tm Tunicamycin

TLR Toll-Like-Receptor

UPR Unfolded Protein Response

XBP1 X-box binding protein 1
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Figure 1.
Prolonged liver ischemia primes KCs. KCs were isolated from livers after 0, or 30m or 90m

ischemia at 0h post-reperfusion, and cultured overnight ±LPS stimulation. TNF-α, IL-6 and

IL-10 levels in culture supernatants were measured by ELISA. Representative experiment of

2; n=3 mice/group/expt., ANOVA (—) or t-test ( ): *p<0.05 **p<0.01.
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Figure 2.
ER stress mediates the pro-inflammatory priming of ischemia in liver innate immune cells.

(a) Western blots of ATF4, spliced XBP1, cleaved ATF6, and β actin in sham or ischemic

livers, harvested at 0, 1, 4, 6h post-reperfusion after 90min ischemia. Quantitation of target

protein vs. b-actin was plotted. (b) Western blot and quantitative plot of cleaved ATF6,

ATF4, and spliced XBP1 in liver NPCs isolated from sham-operated or 90m-ischemic livers

at 0h post-reperfusion. (c) Expressions of ER stress-induced genes in liver NPCs. Cells were

isolated from livers after 0, 30m or 90m (with or without PBA treatment) of ischemia. Gene

expressions were measured by qRT-PCR and ratios of target gene/HPRT were shown. (d)

Effects of in vivo PBA treatment on ischemia-primed KCs. KCs isolated from groups of

sham-operated, ischemic, or PBA-treated ischemic livers, as described in Material and

Methods, were cultured in vitro ±LPS for 24h. Cytokine levels in culture supernatants,

measured by ELISA, were shown. Note: LPS stimulated TNF- α and IL-6 levels were

plotted on the right Y axis. Representative of 2 separate experiments; n=2-3 mice/group/

expt., ANOVA (—) or t-test ( ): *p<0.05 **p<0.01.
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Figure 3.
ATF6 regulates KC activation and liver IRI. (a) ATF6 KD diminishes ischemia-induced pro-

inflammatory priming of liver innate immune cells. KCs, isolated from groups of sham-

operated or ischemic livers treated with NS or ATF6 siRNA, as described in Material and

Methods, were cultured in vitro ±LPS stimulation for 24h. Cytokine levels in culture

supernatants, measured by ELISA, were shown. (b) ATF6 KD inhibits liver inflammatory

immune activation by IR. Groups of mice were treated with NS or ATF6 siRNA, followed

by liver IR, as described in Material and Methods. Liver inflammatory gene levels were

measured by qRT-PCR at 6h post reperfusion. (c) ATF6 KD alleviates liver IRI. Serum

ALT levels and liver histological analysis (H/E staining scored by the Suzuki standard) from

the same groups of mice as in (b) at 6h post reperfusion were shown. Representative at least

two independent experiments. n=3-5 mice/group/expt., t-test, *p<0.05 **p<0.01.
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Figure 4.
ATF6 regulates TLR response in ER stressed macrophages in vitro. (a) Chemical-induced

ER stress primes macrophages. BMMs were pre-treated with Tm or Tg, followed by LPS

stimulations for 24h, as described in Material and Methods. Cytokine levels in culture

supernatants were measured by ELISA. (b) ATF6 regulates cytokine productions in ER-

stressed macrophages. The siRNA transfected BMMs were pre-treated with Tm, followed

by stimulations with LPS, as described in Material and Methods. Cells were harvested at 4
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to measure gene expressions by qRT-PCR or culture supernatants at or 24h to measure

cytokines by ELISA. (c) ER stress regulates TLR4 intracellular signaling pathways via

ATF6. BMMs were transfected with NS or ATF6 siRNA, followed by sequential treatment

of Tm and LPS and harvested at different time points, as described in Material and Methods.

The expression of ATF6 and activation of intracellular signaling pathways were analyzed by

Western blots. Quantitation of target protein vs. β-actin at different time points was plotted.

Representative of at least 2 separate experiments, n=3 replicates/group/expt, t-test, *p<0.05

**p<0.01.
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