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Abstract

Acetaminophen (APAP) intoxication is the foremost cause of drug-induced liver failure

in developed countries. The only pharmacologic treatment option, N-acetylcysteine

(NAC), is not effective for patients who are admitted too late and/or who have exces-

sive liver damage, emphasizing the need for alternative treatment options. APAP

intoxication results in hepatocyte death and release of danger signals, which further

contribute to liver injury, in part by hepatic monocyte/macrophage infiltration and

activation. Metallothionein (MT) 1 and 2 have important danger signaling functions

andmight represent novel therapeutic targets in APAP overdose. Therefore, we evalu-

ated hepaticMT expression and the effect of anti-MT antibodies on the transcriptional

profile of the hepaticmacrophage population and liver injury followingAPAPoverdose

inmice.HepaticMTexpressionwas significantly induced inAPAP-intoxicatedmice and

abundantly present in human livers. APAP intoxication in mice resulted in increased

serum transaminase levels, extended necrotic regions on liver histology and induced

expression of proinflammatory markers, which was significantly less pronounced

in mice treated with anti-MT antibodies. Anti-MT antibody therapy attenuated

proinflammatory macrophage polarization, as demonstrated by RNA sequencing

analyses of isolated liver macrophages and in LPS-stimulated bone marrow-derived

macrophages. Importantly, NAC and anti-MT antibodies were equally effective

whereas administration of anti-MT antibody in combination with NAC exceeded the

efficiency of both monotherapies in APAP-induced liver injury (AILI). We conclude

that the neutralization of secreted MTs using a monoclonal antibody is a novel thera-

peutic strategy as mono- or add-on therapy for AILI. In addition, we provide evidence

suggesting that MTs in the extracellular environment are involved in macrophage

polarization.

Abbreviations: AILI, acetaminophen-induced liver injury; ALT, serum alanine aminotransferase; APAP, acetaminophen; AST, aspartate aminotransferase; BMDM, bonemarrow-derived

macrophage; KC, Kupffer cell; MoMF, monocyte-derivedmacrophage;MTs, metallothioneins; NAC, N-acetylcysteine; NAPQI, N-acetyl-p-benzoquinone imine.
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1 INTRODUCTION

Acetaminophen (APAP), also known as paracetamol, is themost widely

used antipyretic and analgesic over-the-counter drug and is also the

leading cause of acute liver failure in the United States and Europe.1

APAP is metabolized in hepatocytes by glucuronidation and sulfata-

tion to nontoxic metabolites, but a small fraction of APAP is metabo-

lized to the toxic metabolite N-acetyl-p-benzoquinone imine (NAPQI),

which is, at nontoxic doses, conjugated by endogenous glutathione and

excreted via the bile.2 However, when APAP is overdosed, glutathione

concentrations are insufficient to convert the increasing amount of

NAPQI. NAPQI binds to mitochondrial proteins and forms cytotoxic

protein adducts, which cause oxidative stress, the production of reac-

tive oxygen species and mitochondrial dysfunction.2,3 Mitochondrial

dysfunction results in hepatocyte necrosis and the release of dan-

ger signals (danger-associated molecular patterns, DAMPs) that are

able to attract, activate, and/or alert nearby immune cells to “dan-

ger” for the host, resulting in an inflammatory response.4,5 Activated

immune cells, including resident livermacrophages (Kupffer cells, KCs),

secrete chemokines, which further increase the influx of immune cells

in areas of hepatocyte damage, and cytokines, enhancing inflamma-

tion and further tissue damage.2 Infiltrating monocytes can differen-

tiate into monocyte-derived macrophages (MoMFs) and it has been

shown that KCs,MoMFs, and infiltratingmonocytes have distinct roles

in the pathogenesis of APAP-induced liver injury (AILI). Early infiltra-

tion of monocytes can aggravate liver injury whereas MoMFs are cru-

cial for recovery from AILI.6–10 Thus, liver infiltrating and resident

macrophages represent attractive therapeutic targets in the context of

liver injury. At present, N-acetylcysteine (NAC) is the only pharmaco-

logic treatment option for patients suffering fromAILI.2 However,NAC

is only effective when given within the first 12–24 h after APAP inges-

tion and its benefit decreases with increasing time between overdose

and treatment.3,11 For those patients who are admitted to the hospital

too late, liver transplantation is the only curative and life-saving option.

Consequently, there is an urgent need to find alternative treatment

options for patients suffering from AILI to extend the available thera-

peutic window.

We have previously identified metallothioneins (MTs) as a new

class of danger signals that are released from dying cells and are able

to attract leukocytes both in vivo and in vitro.12,16 MTs are highly

conserved, cysteine-rich metal-binding proteins with a low molec-

ular weight and the isoforms MT1 and MT2 are considered to be

acute phase proteins due to their rapid induction upon inflammation.13

Under physiologic conditions, cytosolic MTs are involved in metal

homeostasis and transport,14 and have anti-oxidative and anti-

inflammatory properties.12 Mice lacking MT1 and MT2 showed a

higher disease activity in experimental AILI models, presumably as a

consequence of the absence of redox management provided by MT

and the lack of an important source of essential zinc and copper ions

that are necessary for liver regeneration.15 However, during necrotic

cell death, MTs are released in the extracellular environment and func-

tion as danger signals by attracting other immune cells to the inflamma-

tory site.12 TheMT1 andMT2 genes are located near other chemokine

genes and MTs have been shown to drive the migration of leukocytes

in a chemotactic gradient.12,16 In addition, blocking extracellular MTs

with monoclonal anti-MT antibody has been shown to reduce leuko-

cyte infiltration and disease activity in experimental colitis.12 Because

the pathogenesis of AILI is driven by cell death, danger signal release,

andmonocyte/macrophage infiltration andactivation,10,17–19 extracel-

lular MTs that function as danger signals might represent a novel ther-

apeutic target in AILI. Indeed, NAC is effective by replenishing glu-

tathione concentrations and prevents damage following hepatocyte

necrosis but has little effect on the ensuing inflammatory response

mediated by danger signal release, immune cell infiltration, and acti-

vation and subsequent bystander damage. As such, blocking MT dan-

ger signal functions and intervening downstream in the inflammatory

cascade, might have an additive therapeutic value for patients who

present with exacerbated liver inflammation. We hypothesize that

blocking extracellular MTs may impact the inflammatory environment

in experimental AILI and thusmay represent a therapeutic target to be

added to the standard treatment with NAC in experimental AILI.

2 METHODS

2.1 Human tissue

Liver tissue was obtained from three patients who underwent liver

transplantation due to APAP-induced acute liver failure and liver tis-

sue from three patientswith colorectal cancermetastasis, sampled at a

distance froma colorectal tumor, as control group. These sampleswere

evaluated for MTs’ immunoreactivity by immunohistochemistry. This

study was approved by the local ethics committee of University Hos-

pital Ghent (ECUZG 2015/1113 and 2017/0539).

2.2 Animal experiments

Seven-week-old male C57BL/6 mice were purchased from Janvier (Le

Genest-Saint-Isle, France). Mice were fasted for 20 h prior to receiv-

ing 500 μl PBS or 300 mg/kg APAP (Sigma, Diegem, Belgium), dis-

solved in 500 μl warm PBS, by i.p. injection. APAP-injected mice were

treated after 2 h with NaCl (vehicle, control), 15 mg/kg anti-MT anti-

body (clone UC1MT)20 or an equivalent dose of IgG (isotype-matched
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DEVISSCHER ET AL. 125

control for antibody specificity), 200mg/kgNAC (Sigma), or the combi-

nation ofNACand anti-MTantibodies i.p. All treatmentswere adjusted

to equal volumes of 200 μl. Blood sampling was performed under

anesthesia 24 h after APAP administration after which the mice were

sacrificed and liver samples collected. Liver damage was assessed by

analysis of serum aspartate and alanine aminotransferase (AST and

ALT, respectively) levels, histology on H&E stained sections (semi-

quantitative analysis of necrotic areas), expression of proinflammatory

cytokines/chemokines by quantitative real-time PCR, and infiltration

of leukocytes by flow cytometry. The animals were housed in the ani-

mal facility of the Faculty of Medicine and Health Sciences of Ghent

University (Belgium) according to the national guidelines for animal

protection. The ethical committee of animal experimentations at the

Faculty ofMedicine andHealth Sciences of GhentUniversity (Belgium)

approved the protocols (ECD15/20).

2.3 Histology and immunohistochemistry

Paraffin-embedded mouse liver sections were rehydrated by serial

immersion in xylene and ethanol and stained with H&E. Bright field

images were captured using an Olympus (BX41, Antwerp, Belgium)

light microscope. Necrotic areas were quantified in at least 10 fields

per mouse using Cell∧D software (Olympus). Results are expressed

as the mean necrotic area per field (% ± SEM). The final score is rep-

resented as the mean of the scores determined by two independent

researchers, whowere blinded to the study identity.

Human liver tissue was formalin fixed, paraffin embedded, and

evaluated for MTs’ immunoreactivity by immunohistochemistry. MT

staining was carried out using mouse monoclonal anti-MT clone E9

(Zymed Laboratories, San Francisco, CA, USA). An isotype-specific

irrelevant antibody (mouse IgG1, Dako, Glostrup, Denmark) was used

in amatched concentration to control for nonspecific bindingof thepri-

mary antibody. MTs’ immunoreactivity was evaluated by two indepen-

dent observers.

2.4 Bone marrow-derived macrophages (BMDMs)

Femoral and tibial bone-marrow canals of C57BL/6 mice were flushed

with cold sterile PBS to obtain BMDMs. Cells were cultured in

10 × 15mm petri-dishes in DMEM+Glutamax (Invitrogen, Merelbeke,

Belgium) supplemented with 10% FBS, penicillin/streptomycin (Invit-

rogen), and recombinant murine M-CSF (PeproTech, London, United

Kingdom).Mediumwas changed every other day and cellswere seeded

for experiments on day 7. Cells were stimulated with 100 ng/ml LPS

(Ultrapure LPS from E. coli K, Invivogen, San Diego, CA, USA) with and

without addition of 100 μg/ml UC1MT for 24 h. Cells were lysed for

RNA extraction and supernatant was collected for cytokine analysis.

2.5 Quantitative real-time PCR

Total RNA was extracted using the Qiagen RNeasy Mini Kit (Qiagen

Benelux, Venlo, Netherlands) with on-column DNase treatment. The

concentration and purity of the total RNA were determined using

a spectrophotometer (WPA Biowave II, Isogen Life Science, Nether-

lands). One microgram of total RNA was converted to single strand

complementaryDNAby reverse transcription (Superscript, Invitrogen)

with oligo(dT) priming. The cDNAwas diluted 1/8 andwas used in real-

time quantification with SYBR Green (Roche, Vilvoorde, Belgium) and

250 mM of each primer. A 2-step program was run on a LightCycler

480 (Roche). Cycling conditions were 95◦C for 10min and 45 cycles of

95◦C for 10 s and 60◦C for 1 min. A melting curve analysis confirmed

primer specificity. All reactions were performed in duplicate and nor-

malized to GAPDH and succinate dehydrogenase complex subunit A.

The PCR efficiency of each primer pair was calculated using a standard

curve from reference cDNA. The amplification efficiency (E)was deter-

mined using the formula 10–1/slope. The primer pairs used are listed in

Table 1.

2.6 Flow cytometry and fluorescence-activated
cell sorting

The livers were flushed with PBS, isolated and chopped into small

pieces and incubated for 20 min in 1 mg/kg collagenase A (Sigma)

and 10 U/ml Dnase (Roche) in a heated bath (37◦C). Suspensions

were filtered and cells were stained with CD45-APC-Cy7, F4/80-

FITC, Ly6G-PercCP-Cy5.5, Ly6C-V450, CD11b-PECy7, and Tim4-PE

from BD Bioscience for 20 min at 4◦C in the dark. Cells were

sorted using an AriaIII flow cytometer (BD Bioscience Headquar-

ters Franklin Lakes, New Jersey, U.S.) based on the following gating

strategy21:

live CD45+CD11bhiLy6G-Ly6Chi monocytes, CD45+F4/80+CD

11bintLy6C-Ly6G-Tim4+ KCs, CD45+F4/80+CD11b+Ly6C-Ly6G-

Tim4- MoMF; and analyzed using FlowJo software (TreeStar). Sorted

cells were lysed in RNeasy Lysis Buffer (RLT) plus β-mercaptoethanol

for RNeasy Lysis Buffer (RNA) extraction and expression analyses.

2.7 RNA sequencing analysis of hepatic
macrophages

After RNA extraction, the concentration and quality of the total

extracted RNA were verified by using the “Quant-it ribogreen RNA

assay” (Life Technologies, Grand Island, NY, USA) and the RNA 6000

Nano chip (Agilent Technologies, Santa Clara, CA, USA), respectively.

Subsequently, 1 ng of RNA was used to perform an Illumina sequenc-

ing library preparation using the QuantSeq 3′mRNA-Seq Library Prep

Kit (Lexogen, Vienna, Austria) according to the manufacturer’s pro-

tocol. During library preparation, 22 PCR cycles were used. Libraries

were quantified by qPCR, according to Illumina’s protocol “Sequencing

Library qPCRQuantification protocol guide,” version February 2011. A

High Sensitivity DNA chip (Agilent Technologies) was used to evaluate

the library’s size distribution and quality. Sequencing was performed

on a high throughput Illumina NextSeq 500 flow cell generating 75 bp

single reads.
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126 DEVISSCHER ET AL.

TABLE 1 Primer pairs

Gene symbol Forward primer Reverse primer

Mouse

GAPDH CATGGCCTTCCGTGTTCCTA GCGGCACGTCAGATCCA

SDHA CTTGAATGAGGCTGACTGTG ATCACATAAGCTGGTCCTGT

TNFα CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC

IL-1β CAACCAACAAGTGATATTCTCCATG GATCCACACTCTCCAGCTGCA

IL-6 GCTGGTGACAACCACGGCCT AGCCTCCGACTTGTGAAGTGGT

MCP-1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGAATTTACGGGT

CXCL2 GCGCCCAGACAGAAGTCATAG AGCCTTGCCTTTGTTCAGTATC

NLRP3 ATCAACAGGCGAGACCTCTG GTCCTCCTGGCATACCATAGA

NLRP6 TGACCAGAGCTTCCAGGAGT TTTAGCAGGCCAAAGAGGAA

For these samples, an average of 9.9 ± 3.4 million reads were gen-

erated. These reads were first trimmed using Cutadapt software22

version 1.18 to remove the “QuantSEQ FWD” adaptor sequence. The

trimmed reads were mapped against the Mus musculus GRCh38.91

reference genome using STAR software23 version 2.6.0c. The RSEM24

software, version 1.3.1, was used to generate the count tables.

Differential gene expression analysis between groups of samples

was performed using DESeq2.25 Genes having a false discovery rate

(FDR) <0.05 and a fold change >2 were considered significantly dis-

tinctive between groups. Differentially expressed genes were used for

gene set enrichment analyses (GO biologic process) using Cytoscape26

and BiNGO plug-in.27

2.8 Statistical analysis

Statistical analyses were performed using GraphPad Prism soft-

ware (GraphPad Software, Inc., 2365 Northside Dr. Suite 560

San Diego, CA 92108, USA). Data are presented as mean ±

SEM. Differences between two groups were calculated using an

unpaired t-test in case of normality or the Mann-Whitney statis-

tic if the data were not normally distributed. Multiple-group

comparisons were performed using ANOVA followed by a Bon-

ferroni posttest. A value of P < 0.05 was considered statistically

significant.

3 RESULTS

3.1 MTs are highly expressed in experimental and
human AILI

In AILI, the liver is the main source of MT1 and MT2 and it has been

reported that both isoforms are up-regulated upon various inflam-

matory stimuli.28,29 Indeed, APAP overdosing resulted in a signifi-

cant increase in MT1/2 mRNA expression compared to control mice

(Fig. 1A).

To confirm MT1/2 expression in human AILI, liver samples of

patients who were transplanted for AILI and liver samples of patients

without AILI were analyzed for MT1/2 immunoreactivity. Immunohis-

tochemistry shows an abundant expression of MT1/2 in hepatocytes

of liver sections of all patients with loss of cellular integrity in cen-

trolobular necrotic areas of APAP-intoxicated livers (Fig. 1B). The lat-

ter suggests extracellular release of MT1/2 and indicates the potential

ofMT1/2 as extracellular contributors to AILI.

3.2 The combinational therapy of anti-MT
antibodies and NAC exceeds each monotherapy and
represents a new therapeutic strategy in AILI

We next evaluated the therapeutic potential of blocking extracellular

MTs by highly specific anti-MT antibodies (clone UC1MT), alone and in

combination with the standard of care NAC, in APAP overdosed mice.

APAPoverdose resulted in a significant increase in serumtransaminase

levels that was significantly lower in both NAC and anti-MT treated

mice. Moreover, the combination of NAC and anti-MT exceeded the

attenuated induction of ALT levels after each monotherapy (Fig. 2A).

This was also confirmed on histology, with smaller and fewer necrotic

regions on liver histology after APAP overdose in NAC and anti-MT

treated mice compared to untreated mice, which was again most pro-

nounced in mice treated with the combination of NAC and anti-MT

antibodies (Fig. 2B). Anti-MT antibody specificity was confirmed by

therapyefficacy comparison against IgGcontrol therapy inAPAP intox-

icatedmice (Fig. 2C).

3.3 Anti-MT antibody therapy attenuates
APAP-induced liver inflammation

To further evaluate how anti-MT antibodies exert their effect

in AILI, we further evaluated hepatic inflammatory markers and

cell infiltration in mice after APAP overdose with and without

anti-MT treatment. APAP-intoxicated mice showed up-regulated
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DEVISSCHER ET AL. 127

F IGURE 1 Hepatic metallothionein (MT)1/2 expression inmouse and human acetaminophen-induced liver injury (AILI). (A) Mouse hepatic
MT1 andMT2mRNA expression 24 h after an acetaminophen (APAP) overdose. n= 5, *P< 0.05. (B) MT1/2 immunoreactivity in the liver of human
patients with andwithout AILI. Magnification×200

transcription of genes encoding the chemokines Mcp1 and Cxcl2,

responsible for monocyte and neutrophil attraction, respectively,

the inflammasome Nlrp3 and the proinflammatory cytokines Tnfα,
Il1β, and Il6, which was less pronounced in mice treated with

anti-MT antibodies compared to control treated mice with AILI

(Fig. 3A). APAP overdose also resulted in a significant increase of live

CD45+Ly6G+F4/80–CD11b+Ly6C+ neutrophils and CD45+Ly6G-

F4/80+CD11bhiLy6Chi monocytes whereas CD45+Ly6G-

F4/80+CD11bintLy6C–Tim4+ KCs were depleted, as previously

described,21 but no effect of anti-MT antibodies was observed

(Fig. 3B).

3.4 Differential gene expression of hepatic
macrophages in AILI and after anti-MT antibody
therapy

To characterize the different hepatic macrophage populations in AILI

and the effect of anti-MT antibody therapy on liver macrophages in

vivo, we isolated KCs, infiltrated monocytes and MoMF by FACS from

the livers of healthy mice and mice with AILI, and performed mRNA

sequencing analysis of these hepatic macrophage populations. APAP

overdose resulted in differential gene expression (FDR < 0.05) of 651

genes in KCs, 795 genes in MoMF, and 917 genes in MO. In the princi-

pal component analyses, the different cell populations in steady state,

after APAP and after anti-MT antibody treatment, are separated by

the first two principal components (Supporting Information Fig. S1).

Gene enrichment mapping showed that genes involved in chemotaxis

(including S100a8, Ccl9, Cxcr2, Ccl2, Ccl4, Cxcl3), cytokine/chemokine

production (including Il6, Tnfrsf11a, Lbp, Prry2, Smad3, Mif), inflamma-

tion and immune responses (including Il1rl1, Il1a, Arg1, Tlr1, Tlr13,

Nfkb1a, Jun), and leukocyte differentiation and activation (including

Bcl6,Hps1, Cd1d1, Il7r, Il6, Jak3) were mainly up-regulated in liver infil-

trated monocytes and, with respect to genes involved in chemotaxis

and inflammatory response, to a lesser extent inMoMFs (Fig. 4). InKCs,

APAP resulted in theup-regulationof genes involved in lipid catabolism

(suchasGba2,Gla), cell cycle (suchasHaus2, Smc3,Ccn1), andangiogen-

esis (Il1a, C5ar1, C3ar1, Ptgs2n serpine1, Angpt2) (Fig. 4).

Anti-MT treatment in mice with AILI clearly resulted in differen-

tial gene expression in the three analyzed cell populations (Fig. 5A, B).

Anti-MT treatment down-regulated 166 genes in KCs (>2-fold down-

regulated, FDR < 0.05) including genes involved in proinflammatory

processes such as Spata2 (tnfr1-sc), which is involved in TNF-induced

necroptosis30 (Traf5 [TNF receptor associated factor 5]) involved in
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128 DEVISSCHER ET AL.

F IGURE 2 Anti-MT (metallothionein) antibodies are equally effective as N-acetylcysteine (NAC) and combinational therapy exceeds each
monotherapy. (A) Serum alanine transaminase (ALT) and aspartate transaminase (AST) levels in acetaminophen (APAP) overdosedmice treated
with NaCl, NAC anti-MT antibodies, or the combination of NAC and anti-MT antibodies. Data are pooled from two independent experiments,
n= 5–10, *P< 0.05, ***P< 0.001, ****P< 0.0001. (B) Representative images of H&E stained liver sections and corresponding score of the extent of
liver damage in APAP-overdosedmice treatedwith indicated treatments. Data are pooled from two independent experiments, n= 5–10, *P< 0.05,
**P< 0.01.Magnification×100. (C) SerumALT and AST levels in APAP overdosedmice treated with NaCl, anti-MT antibodies, or isotype IgG
control antibodies 24 h following APAP overdosing or PBS (control group), n= 6, *P< 0.05, **P< 0.01 compared to PBS

F IGURE 3 Anti-MT (metallothionein) antibody treatment dampens hepatic inflammation inmicewith acetaminophen-induced liver injury
(AILI). (A) Expression of proinflammatorymarkers in PBS control and acetaminophen (APAP) intoxicatedmice treated with anti-MT antibodies or
vehicle (NaCl). n= 5, *P< 0.05, **P< 0.01 compared to PBS. (B) Gating strategy for hepatic monocytes andmacrophages. Flow cytometric analyses
of infiltrated CD45+Ly6G+Ly6CintTIM4-neutrophils, CD45+Ly6G-F4/80+CD11bhiLy6Chi monocytes and
CD45+Ly6G-F4/80+CD11bintLy6CloTIM4+ resident Kupffer cells. n= 5, *P< 0.05, ***P< 0.001 compared to PBS
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DEVISSCHER ET AL. 129

F IGURE 4 Enrichmentmap of significantly up-regulated GO pathways in Kupffer cells (KCs), monocyte-derivedmacrophages (MoMFs) and
monocytes isolated from the livers of mice 24 h after acetaminophen intoxication. Green=KCs, blue=MoMFs, red=monocytes. n= 3–6

F IGURE 5 (A) Clusters and heatmap of differentially expressed genes and (B) volcano plots showing the log fold change and false discovery
rate (FDR) of the genes in Kupffer cells, monocyte-derivedmacrophages andmonocytes after anti-MT (metallothionein) antibody treatment
compared to control treatment inmicewith an acetaminophen overdose. n= 3–6

TNF-induced NF-κB activation,31 Naip1 and Naip6 (NLR = Nod-like

receptor (NLR) family apoptosis inhibitory proteins), which are innate

immune sensors belonging to theNLRFamilyApoptosis InhibitoryPro-

tein (NAIP) family,32 and Irf3 (IFN regulatory factor 3), which induces

the transcription of type I IFN genes33 (Fig. 5B). Among the 171 up-

regulated genes inKCs (>2-fold up-regulated),we identified regulators

of alternative activated macrophage polarization, Il4i1 (IL4 induced

1), Erg2 (early growth response gene-2), and Stat5b (signal transducer
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F IGURE 6 Anti-MT (metallothionein) antibodies attenuate induced proinflammatorymacrophage polarization. (A) Expression of
proinflammatory cytokines in bone-marrow derivedmacrophages (BMDMs) following incubationwith 100 ng/ml LPS, 130 μg/ml anti-MT antibody
(UC1MT), the combination of LPS and anti-MT antibodies or control medium for 12 h. n= 3, *P< 0.05, **P< 0.01, ***P< 0.001. (B) Expression of
NLRP3 andNLRP6 and supernatant IL-1β levels after incubation of BMDMswith 100 ng/ml LPS, 130 μg/ml anti-MT antibody (UC1MT), the
combination of LPS and anti-MT antibodies or control medium for 12 h . n= 3, *P< 0.05, **P< 0.01, ***P< 0.001

and activator of transcription 5B) (Fig. 5B). In MoMF and monocytes,

individual genes linked to proinflammatory processes were down- and

up-regulated after anti-MT treatment. In MoMF, 242 genes were >2-

fold down-regulated, including Naif1 (nuclear apoptosis inducing fac-

tor 1), a negative regulator of cell growth, Jak3 (Janus kinase 3),

which is involved in macrophage differentiation,34 Saa1 (serum amy-

loid A 1), expressed in response to an inflammatory stimulus,35

Atg4d (autophagy related 4D cysteine peptidase, an IRF8-dependent

autophagy gene36), and Tnfsf13 (TNF ligand superfamily member 13)

(Fig. 5B). Highly up-regulated genes in infiltrated MoMF from anti-

MT treated mice with AILI included Mylk3 (myosin light chain kinase

3, encodes for MLCK which is involved in macrophage motility37),

Tnik (TRAF2 and NCK interacting kinase), which regulates the c-

Jun N-terminal kinase pathways, Gata1, a transcription factor that

blocks IL-6-induced macrophage differentiation and apoptosis,38 and

Tnfrsf23 (TNF receptor superfamily member 23, a trail decoy recep-

tor) (Fig. 4). Of the 46 down-regulated genes in monocytes from anti-

MT treatedmice, we identified Amot, an angiogenesis related gene, the

chemokineCxcr2, Tnfsfm13 (tumor necrosis factor [ligand] superfamily,

membrane-boundmember 13),Aldh4a1, a p53 target, andNfe2, a tran-

scription factor that interacts with antioxidant responsive elements. In

contrast, Klf11, which is involved in IL-12p40 production,39 and Tlr3

were up-regulated in monocytes from anti-MT treated mice following

APAP overdose, together with, among others, Psrc1 and Fabp3, genes

encoding for proteins involved in cholesterol transport (Fig. 5).

3.5 Pharmacologic inhibition of extracellular
MT1/2 dampens proinflammatory macrophage
polarization in vitro

To further evaluate the effect of anti-MT antibodies on the pheno-

type of macrophages, we cultivated BMDMs and treated the cells

with LPS, to induce polarization toward a proinflammatory pheno-

type, with and without co-incubation of anti-MT antibodies overnight.

LPS significantly induced the expression of proinflammatory cytokines,

which was attenuated in cells incubated with LPS+anti-MT antibod-

ies (Fig. 6A). Because DAMP release and subsequent inflammasome

activation is involved in the activation of leukocytes,19 we addition-

ally analyzed the expression of two important inflammasomes Nlrp3

and Nlrp6 and the outcome of inflammasome activation being IL1β
release.40 Indeed, LPS resulted in inflammasome activation and IL1β
release, which was abrogated in case of co-incubation with anti-MT

antibodies (Fig. 6B).
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4 DISCUSSION

APAPoverdose-induced liver injury is themost frequent cause of acute

liver failure in developed countries. For early presenting patients, NAC

serves as effective antidote but its efficacy decreases with increasing

time between overdose and hospital admission.

When excessive hepatotoxicity occurs, there is a lack of an effec-

tive therapy for the sequence of events that can progress to acute liver

failure with the attendant need for emergency liver transplantation.

Although controversial, the possibility exists that hepatocyte necro-

sis and the ensuing inflammatory response determines the severity of

AILI and this possibility opens new avenues for potential therapeutic

treatment options. NAC treatment is highly effective as an early treat-

ment and other agents that interfere at the level of immune infiltra-

tion and/or activation may serve as add-on therapy for late-presenting

patients. Here, we show that MT can act as proinflammatory mediator

and represents an interesting therapeutic target to block the ensuing

inflammatory response followingAILI. Recently, the involvement of the

gut microbiome in the pathogenesis of AILI has also been suggested,

either by the direct action of APAP on the microbiome or indirectly

by APAPmetabolites produced bymicrobial species.41–44 Depletion of

gut microbiota or altering the microbial composition has shown to be

effective in dampening or abrogating AILI.41,45 Whether this could be

an alternative strategy in patients presenting with an APAP overdose

needs further investigation.

AILI in mice is a useful model to study the pathogenesis and

to identify potential therapeutic strategies. Mice overdosed with

APAP develop severe liver injury, as indicated by increased serum

transaminase levels and extensive necrosis on liver histology 24 h

post-overdose. Here, we show that this is accompanied by significant

induction ofMT1 andMT2, which is consistentwith their characteriza-

tion as acute phase proteins. This was confirmed in human liver tissue

of patients with an APAP overdose and indicates their potential as

therapeutic target. Proinflammatory cytokines and chemokines were

also significantly induced following APAP overdose in mice. Interest-

ingly, APAP-overdosed mice treated with anti-MT antibodies showed

remarkably lower levels of serum transaminases and liver necrosis

compared to untreated mice with AILI. Moreover, the expression of

Mcp1,Cxcl2, Il6, andNlrp3was not significantly induced inmice treated

with anti-MT antibodies after APAP overdose. Although it has been

shown that mice lacking MT1 and 2 show a higher disease activity

in experimental AILI models,15 here, we only and specifically target

extracellular MTs because antibodies do not enter the cell and only

exert their effect extracellularly. Our results point to the therapeutic

potential of targeting extracellular MTs to dampen liver injury and

inflammation following an APAP intoxication.

During necrotic cell death, MTs are released in the extracellu-

lar environment and function as danger signals by attracting other

immune cells to the inflammatory site. We and others have previously

reported on the chemotactic properties of extracellular MTs. There-

fore,weadditionally investigated liver immune cells that are implicated

in the pathogenesis of AILI.10,46–48 Although the percentage of neu-

trophils andmonocytes was significantly increased and KCs decreased

following APAP overdosing, we did not observe any effect on the

proportion of these immune cells by anti-MT antibody treatment.

Therefore, we further focused on the effect of anti-MT antibodies on

the phenotype of livermonocytes andmacrophages. Our data ofwhole

genome sequencing analysis extend previous reports using microarray

analysis9 and Nanostring assays10 to characterize liver macrophages

in AILI. We confirm a distinct transcriptional profile of the three cell

subsets with monocytes, and to a lesser extent MoMF, as the main

proinflammatory macrophage subset during the acute phase of AILI.

Interestingly, anti-MT antibody therapy resulted in a differential gene

expression of the liver macrophage subsets with prominent results

observed in KCs. KCs down-regulated important proinflammatory

genes including Naip1 and Naip6, inflammasome receptors that sense

inflammasome activators and activate inflammasome assembly,

typically upon bacterial infection.32 In contrast, markers involved in

alternative macrophage polarization and repair were up-regulated.

Along same lines, MoMF showed a differential expression of markers

involved in macrophage polarization and function after anti-MT

treatment. Less effect on infiltrating monocytes, with respect to

inflammatory phenotype polarization, was observed. Because classi-

cally activated proinflammatory monocytes/macrophages contribute

to inflammatory injury and macrophage inflammasome activation

has been implicated in the pathogenesis of APAP intoxication, we

further investigated this in vitro. LPS stimulation of BMDMs increased

the expression of proinflammatory cytokines, Nlrp3, Nlrp6, and IL1β
release, all of which were attenuated in LPS+anti-MT treated cells

suggesting that extracellular MTs are involved in macrophage inflam-

masome activation and proinflammatory polarization. An excessive

inflammatory response and late-presenting AILI are associated with

adverse outcomes, and usually in those patients NAC is less effective

or ineffective. In those late-presenting patients, strategies that are

targeted to the ongoing inflammation and the associated bystander

damage may provide an effective supplemental therapy. Here, we

show that anti-MT antibodies alter macrophage phenotype and are an

effective treatment strategy in experimental AILI. Moreover, we show

that anti-MT antibodies are equal to the standard of care NAC and

addition of anti-MT antibodies to NAC exceeds the efficacy of either

monotherapy in mice overdosed with APAP. These results suggest that

anti-MT antibodies may represent a new therapeutic opportunity for

AILI.
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