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Myeloid TLR4 signaling promotes post-injury
withdrawal resolution of murine liver fibrosis
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Rei Morikawa,1 Toshiaki Teratani,1 Nobuhito Taniki,1 Sota Fujimori,1,3 Takahiro Suzuki,1,2 Yuzo Koda,1,3

Rino Ishihara,1 Masataka Ichikawa,1 Akira Honda,4 and Takanori Kanai1,5,*

SUMMARY

The fate of resolution of liver fibrosis after withdrawal of liver injury is still incom-
pletely elucidated. Toll-like receptor 4 (TLR4) in tissue fibroblasts is pro-fibro-
genic. After withdrawal of liver injury, we unexpectedly observed a significant
delay of fibrosis resolution as TLR4 signaling was pharmacologically inhibited
in vivo in two murine models. Single-cell transcriptome analysis of hepatic
CD11b+ cells, main producers of matrix metalloproteinases (MMPs), revealed a
prominent cluster of restorative Tlr4-expressing Ly6c2-low myeloid cells. De-
layed resolution after gut sterilization suggested its microbiome-dependent
nature. Enrichment of a metabolic pathway linking to a significant increase of
bile salt hydrolase-possessing family Erysipelotrichaceae during resolution. Far-
nesoid X receptor-stimulating secondary bile acids including 7-oxo-lithocholic
acids upregulatedMMP12 and TLR4 in myeloid cells in vitro. Fecal material trans-
plant in germ-free mice confirmed phenotypical correlations in vivo. These
findings highlight a pro-fibrolytic role of myeloid TLR4 signaling after injury with-
drawal and may provide targets for anti-fibrotic therapy.

INTRODUCTION

Wound healing, a highly conserved protective response to tissue injury, may culminate in tissue fibrosis and

organ failure if homeostasis is disrupted. Liver cirrhosis, a common pathological feature associated with persis-

tent liver injury, results fromuncontrolled fibrogenesis and ineffective fibrosis resolution.1 Successful suppression

of hepatitis B virus (HBV), eradication of hepatitis C virus (HCV), and lifestylemodifications for non-alcoholic stea-

tohepatitis (NASH) can reverse liver fibrosis.2–4 The liver has provided the most cogent evidence of the bidirec-

tionality of organ fibrosis.1 However, liver fibrosis regression has beenobserved in some, but not all, patientswith

chronic hepatitis C (CHC) after HCV eradication.5,6 Our knowledge of unsuccessful fibrosis resolution in some

patients is still incomplete. What controls the fate of fibrosis regression after withdrawal of liver injury is still

mostly unknown; its clarification provides translational significance.

Previous studies have focused on hepatic stellate cells (HSCs), which are the primary extracellular matrix

(ECM)-producing fibroblasts, and their crosstalk with inflammatory cells during liver fibrogenesis.7 During

the process of fibrosis resolution after injury withdrawal, pro-fibrolytic macrophages are spotlighted.5 Ram-

achandran et al. identified a group of recruited ‘‘restorative macrophages’’ responsible for tissue remod-

eling and characterized them with a low expression of lymphocyte antigen 6 complex, locus C1 (Ly6C) with

the tractable carbon tetrachloride (CCl4)-induced model of reversible liver fibrosis.8 The transfer of bone

marrow (BM)-derived cells, including monocytes/macrophages or M1 polarized macrophages, promotes

liver fibrosis resolution.9,10 However, the precise mechanism of how and to what extent liver fibrosis is

resolved after persistent liver injury ceases is still not fully elucidated.

The liver is constantly exposed to immunogenic stimuli via pathogen-derived molecules due to a unique

circulation pathway from the gut. Pattern recognition receptors for pathogen- or damage-associated mo-

lecular patterns (PAMPs or DAMPs) in the liver have also been examined in hepatic tolerance,11 inflamma-

tion, and fibrogenesis.12 Among them, the ‘‘gut microbiota–lipopolysaccharide (LPS)–toll-like receptor 4

(TLR4) axis’’ is one of the most studied pro-fibrogenic pathways. TLR4 has demonstrated fibrosis-promot-

ing features via HSC, Kupffer cell, or liver sinusoidal endothelial cell activation that has been proven by
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genetic ablation and gut sterilization in various murine models of liver fibrosis.7,13 However, some studies

have demonstrated conflicting phenotypes associated with this pro-fibrogenic axis14–16 in models with

chronic liver injury. Mazagova and Wang et al. showed that the commensal microbiota prevented, rather

than promoted, liver fibrosis in a CCl4-induced liver fibrosis model developed in germ-free mice.15 More-

over, although bile acids (BA) and their receptors, such as the farnesoid X receptor (FXR), have been

targeted for hepatic inflammation, fibrosis, and regeneration,17 their roles in fibrosis resolution and

interaction between restorative macrophages are still ill-defined.

By pharmacological inhibition of TLR4 signaling in vivo with TAK-242, we demonstrated unexpected delay,

rather than promotion, of fibrosis resolution in two murine models of post-injury withdrawal fibrosis reso-

lution. Specific metagenomic alterations and changes in BA metabolism via FXR signaling in restorative

macrophages were also unraveled.

RESULTS

Pharmacological inhibition of TLR4 signaling with TAK-242 significantly delays post injury-

withdrawal liver fibrosis resolution in vivo

To know whether TLR4 signaling influence post-injury withdrawal liver fibrosis resolution, a well-established

and highly tractable CCl4-induced murine liver fibrosis resolution model8 was utilized. The development

and reversal of liver fibrosis were confirmed (Figures S1A and S1B). Serum ALT levels, representative of liver

injury, peaked at 24 h after the last injection of CCl4 (Figure S1C, left). ECM accumulation peaked at 48 h

(Figure S1C, middle and right).

TAK-242, a TLR4 antagonist, binds to the intracellular toll/interleukin-1 receptor (TIR) domain and inhibits

TLR4 signaling.18 We examined whether pharmacological inhibition of TLR4 signaling with TAK-242 at the

peak of ECM accumulation (e.g., at 48 h) influences post-injury withdrawal liver fibrosis resolution or not

(Figure 1A). Contrary to previously known pro-fibrogenic roles of TLR4, the intrahepatic accumulation of

ECM, assessed by histological analyses and intrahepatic hydroxyproline levels, was unexpectedly signifi-

cantly higher at 96 h, indicating delay, rather than promotion, of liver fibrosis resolution, without a

significant change of ALT (Figures 1B–1E) by TAK-242.

Such higher levels ECM accumulation observed at 96 h in mice treated with TAK-242 could hardly result

from an increase in the activation of fibrogenesis, as we observed that expression of intrahepatic fibrogen-

esis markers, primarily produced by the activated HSCs, was downregulated by TAK-242 (Figure 1F). Sig-

nificant downregulation of hepatic MMP12, but not MMP9 or MMP13, following administration of TAK-242,

was observed (Figure 1G). Hence, downregulation of MMP12 may account for this delay.

During usual fibrosis resolution, expression of HSC fibrosis markers decreased gradually (Figure S1D), while

hepatic expression of Tlr4 (but not Tlr2, Tlr6 or Tlr9) andMmp12 (but not Mmp9 or Mmp13) increased dur-

ing resolution, despite of some chronological variations (Figure S1E). Of note, as liver fibrosis resolution

proceeded, HMGB1, an endogenous TLR4 ligand classified as damage-associated molecular pattern

(DAMP) molecule, was also gradually upregulated in the whole liver (Figure S1F). These results implicated

possible existence of a functional TLR4 signaling circuit during post-injury withdrawal fibrosis resolution.

We confirmed the findings with a secondmurine model of diet-induced fibrosis resolution, as shown in Fig-

ure S1G. Wild-type mice were fed with methionine and choline deficient (MCD) diets for 5 weeks to induce

steatohepatitis. The diets were then switched to normal diet (ND) for 10 days to induce post-injury with-

drawal spontaneous resolution (MCD/ND model). Significantly higher hepatic Tlr4 expression compared

to that of mice fed with normal chow, was observed during resolution (Figure S1H). Spontaneous resolution

of hepatocyte injury, along with disease activity of steatohepatitis was observed; however, TAK-242 admin-

istration significantly delayed the resolution of liver fibrosis (Figures S2J–S2M). Significantly lower hepatic

expression of Mmp12 in the TAK-242 group was also confirmed in this model (Figure S1N).

During usual fibrosis resolution, intrahepatic CD11b+ macrophages accumulated (Figures S2A and S2B) and

showed differential Ly6C expression and intrahepatic frequencies (Figure S2C), as previously reported.8 Persis-

tently higher frequency of intrahepatic Ly6clow CD11b+ macrophages in MCD diet-fed mice undergone

10-14 days of resolution was also confirmed (Figure S1I). Ly6Clow macrophages demonstrated increased

CD11c and CX3CR1 expression during resolution (Figure S2D). By using a pan-MMP substrate (MMPsense)
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that emits fluorescence after cleavage by MMP in vivo, we demonstrated that intrahepatic CD11b+ cells were

principal producers of MMPs (Figure 1H, left). Ly6Clow CD11b+ cells expressed significantly higher levels of

MMPs than Ly6Chi cells (Figure 1H, right). Intrahepatic frequencies of other principal immune cells are shown

in Figure S2E. Pharmacological TLR4 inhibition by TAK-242 didn’t significantly change the frequencies of

Ly6Clow myeloid cells (Figure 1I), however, it downregulated MMP12 and CCL3 and depressed the expression

Figure 1. Pharmacological TLR4 inhibition by TAK-242 delays CCl4-induced liver fibrosis resolution

(A) Schematic representation.

(B) Representative hepatic photomicrographs of sirius red (left), Masson trichrome (right)�stained sections, accompanied

with a 4-time magnification demonstrating portal to portal areas. A scale bar represents 500 mm.

(C) Serum ALT levels (n = 5–6).

(D) Quantification of stained areas observed with sirius red staining (SRS) and Masson trichrome staining (MTS) by

morphometric pixel analyses (n = 5–6).

(E) Hepatic hydroxyproline content (n = 4–5).

(F and G) Quantitative RT-PCR analysis of featured genes of the livers relative to control group (n = 4–5).

(H) A representative of CD11b and MMPsense staining by flow cytometry at 96 h. Mean fluorescence intensity (MFI) of

MMPsense is represented by Ly6C levels. (n = 7–8).

(I) Intrahepatic percentages (left) and cell numbers (per liver; right) of Ly6Chi or Ly6Clow among CD11b+ macrophages (n = 5).

(J) Quantitative RT-PCR analysis of featured genes of flow cytometry-sorted intrahepatic Ly6Chi or Ly6Clow CD11b+

macrophages relative to TAK-242-treated Ly6Clow CD11b+ macrophages (closed squares, n = 4–5). Con, control; TAK,

TAK-242. Data show the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, unless otherwise specified. NS, not significant.

See also Figures S1 and S2.
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of Retnla in intrahepatic Ly6Clow CD11b+ macrophages (flow cytometry-sorted, exclusive of CD3e+, CD19+ and

NK1.1+ cells, Figure 1J). Phagocytosis markers like Cd36 and Mertk, were consistently and highly expressed in

Ly6Clow macrophages; no effect of TAK-242 was observed (Figure S2F).

Single-cell transcriptome analysis defines a distinct cluster of TLR4-upregulated myeloid cells

with a scar-resolving phenotype during hepatic fibrosis resolution

Since intrahepatic MMP-producing CD11b+ immune cells may account for the delayed resolution after

TLR4-signaling inhibition, we performed single-cell RNA sequencing (scRNA-seq) to identify the cellular

subset that accounts for liver fibrosis resolution. Hepatic CD11b+ nonparenchymal CD45+ cells were iso-

lated (Figures 2A and S3A). Uninjured mice (as controls) and mice sacrificed at 96 h after the last CCl4
were compared due to similar ALT levels (Figure S1C) and intrahepatic CD11b+ frequencies (Figure S2B).

More than 7,000 cells that met the quality thresholds were analyzed.

The CCl4-induced liver fibrosis resolution induced qualitative transcriptional differences in CD11b+ cell

clustering compared to those observed in uninjured controls (Figures 2B and S3C). While clusters 0-1

represented natural killer cells and were excluded from further analysis as shown in the Method, clusters

2-6 represented principal groups of mononuclear phagocytes (MP) were identified, MP (1) to MP (5), as

demonstrated by the genes showing significant changes (Figures S3B and S3C). Among the five MP clus-

ters, MP (3), which was hardly detected in the uninjured steady state, increased in mice undergoing liver

fibrosis resolution (Figures 2B and 2C). A gene expression heatmap showing an unbiased generation of

the top twenty differentially expressed genes for each cluster is presented in Figure 2D. Relatively main-

tained expression of Lyz2 implicated their myeloid nature (Figures 2D and S3C). Among the differentially

expressed genes, the expression of Ly6c2 (encoding Ly6C) was high in MP (1) and MP (4); low in MP (2) and

MP (3) (Figures 2D, 2E, and S3C). Moreover, only Ly6c2-low myeloid cells belonging to MP (3) also demon-

strated upregulation of genes involved in ECM remodeling (Spp1, Cd44, Fn1, Tgm2),19 post-phagocytosis

(Trem2), anti-inflammatory (Cstb, AA467197 known as Mir-14720) and anti-fibrotic pathways (Igf1, Mif),21,22

and combined properties of both M1 (Cd14, Serpine1) andM2 (Arg1, Ccl9, Ccl24) features (Figures 2D–2F).

Additionally, many of these genes highly expressed inMP (3) were associated with the TLR4 pathway (Cd14,

Spp1, Mif, Cstb, and AA467197; shown in Figures 2D–2F). These scar-resolving transcriptomic features of

MP (3) were congruent with previous reports, such as ‘‘restorative Ly6Clow macrophages’’,8 shared in part

with CD9+TREM2+ ‘‘scar-associated macrophages,’’ as Ramanchandran et al. demonstrated that they were

circulating monocyte-derived and were pro-fibrogenic, in both cirrhosis in human and CCl4-induced

fibrosis in mice.23 A combinational analysis of reported gene expression modules inclusive of Cd9,

Trem2, Spp1, Lgals3, Ccl2, Pdgfb, Vegfa, Hes1 and Sell23 suggests that MP (2) and MP (3) were mono-

cyte-derived, while Cd9+Trem2+Hes1+Sell� MP (3), the only expanding cluster, might be more related

with such scar-associating phenotypes than Cd9dimTrem2-Hes1+Sell� MP (2) (Figure 2E). In addition,

Ly6c2+Ccr2+Sell+MP (1) was suggested to be tissuemonocytes (Figure 2E), while Ly6c2+Ccr2+SelldimStat1+

Ccl2-Pdgfb+ MP (4), a diminishing cluster, was suggested to be inflammatory tissue monocytes (Figures 2C

and 2E). Cells in MP (5) partially expressed, but not co-expressed, Cd163, a Kupffer cell marker, and Ztbt4, a

transcription factor selectively expressed by classical dendritic cells (cDCs) and their committed progeni-

tors,24 Clec9a and Cd209a.Therefore, MP (5) was deemed to be a combination of both Kupffer cells and

cDCs (Figures 2E and S3C). However, expression patterns of various other KC lineage markers, such as

Nr1h325 (expressed in MP(2)-(5)), along with the very low to non-expression of Clec4f, Marco, Vsig4, and

Cd5l (Figure S3C), might implicate that the roles of KC may be insufficiently explored due to limitations

in CCl4 model (a KC-depleting model23) or in methods of gradient isolation of hepatic mononuclear cells.

The lower expression of Clec10A in MP (3) compared to MP (5) also helps distinguishing MP (3) from DCs

(Figure 2D).26 MP (1) to MP (5) demonstrated characteristic transcriptional profiles of TLRs (Figure S3D). Up-

regulation of TLR4 was significantly and exclusively elevated in MP (3). Therefore, we assume that these

Tlr4-expressing MP (3) myeloid cells were macrophages related to liver fibrosis resolution.

Moreover, with flow cytometric analysis of intrahepatic mononuclear cells of livers harvested in uninjured

mice (as controls) and mice sacrificed at 24 or 96 h after the last CCl4 (as shown in Figure S1A), we demon-

strated that TLR4+ CD14+ Arg-1+ Ly6Clow CD11b+ macrophages increased significantly in the 96 h-group,

compared to the 24 h-group (at which liver injury peaks, Figure S1C) and uninjured controls (Figures 2G and

2H). These results showed that CD14+ Arg-1+ TLR4+ macrophages increased from 24 h to 96 h after last

CCl4; they were unlikely to be remnants of inflammatory monocytes accumulated with liver injury.
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To demonstrate whether these Tlr4-expressingmyeloid cells with restorative properties could be observed

in progressive liver disease states, we next compared these macrophages observed during post CCl4 with-

drawal liver fibrosis resolutionmurinemodel to those observed in amouse dietary NASHmodel which were

previously reported.27 Wound-healing Ly6Clow-RM (recruited macrophage) highly expressed Itgam

Figure 2. Transcriptional diversity of intrahepatic CD45+CD11b+ cells during fibrosis resolution

(A) Schematic representation.

(B) UMAP projections of identified graph-based cell clusters from scRNA-seq data derived from main macrophage

segments in hepatic CD45+CD11b+ cells. The dashed circle represents MP (3).

(C) Cell proportions of (B).

(D) Heatmaps of normalized and scaled expression of representative marker genes in 5 main clusters of MP cells.

(E) Dot plot of representative gene expression in five major clusters of MP cells. The circle size denotes percentage with

expression within each cluster; color (blue, high; light purple, low) denotes normalized expression levels.

(F) Scaled expressions of genes in five major clusters of MP cells compared with those derived during the resolution and

the corresponding controls.

(G and H) Flow cytometric analyses of intrahepatic mononuclear cells of uninjured control and mice sacrificed at 24 h or

96 h after last CCl4 (refer to Figure S1A). MP, mononuclear phagocyte. Data show the mean G SD. *p < 0.05, **p < 0.01.

See also Figure S3.
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(encoding CD11b), Cx3cr1, and Itgax (encoding CD11c), as shown in Figure S3E. These results are

congruent to our key features (Figures 1J and S2D). In addition, when compared with its Ly6Chi counterpart,

Ly6Clow-RM expressed higher Tlr4, Mmp12, Retnla, Ccl3 and AA467197(Mir-147), as shown in Figure S3F.

These results are also similar to our key features (Figures 1J and 2), implicating that a TLR4-related

ECM-degrading driving force may also simultaneously exist in progressive liver disease states.

TLR4 signaling in the BM-derived cells is crucial for liver fibrosis resolution

To elucidate whether the localization of TLR4 signaling in liver parenchymal or myeloid-derived cells influences

liver fibrosis resolution, we applied the CCl4-induced model of reversible liver fibrosis to BM-transplanted mice

(Figure 3A). To avoid the influence of intrahepatic Kupffer cells, we applied a model of liver-shielded irradiation

before BM transplantation (BMT). We have confirmed that intrahepatic Kupffer cells were not influenced in our

previous report.28 Successful BM transplantation (BMT)was confirmed, as shown in FigureS4A. InWTmice trans-

planted with Tlr4�/� BM, the pharmacological inhibition of TLR4 signaling after TAK-242 administration at 48 h

did not significantly affect ECM accumulation and intrahepatic expression of MMPs (Figures 3B and 3D). In

Tlr4�/� mice transplanted with WT BM, the pharmacological inhibition of TLR4 signaling with TAK-242 demon-

strated significantly higher ECM accumulation and downregulation of hepatic MMP12 (Figures 3C and 3E). Ly6C

expression and frequency in CD11b+ macrophages did not change in both chimeras (Figures S4B and S4C).

Figure 3. TLR4 signaling in bone marrow-derived cells is crucial for CCl4-induced liver fibrosis resolution

(A) Schematic representation.

(B and C) Representative hepatic photomicrographs of sirius red (left), Masson trichrome (middle)�stained sections,

accompanied with a 4-time magnification demonstrating portal to portal areas. Quantification of stained areas observed

by morphometric pixel analyses are shown (n = 6). A scale bar represents 500mm.

(D and E) Quantitative RT-PCR analysis of featured genes of the livers relative to control group (n = 5–6). Con, control;

TAK, TAK-242. Data show the mean G SD. *p < 0.05, ***p < 0.001. See also Figure S4.
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Therefore, TLR4 signaling inBM-derived cells, rather than in non-BM-derivedparenchymal cells, is indispensable

for liver fibrosis resolution.

Significant delay of liver fibrosis resolution by gut sterilization is dependent on TLR4

To clarify the roles of gut commensal microbiota during liver fibrosis resolution, gut sterilization was per-

formed as shown in Figure 4A. Significant higher levels of hepatic ECM accumulation were observed at 96 h

in ABX (gut sterilization) group (Figures 4B and 4C), indicating delay of liver fibrosis resolution with gut ster-

ilization. Gut sterilization didn’t influence the frequency of Ly6Clow macrophages (Figure 4D). Gut steriliza-

tion downregulated MMP12, similar to TAK-242 (Figure 1G), while expression of HSC activation markers

decreased (Figure 4E). The decreased expression of hepatic Tnf and Ccl3, but not Ccl2 or Ccl5, coincided

with the delay in resolution (Figure 4E, right). After flow cytometry sorting exclusive of T(CD3e+), B(CD19+)

and NK(NK1.1+) cells, the restorative Ly6Clow CD11b+ macrophages expressed significantly lower levels of

Tlr4 and Mmp12 post-gut sterilization (Figure 4F). The existence of gut microbiota promotes liver fibrosis

Figure 4. Gut Sterilization during liver fibrosis resolution

(A) Schematic representation.

(B) Representative hepatic photomicrographs of sirius red (left), Masson trichrome (right)�stained sections, accompanied

with a 4-time magnification demonstrating portal to portal areas. A scale bar represents 500mm.

(C) Quantification of stained areas observed with sirius red staining (SRS) and Masson trichrome staining (MTS) by

morphometric pixel analyses (n = 4–5).

(D) Representative Ly6C staining of CD45+ CD11b+ liver mononuclear cells (left), intrahepatic percentages (middle) and

cell numbers (per liver; right) of Ly6Chi or Ly6Clow among CD11b+ macrophages (n = 5).

(E) Quantitative RT-PCR analysis of featured genes of the livers relative to water group (open circles, n = 4–5).

(F) Quantitative RT-PCR analysis of featured genes of flow cytometry-sorted intrahepatic Ly6Chi or Ly6Clow CD11b+

macrophages relative to water-treated Ly6Chi CD11b+ macrophages (open squares, n = 4–5). Data show the mean G SD.

*p < 0.05, **p < 0.01, ***p < 0.001, unless otherwise specified. See also Figure S5.
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resolution by enabling MMP12 and TLR4 upregulation in Ly6Clow CD11b+ restorative macrophages; this

process is inhibited by gut sterilization. Contrarily, in Tlr4�/� mice (Figure S4D), gut sterilization did not

significantly delay the resolution (Figure S4E) nor influenced the regulation of fibrosis-related markers

and MMPs in Tlr4�/�-administered mice (Figure S4G). Hence, TLR4 signaling is essential for the gut micro-

biota to promote liver fibrosis resolution.

Compositional and functional changes in the gut microbiota during liver fibrosis resolution

In metagenomic analyses comparing stools collected at peak of injury (24 h after last CCl4 injection) and

after resolution (96 h after last CCl4 injection) in WT and Tlr4�/�mice, relative abundance at the family level

(Figure 5A) and results of principal coordinate analysis (PCoA) of unweighted UniFrac (Figure 5B) demon-

strated clustering of the gut microbiota in each group. Dissimilarity values calculated by the quantification

of the UniFrac distances demonstrated a significant difference between 24 h and 96 h groups of WT mice,

Figure 5. Metagenomic analysis during liver fibrosis resolution

(A) High-throughput sequencing of 16S rRNA during fecal bacterial DNA analysis at specific timepoints illustrated in

Figure S1A.

(B) Principal coordinate analysis (PCoA) based on the unweighted UniFrac analysis of the bacterial community structures.

(C) The quantification of UniFrac distance in panel A, presented as dissimilarity values.

(D) The diversity of observed operational taxonomic units (OTUs) (left); a-diversity presented as Shannon indices (right).

(E) Linear discrimination analysis effect size (LEfSe) at the Family level showing significantly different gut microbiota

taxonomies (linear discriminant analysis [LDA] score >3.6).

(F) The observed OTUs of Family Erysipelotrichaceae.

(G) Accumulated percentage of relative abundance of functional categories of KEGG Orthology Level 1 pathways

significantly enriched or depleted in WT-96 h mice compared to those in WT-24 h mice, assessed by PICRUSt with LEfSE

(p < 0.05; LDA >2). Data show the mean G SD. *p < 0.05, unless otherwise specified. See also Table S1 and Figure S5.
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but not between those of Tlr4�/� mice (Figure 5C). A post hoc combinational analysis of fecal materials

from uninjured WTmice fed with normal diet demonstrated that these changes during resolution were dis-

ease-specific (Figure S5A). A minor but significant decrease in diversity, demonstrated by comparing bac-

terial operational taxonomic units (OTUs) and the Shannon index, was also noticed during resolution in WT

mice (Figure 5D).

During the characterization of the microbiome by analyzing results of 16S rRNA high-throughput gene

sequencing and LEfSe analysis, the proportion of family Erysipelotrichaceae (Phylum Firmicutes) increased

significantly (LDA > 4.8), showing a dominating presence in the WT-96 h group compared to that in the

WT-24 h group (Figures 5E, 5F, and S5B). A non-dominating proportion was also noticed in the family De-

sulfovibrionaceae (Figure S5C). Collectively, a significant increase of family Erysipelotrichaceae in abun-

dance characterized the compositional change and decreased diversity in gut microbiota during

CCl4-induced liver fibrosis resolution.

In PICRUSt analysis, the expression of 185 genes showed significant changes classified by KEGGOrthology

functional categories Level 1 during liver fibrosis resolution, comparing between WT-24 h and WT-96 h

groups (Table S1). Liver fibrosis resolution associated with significant shifts in the function of the gut micro-

biota with pathways related to energy metabolism and many various cellular signaling systems (Figure 5G).

Whole-genome sequencing of isolated family Erysipelotrichaceae identified two specific strains

(Figure S5D). Both strains possess bile salt hydrolase (BSH; KEGG enzyme 3.5.1.24), which is known for de-

conjugation of primary BAs (Figure S5E). Increased expression of hdhA (encoding 7-a hydroxysteroid

dehydrogenase), the only upregulated gene related to BA metabolism during resolution observed in

PICRUSt analysis (Table S1), also significantly correlated with the abundance of family Erysipelotrichaceae

(Figure S5F). Hence, family Erysipelotrichaceae-related bile acid metabolism might be an influential

functional change of gut microbiota during resolution.

Inhibition of TLR4 signaling and alteration of gut microbiome modified FXR-associated BA

metabolism during liver fibrosis resolution

We next focused on how crosstalk between BA and gut microbiota impacts on post-injury withdrawal liver

fibrosis resolution. Hepatic expression of various BA receptors was surveyed at the peak of fibrosis resolu-

tion (72 h) compared to that at the peak of liver injury (24 h). FXR (encoded by Nr1h4) was exclusively upre-

gulated during resolution (Figure 6A). FXR and its related genes, as overviewed in Figure S6A, was focused.

After the last CCl4 injection, intrahepatic FXR was downregulated at the peak of liver injury (24 h) but up-

regulated during peak of resolution (72 h) (Figure 6B). This phenomenon was similar to what has been

observed with CCl4-induced acute liver injury.17 Intrahepatic downstream effector genes of FXR were

also examined. A similar trend of upregulation of small heterodimer partner (SHP, encoded by Nr0b2)

was observed (Figure S6B). Intrahepatic expression levels of other downstream effector genes were also

compared (Figure S6C). Cyp7a1, a master gene regulating bile acid synthesis, and Foxm1b, a gene regu-

lating liver regeneration, were upregulated both with injury and during resolution, compared to uninjured

controls. Scl10a1 (encoding sodium-taurocholate co-transporting polypeptide; NTCP), a gene regulating

bile acid reabsorption, also had a similar trend like Nr1h4 (Figure 6B). In addition, increased intrahepatic

protein levels of FXR and SHP during resolution were also confirmed by western blotting (Figure 6D).

Bile acids of fecal material and serum of portal vein were quantified by liquid chromatography-mass spec-

trometry at peak of liver injury (24 h) and during resolution (96 h) (Table S2). An increased fecal bile acid

output, mainly unconjugated free bile acids without changes in hydrophobicity, was observed during res-

olution (Figures 6E and S6C). This finding might be partly explained by the dominance of BSH-expressing

strains in the family Erysipelotrichaceae (Figures 5E, 5F, and S5E). Correlational analyses of ratios of various

bile acid levels (96 h vs 24 h) were shown in Figure 6F. Noticeably, increased portal levels at 96 h of primary

bile acids such as chenodeoxycholic acid (CDCA) and secondary bile acids such as 7-oxo- lithocholic acid

(7-oxo-LCA), a metabolite of 7-a hydroxysteroid dehydrogenase, were significantly correlated with resolu-

tion. This finding is consistent with the increased expression of hdhA in the PICRUSt analysis (Table S1 and

Figure S5F). A decreased level of portal tauro-b muricholic acid (TbMCA), a naturally occurring FXR antag-

onist,29 was significantly correlated with resolution (Figure 6F).

Bile acid-related gene expression patterns were also analyzed in experiments with TAK-242. Significantly

decreased levels of intrahepatic Nr1h4 expression were observed with TLR4 inhibition by TAK-242 during
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resolution (Figure 6G). No significant change was observed with Nr0b2, Cyp7a1, or genes regarding bile acid

reabsorption and conjugation. BA export marker Abcb11 (encoding bile salt export protein; BSEP), a known

FXR target gene, was downregulated, while another BA export maker Abcb4 (encoding multidrug resistance

protein 2; MDR2) was upregulated. BA re-conjugation marker Slc27a5 was also upregulated (Figure 6H).

Regulation of FXR has been reported to be associated with cytokine activation.17,30,31 The TLR4-inhibition-

related downregulation of intrahepatic FXR (or delayed upregulation, as spontaneous upregulation was

Figure 6. Bile acid metabolism during liver fibrosis resolution

(A) Quantitative RT-PCR analysis of featured genes of the livers relative to 24 h group (n = 4–5).

(B and C) Quantitative RT-PCR analysis of featured genes of the livers relative to control group (n = 4–5).

(D) Western blot analysis of featured proteins. Relative quantification of protein levels was compared. (n = 4).

(E) Bile acid composition of feces and portal vein during liver fibrosis resolution.

(F) Bile acid composition or ratios in feces and portal veins (PV) during liver fibrosis resolution demonstrating ratios of

enrichment at 96 h after last CCl4 injection. A cross mark designates any quantity below a detectable limit.

(G–I) Quantitative RT-PCR analysis of featured genes of the livers relative to control group in experiments represented in

Figure 1A (n = 4–5). TBA, tauro-conjugated bile acids; TAK, TAK-242. Data show the mean G SD. *p < 0.05, **p < 0.01,

***p < 0.001, unless otherwise specified. See also Figure S6.
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observed in Figure 6B) during resolution might be associated with difference in recovery of inflammation.

During resolution, upregulation of intrahepatic suppressor of cytokine signaling 1 (SOCS1), a negative

regulator of TLR/NF-kB or STAT1 signaling, and SOCS3, another negative regulator of inflammatory path-

ways, was noticed (Figure S6D). Expression levels of Tnf and Il12 were significantly higher under TLR4 inhi-

bition during resolution, while those of Socs1 and Socs3 were lower (Figure 6I). These findings might be

associated with a possible regulatory pathway for FXR in liver fibrosis resolution via TLR4 signaling.

Bile acids were also quantified in experiment of gut sterilization. Increased levels of both fecal and portal

compositions of taurine-conjugated BAs and increased hydrophobicity (Figure S6C), possibly due to

depletion of deconjugating gut microbiota, were noticed. Gut sterilization also dramatically altered the

BA-FXR axis in both ileum and liver (Figures S6E and S6F). Gut sterilization also significantly depressed por-

tal levels of CDCA and 7-oxo-LCA, and increased TbMCA (Figure S6G) which was contrary to what was

observed during fibrosis resolution (Figure 6F).

ECM-degrading phenotype of bone marrow-derived macrophages is dependent on TLR4 and

FXR

Prior phagocytosis is a key feature of restorative macrophages.8 We used a post-phagocytosis model with

BM-derived macrophages (BMDMs) to demonstrate the mechanism underlying the influence of TLR4

signaling in restorative macrophage development in vitro (Figure 7A). After ingestion of hepatocyte debris,

M0 macrophages derived from primary BMDMs downregulated Ly6C (Figure 7B), and significantly upregu-

latedMMP12 (Figure 7C). This upregulation was suppressed by TAK-242 while maintaining a robust expres-

sion ofMmp9,Mmp12, andMmp13 in response to LPS (Figure 7C). However, theMmp expression was not

restored by ingestion of debris by hepatocytes or LPS stimulation of BMDMs derived from Tlr4�/� mice

(Figure 7D). Meanwhile, TLR4 was upregulated after ingestion of hepatocyte debris (Figure 7E). In compar-

ison with M0macrophages from primary BMDMs, a global upregulation of inflammatory cytokines, chemo-

kine CCL3, chemokine receptors, SOCS1, and SOCS3 was observed in WT but not in Tlr4�/� BMDMs

(Figure 7F).

Interestingly, expression levels of Nr1h4 were elevated in M0 macrophages after phagocytosis; this eleva-

tion was partially diminished by pre-treatment of TAK-242 (Figure 7G). 7-oxo-LCA, a secondary bile acid

that increased with resolution (Figure 6F), upregulated MMP12 and TLR4 in post-phagocytic WT

BMDMs. CDCA showed a weak ability to upregulate them, while TbMCA, a naturally occurring FXR antag-

onist, downregulated them (Figure 7H). The expression ofMmp12 and Tlr4 were also compared in BMDMs

before and after phagocytosis of hepatocyte debris (Figure 7I). The upregulation was more prominent in

M0 macrophages after phagocytosis; it was partially diminished by pre-treatment of (Z)-guggulsterone

(GS), an FXR antagonist (Figure 7I).

Transplant with fecal material harvested from WT-96 h group promoted liver fibrosis

resolution in germ-free mice

To verify the fibrosis-resolving effect of gut microbiota in vivo, we investigated whether fecal material trans-

plant (FMT) influenced liver fibrosis resolution with the CCl4-induced liver fibrosis resolution model in

germ-free (GF) mice. In experiments illustrated in Figure 8A, mice transplanted with fecal material obtained

from the WT-96 h group demonstrated more prominent liver fibrosis resolution than those transplanted

with fecal material from the WT-24 h group or those not subjected to FMT (Figures 8B and 8C). A tendency

of the upregulation of hepatic MMP12, and HMBG1 was noticed in GF mice subjected to FMT during res-

olution (Figure 8D). Thus, the fibrosis-resolving ability of fecal material was verified. Expression of TLR4 was

increased in intrahepatic CD11b+ myeloid cells harvested from mice transplanted with fecal material ob-

tained from the WT-96 h group (Figure 8E), without significant changes in Ly6C expression (Figure S7A).

We also noticed a similar up-regulation of hepatic FXR and its downstream effector genes such as Nr0b2

(encoding SHP) and those involved in BA metabolism during resolution; these tendencies were enforced

post-FMT (Figure 8F). FMT significantly increased total fecal or portal BAs and/or total free BAs

(Figures S7B and S7C), and in turn, up-regulated ileal FGF15 and down-regulated ileal ASBT (encoded

by Slc10a2) (Figure 8F). Secondary to total free BA ratios increased in the portal veins of mice subjected

to FMT, especially in those with WT-96h, while hydrophobicity of bile acids decreased with FMT (Fig-

ure S7D). Fecal or portal taurine-conjugated BAs, such as TbMCA, were significantly correlated with sirius

red positive area (shown in %, Figures 8G and S7E) that implicated delay of fibrosis resolution.
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Elevation of serum HMGB1 and sCD14 associated with a liver fibrosis-resolving phenotype in

CHC patients successfully treated with DAAs

Translational significance of our observations was also investigated. To figure out whether serological bio-

markers related to TLR4 signaling associate with ECM remodeling early after HCV eradication, we focus on

the serological dynamics of an intrinsic TLR4 ligand, HMGB1,32 and soluble CD14 (sCD14), a co-receptor of

TLR4,33 in 23 CHC patients who successfully achieved HCV eradication with by interferon-free direct-acting

agents (DAAs). Background characteristics were shown in Table S3. According to the dynamics of serum

type IV collagen 7S fragment (4COL7S) and ELF, patients were classified into ‘‘early resolving (ER)’’,

‘‘delayed resolving (DR)’’ and ‘‘non-resolving (NR)’’ groups (Figures 9A and S8A and S8B). It is note-worthy

that the phenotypes persisted longer than 1 year after end of treatment (EOT; Figure S8B), and correlated

well with the MMP2/tissue inhibitor of metalloproteinases 1 (TIMP1) ratio, implicating a matrix-degrading

phenotypes34 with this classification (Figure S8C).

Figure 7. In vitro experiments utilizing post-phagocytic BMDMs

(A) Schematic representation of WT or Tlr4�/� bone marrow-derived macrophages (BMDMs) subjected to M0 induction

(M-CSF), those treated with hepatocyte debris for phagocytosis or TAK-242, or those stimulated with lipopolysaccharide

(LPS) in vitro.

(B) Representatives of CD11b and Ly6C staining by flow cytometry at indicated timepoints.

(C–I) Arbitrary ratios of the mRNA expression of MMPs, TLRs, or inflammatory markers were calculated relative to 18S

rRNA in the treated BMDMs as specified (n = 5–6). In panels H and I, indicated bile acids were added 1 h after the

hepatocyte debris. In panel I, relative expression was compared to M0 (white bars) or post-phagocytic BMDMs (gray bars)

without pre-treatment of BAs, respectively. Data show the mean G SD. *p < 0.05, **p < 0.01, ***p < 0.001, unless

otherwise specified.
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After the administration of DAAs, levels of serum ALT significantly decreased, and maintained as low levels

through 12 weeks after EOT, implicative of a significant decrease in necro-inflammatory activity due to

suppression of HCV replication (Figure 9B). In contrast to this trend, however, serum levels of HMGB1

and sCD14 remained elevated (Figures 9C and 9D). Normalized ALT and increased MMP2/TIMP1 ratio in

the ER group implicated that the significant decrease of 4COL7S in not merely a result of decreased

necro-inflammatory activity. At EOT, a timepoint where post-injury withdrawal resolution stands, higher

levels of HMGB1 and sCD14 in the peripheral blood were observed in patients of ER group (Figures 9E

and 9F), suggestive of a possible promotive role for liver fibrosis resolution of TLR4 signaling in theearly

phase after suppression of HCV replication. Levels of HMGB1 and sCD14 were not associated with

Figure 8. Transplantationwith fecal material derived fromWT 96 h promotes liver fibrosis resolution in germ-free

mice

(A) Schematic representation of fecal material transplant (FMT) in germ-free (GF) mice.

(B) Representative hepatic photomicrographs of sirius red (left), Masson trichrome (right)�stained sections, accompanied

with a 4-time magnification demonstrating portal to portal areas. A scale bar represents 500 mm.

(C) Quantification of stained areas observed with sirius red staining (SRS) and Masson trichrome staining (MTS) by

morphometric pixel analyses (n = 4–5).

(D and F) Quantitative RT-PCR analysis of featured genes of the livers or ileum relative to GF-96 h group (n = 4–5).

(E) A representative of histogram of TLR4 expression in intrahepatic Ly6Clow CD11b+ macrophages at 96 h with or without

FMT by flow cytometry. Mean fluorescence intensity (MFI) of TLR4 is shown. (n = 5).

(G) Correlation of percent-positive sirius red staining area to the levels of fecal tauro-b-MCA. Data show the mean G SD.

*p < 0.05, **p < 0.01, unless otherwise specified. See also Figure S7.
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ALT levels at each timepoint (Figures S8D and S8E), suggesting that they were not markers for

necro-inflammatory activity during post-injury withdrawal in the liver.

DISCUSSION

The results were summarized in Figure S9. Fitting into the concept of ‘‘holobiont,35’’ we demonstrated

that in the early phase after persistent liver injury withdrawal, liver fibrosis resolution is associated with

not only functional changes in myeloid TLR4 on the host side, but also shifts in various metabolic and

signal transduction pathways in gut microbiome (Figure 5G and Table S1). Hepatic/ileal FXR signaling

via the metabolism of BAs, the common products of the host and microbiome, is important for connect-

ing both ends.

We demonstrated a beneficial role of TLR4 signaling and identified a link with a specific family of the gut

microbiota (Family Erysipelotrichaceae) and CCl4-induced liver fibrosis resolution in mice (Figures 5E and

5F). Mazagova and Wang et al. reported that germ-free mice demonstrated more severe CCl4-induced

liver fibrosis than conventionally raised mice. This phenomenon exacerbates as Myd88/Trif, the adaptor

molecule of many toll-like receptors including TLR4, is genetically ablated.15 It seemed to be conflicting

to a pro-fibrogenetic role of LPS and TLR4 via TGF-b signaling in HSCs.13 Our findings may suggest that

a beneficial role of TLR4 exists during specifically the fibrosis resolution phase, at least early, especially

Figure 9. Higher levels of HMGB1 and sCD14 associated with a liver fibrosis-resolving phenotype in CHC patients

treated with DAAs

(A) Schematic representation.

(B) Serum ALT levels just before start of treatment (Pre), at the end of treatment (EOT), and 12 weeks after the end of

treatment achieving sustained virological response (SVR12w).

(C and D) Serum levels of HMGB1 (panel C) and soluble CD14 (sCD14; panel D) at the three timepoints indicated in panel

B. HD, healthy donors.

(E and F) Serum levels of HMGB1 (panel E) and sCD14 (panel F) at Pre and EOT are compared by fibrosis-resolving

phenotypes as defined in the Methods and Figure S8. Data show the mean G SD. *p < 0.05, **p < 0.01, unless otherwise

specified. See also Figure S8.
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in myeloid cells. It is also note-worthy that with a NASH-diet murine model,27 similar Tlr4-expressing fea-

tures may also be observed in intrahepatic wound healing macrophages (Figures S3E and S3F). Because

Erysipelotrichaceae members are significantly enriched in NAFLD patients with a lower degree of liver

fibrosis,36 further investigations examining its pro-fibrolytic applications as probiotics for patients with pro-

gressive liver diseases are warranted.

The plasticity and heterogeneity of macrophages have been examined during chronic inflammation.37

Macrophages are a ‘‘double-edged sword’’ that are needed for both the physiological wounding process,

fibrogenesis and fibrolysis (‘‘the yin and yang’’), maintaining homeostasis.38,39 Questions remain in when,

where, and how these phenotypical changes are regulated or controlled. We demonstrated how functional

TLR4 signaling inmacrophages is needed for this process. In scRNA-seq analysis, the distinct cluster of Tlr4-

expressing CD11b+ Ly6Clow myeloid cells (MP (3) in Figure 2), presented similar scar-resolving phenotypes

reported previously.8,23 The existence of a cluster of Arg-1/CD14/TLR4 co-expressing macrophages during

fibrosis resolution is also note-worthy (Figures 2G and 2H).

A functional inflammatory cascade provides such a ‘‘switch’’ for restorative macrophages to exert fibrolytic

ability during liver fibrosis resolution.8,40–42 We demonstrated possible mechanisms for regulation of this

inflammatory cascade in restorative macrophages. Increased expression of Mif,43 Cstb,44 AA467197 (also

known asMir-14720), or Trem2,45 in the Tlr4-expressing intrahepatic myeloid cells during fibrosis resolution

(Figures 3D and 3E), may exert immunoregulatory or anti-inflammatory function downstream of TLR4

signaling. In addition, CCL3, possibly upregulated downstream of functional TLR4 signaling in restorative

macrophages, (Figures 1J, 4E, and 7F), may also exert a chemotaxic effect on natural killer (NK) and

T cells,46 a possible explanation for the accumulation of NK and T cells during liver fibrosis resolution (Fig-

ure S2E). It is congruent to the results of a previous report that cytotherapy with LPS/IFN-g-stimulated M1

BMDMs recruits HSC apoptosis-inducing NK cells via CCL3.10

Another fine-tuning mechanism of TLR4 signaling during liver fibrolysis may be associated with the FXR.

FXR signaling has been focused on its anti-inflammatory function,30 however, how FXR influence the func-

tion of restorative macrophages is not elucidated. Our findings demonstrating (i) intrahepatic FXR down-

regulation, or delayed recovery with pharmacological TLR4 inhibition during resolution in vivo (Figure 6G),

(ii) FXR upregulation in post-phagocytic BMDM in vrito (Figure 7G), and (iii) MMP12 and TLR4 upregula-

tion with FXR-agonizing bile acids in post-phagocytic BMDM in vrito (Figures 7H and 7I), may provide

some clues. Our findings regarding the regulation of SOCS1 and SOCS3 (Figures 6I, S6D, and 7F) may

provide some hints to connect TLR4 and FXR. FXR may upregulate SCOS3 to reduce hepatic inflamma-

tion.47 SOCS1 suppresses IFN-g/STAT1, which reciprocally regulates FXR in macrophages.31 SOCS1 also

suppresses TLR/NF-kB, which can be regulated via ‘‘transrepression’’ by various nuclear receptors, such

as FXR.48 Because many inflammatory cascades upregulate MMPs,49 further investigations are needed to

clarify how TLR-FXR interaction help maintaining restorative functions in post-phagocytotic macrophages,

and how ECM-degrading MMPs are upregulated in these cells. Nonetheless, although we showed a

prominent intrahepatic upregulation of FXR during resolution, the increase of bile acids such as LCA

and DCA, two known TGR5 ligands, was also noticed (Figure 6F). We also noticed that regulation of

many FXR-related genes cannot be simply explained by the regulation of intrahepatic FXR. It is still

possible that other bile acid-related regulatory pathways other than FXR might be involved during

resolution.

What are the ligands for TLR4 during liver fibrosis resolution? Although the gut sterilization demonstrated

that post-injury withdrawal of liver fibrosis resolution could be modified by the existence of gut microbiota,

a globally diminishing hepatic inflammation (Figure S1C) with waning of HSC activation (Figure S1D) during

post-injury withdrawal resolution was observed. Therefore, LPS is unlikely to be the primary choice. Out ob-

servations showed upregulation of hepatic HMGB1, an intrinsic TLR4 ligand,50 during post-injury with-

drawal spontaneous resolution (Figure S1F) and after fecal material transplant to GFmice during resolution

(Figure 8D). Sustained elevation of serum levels of HMGB1 after HCV treatment (Figure 9C), and the asso-

ciation of higher serum levels of HMGB1 and a fibrosis-resolving phenotype in CHC patients after HCV

eradication (Figure 9E) also implicated a possible role of HMGB1. This current research is not sufficient

to answer why regulation or expression of HMGB1 are maintained during liver fibrosis resolution in an

SPF condition (Figure S1F), in germ-free mice (Figure 8D; comparing GF-24 h and GF-96 h), or in CHC

patients after HCV eradication (Figures 9C and 9E); further investigations are needed.
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To conclude, TLR4 signaling plays an essential role in murine liver fibrosis resolution after the withdrawal of

liver injury. While the principal phenotype has been demonstrated with post withdrawal murine models,

however, whether mechanistic features in humans could be mimicked needs to be further verified. Subse-

quent investigationsmay help developmore precise and novel pro-fibrolytic TLR4/FXR signaling-mediated

cell therapy or possible probiotic/post-biotic applications in the future.

Limitations of the study

Although we utilized two murine models for in post-injury withdrawal fibrosis resolution in this study and

demonstrated the existence of a cluster of restorativemacrophages with similar transcriptional phenotypes

in a murine NASH model with database analyses, a functional pro-fibrolytic role of TLR4 signaling in pro-

gressive liver diseases still needs to be verified. Due to the limitation of model, the roles of KC during

resolution are also insufficiently explored. In the human study, a targeted quantification of two serum pro-

teins associated with TLR4 only provided indirect clues. Additionally, the sample number of investigated

CHC patients is small, and the lack of histological analyses may limit its translational significance. However,

it is worth noticing that the best way for evaluation of degrees of liver fibrosis in CHC patients after HCV

eradication is still indeterminate.51 Further validations of our exploratory findings await.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal Ly6C-FITC (clone AL-21) BD Pharmingen Cat#553104; RRID AB_394628

Rat monoclonal CD11b-APC-Cy7(clone M1/70) BD Pharmingen Cat#557657; RRID AB_396772

Hamster monoclonal CD11c-PE-Cy7(clone HL3) BD Pharmingen Cat#561022; RRID AB_647251

Mouse monoclonal CD45.1-FITC (clone A20) BD Pharmingen Cat#553775; RRID AB_10926208

Mouse monoclonal CD45.2-APC (clone 104) BD Pharmingen Cat#558702; RRID AB_1645215

Rat monoclonal CD19-PE (clone 1D3) BD Pharmingen Cat#561736; RRID AB_395050

Hamster monoclonal CD3e-PE-Cy7(clone 145-2C11) BD Pharmingen Cat#552774; RRID AB_394460

Hamster monoclonal TCR-B-APC (clone H57-597) BD Pharmingen Cat#553174; RRID AB_398534

Rat monoclonal CD4-BV510(clone RM4-5) BD Pharmingen Cat#563106; RRID AB_2687550

Rat monoclonal CD8a-APC-Cy7(clone 53-6.7) BD Pharmingen Cat#561967; RRID AB_396769

7-AAD BD Pharmingen Cat#559925; RRID AB_2869266

Mouse monoclonal CD45R/B220-PerCP (clone RA3-6B2) BD Pharmingen Cat#553093; RRID AB_394622

Mouse monoclonal NK1.1-PE (clone PK136) BD Pharmingen Cat#561046; RRID AB_396674

Rat monoclonal Ly6G-BV510(clone 1A8) Biolegend Cat#127633; RRID AB_2562937

Rat monoclonal CD45-BV421(clone 30-F11) Biolegend Cat#103133; RRID AB_10899570

Rat monoclonal TLR4-APC (clone MTS510) BioLegend Cat#117601; RRID AB_313788

Rat monoclonal TLR4-PE (clona MTS510) BD Pharminogen Cat#558294; RRID AB_397073

Rat monoclonal CD14-PE-Cy7 (clone Sa14-2) BioLegend Cat#123316, RRID AB_10645329

Rat monoclonal Siglec H-APC (clone 551) Biolegend Cat#129611; RRID AB_10643574

American Hamster monoclonal Helios-PE (clone 22F6) Biolegend Cat#137206; RRID AB_10552903

Mouse monoclonal CX3CR1-BV421(clone SA011F11) Biolegend Cat#149023; RRID AB_2565706

Rat monoclonal F4/80-PE (clone BM8) eBioscience Cat#53-4801-82; RRID AB_469915

Rat monoclonal FOXP3-PerCP (clone FJK-16s) eBioscience Cat#45-5773-82; RRID AB_914351

Fixable Viability Dye eFluor 780 eBioscience Cat#65-0865-14; RRID AB_2869673

Anti-GAPDH Proteintech Cat#10494-1-AP

Anti-NR1H4/FXR Cell Signaling Cat#72105

Anti-NR0B2/SHP ORIGENE Cat#TA332442

Donkey Anti-Rabbit IgG, HRP-Linked Whole Ab GE Healthcare Cat#LNA934V/AG

Sheep Anti-Mouse IgG, HRP-Linked Whole Ab GE Healthcare Cat#LNA931V/AG

Chemicals, peptides, and recombinant proteins

TAK-242 CHEMSCENE Cat#CS-0408

Meglumine LKT Cat#M1826

Carbon tetrachloride (CCl4) Thermo Fisher Scientific Cat#BMS2030INST

Olive oil SAJ Cat#23-0400-6

Collagenase A SIGMA Cat# C5138

Anti- mouse CD95 BD Pharmingen Cat#554255

Histopaque SIGMA Cat#10771

HBSS Nacalai Cat#17460-15

Anti-FcR (Fc block) BD Pharmingen Cat#553142; RRID AB_394656

Brefeldin A BD Pharmingen Cat#555029

Ampicillin SIGMA Cat#A9518

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Neomycin SIGMA Cat#N1876

Vancomycin SIGMA Cat#861987

Metronidazole SIGMA-Aldrich Cat#M3761

GAM Agar, modified (Nissui) NISSUI Cat#05433

Polymyxin B SIGMA Cat#P0972

TE buffer Thermo Fisher Scientific Cat#12090015

RPMI 1640 medium SIGMA Cat#R8758

Chenodeoxycholic Acid Cayman Chemical Cat#10011286

7-oxo-LCA Steraloids Cat#C1600-000

Tauro-b-muricholic Acid Cayman Chemical Cat#20289

(Z)-Guggulsterone Cayman Chemical Cat#39025-23-5

M-CSF Pepro Tech Cat#315-02

DMEM Thermo Fisher Scientific Cat#11054-020

PBS Thermo Fisher Scientific Cat#14190144

Lipopolysaccharides SIGMA Cat#L3012

Critical commercial assays

Type 4 collagen 7S fragment (Lumipulse�) kit FUJIREBIO Cat#20036

MMP2 Quantikine� ELISA kit R&D Systems Cat#MMP200

TIMP1 Quantikine� ELISA kit R&D Systems Cat#DTM100

HMGB1 ELISA kit Arigo Biolaboratories Cat#ARG81351

Soluble CD14 Quantikine� ELISA kit R&D Systems Cat#DC140

GPT/ALT-PIII assay Fujifilm Japan Cat#14A2X1004000010

In vivo MMP activity (MMPsense 680) Perkin- Elmer Cat#NEV10126

Intracellular Fixation & Permeabilization Buffer Set Thermo Fisher Cat#88-8824-00

RNeasy Micro Kit/RNeasy Mini Kit QIAGEN Cat#74106

iScript cDNA Synthesis Kit Bio-Rad Cat#1708891B04

SYBR Premix Ex Taq (Perfect Real Time) kit TaKaRa Cat#RR820A

Ex Taq Hot Start (TaKaRa) TaKaRa Cat#RR006A

AMPure XP (Beckman Coulter) BECKMAN Cat#A63881

Miseq Reagent Kit V3 Illumina Cat#MS-102-3003

AMPure XP BECKMAN Cat#A63881

Chromium Single Cell 30 Reagent Kit v2 10x Genomics Cat#PN-120237

Deposited data

scRNA seq GEO; This paper GEO: GSE189606

Experimental models: Cell lines

Bone marrow-derived monocyte/macrophage, primary culture Allen et al.52 N/A

Experimental models: Organisms/strains

Mouse C57BL/6 [Specific-pathogen-free] CLEA Japan N/A

Mouse Tlr4-/- (C57BL/6 background) Oriental BioService RRID IMSR_OBS:4

Mouse C57BL/6NCr [Germ-free] Sankyo Lab Service N/A

Mouse C57BL/6 Ly5.1 Taconic Biosciences N/A

Oligonucleotides

Targeting sequences used in RT-PCR analysis,

refer to Table S4

This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Takanori Kanai (takagast@z2.keio.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publi-

cation. Accession numbers are listed in the key resources table. This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients

The analyses regarding human subjects were parts of an observational study approved before we started,

by the institutional review board of Keio University School of Medicine (No. 20140177), according to the

guidelines of the 1975 Declaration of Helsinki (2008 revision). Recruited study subjects provided prior writ-

ten informed consents, which included blood sampling, study participation and analysis of clinical data. All

of the study subjects received standard of care and treatment, according to their clinical presentation.

Twenty-three patients with CHC treated by interferon-free direct-acting agents (DAAs) and achieved sus-

tained virological response (SVR) indicative of successful viral eradication, were recruited. Peripheral blood

samples were collected and maintained at -80�C at timepoints shown in Figure 9A. According to the dy-

namics of type IV collagen 7S fragment (4COL7S), a non-invasive serological fibrosis marker, and mecha-

nistic ECM remodeling markers inclusive of MMP2 and TIMP1, patients were classified as early resolving

(ER), delayed resolving (DR) and non-resolving (NR) groups of liver fibrosis resolution. In brief, according

to the dynamics of 4COL7S, a phenotype of decreasing trends at both end-of-treatment (EOT) and

SVR12w was classified as ER, while that of decreasing trends at EOT but not at SVR12 as DR. A phenotype

of increasing trends at EOT and non-decreasing thereafter was classified as NR. Background characteristics

were shown in Table S3. Six healthy donors (HD, four females and 2 males, aged 32 to 55 years) were also

included in some analyses.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

16S rRNA 27F for 50-AGAGTTTGATCCTGGCTCAG-30 Cai et al.53 N/A

16S rRNA 1492R rev 50-GGTTACCTTGTTACGACTT-30 Cai et al.53 N/A

Software and algorithms

Flowjo v10.7.1 Flowjo https://www.flowjo.com/

GraphPad Prism 9 GraphPad https://www.graphpad.com/

ImageJ ImageJ https://imagej.nih.gov/ij/

R version 3.6.1 The R Project https://www.r-project.org

R scripts Nakamoto et al.54 https://github.com/

QIIME2 software package version 2019.10 Nakamoto et al.54 https://qiime2.org

Prokka version 1.14.6 Seemann55 https://github.com/tseemann/prokka

BlastKOALA Kanehisa et al.56 https://www.kegg.jp/blastkoala/

Other

Methionine�choline-deficient (MCD) diet Research Diets A02082002BR

CE-2 diet (Normal chow) Japan CLEA N/A
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In vivo animal studies

C57BL/6 wild-type (WT; Ly5.2) mice were purchased from CLEA Japan (Tokyo, Japan) and Tlr4-knockout

(Tlr4-/-) mice (C57BL/6 background; Ly5.2) fromORIENTAL BioService (Kyoto, Japan). Wild-type littermates

of Tlr4-/- mice were not utilized. Mice were maintained under specific pathogen-free conditions with a 12h

dark/light cycle, unless specified. Age- and sex-matchedWT Ly5.1 mice were purchased from Taconic Bio-

sciences (Hudson, NY, USA)) and were utilized for bone marrow transplantation experiments. They were

maintained at a temperature of 22–25�C and a relative humidity of 45–55%. Male germ-free (GF) mice

(C57BL/6 background strain, 6–8-weeks old) were purchased from Sankyo Lab Service Corporation and

were housed in the GF Facility of Keio University School of Medicine. Methionine�choline-deficient

(MCD) diets were purchased from Research Diets (A02082002BR). Experiments were performed with

male mice aged 8–12 weeks. No mice died in any experimental treatment or manipulation. All study

protocols comply with institutional guidelines congruent to the Animal Research: Reporting of In Vivo

Experiments (ARRIVE) guidelines. For sample size, see corresponding figure legends.

Primary cultures

BMDMs and iv vitro analysis

BMDMs derived from WT or age- and sex-matched Tlr4-/- mice and WT primary murine hepatocyte debris

were prepared accordingly to previous reports.8,52 Briefly, BM cells were isolated and cultured with M-CSF

(at 104 U/mL; Pepro Tech, Cranbury, NJ, USA) containing DMEM (Thermo Fisher Scientific) supplemented

with 10 % FCS, 1 % L -glutamine, 1 % sodium pyruvate, 1 % nonessential amino acids, and 1 % penicillin/

streptomycin for 7 days at 37�C with 5% (vol/vol) CO2. BMDMs were harvested, and 2 3 105 cells were

seeded per well in 12-well plates, followed by the addition of 5 3 105 washed hepatocyte debris or control

medium. The cells were cultured for another 16 h. Where stated, TAK-242 or meglumine control was added

to the plated BMDMs 1 h before and maintained throughout the 16 h incubation with hepatocyte debris.

Non-ingested hepatocytes were removed by vigorously washing thrice with PBS, and residual adherent

macrophages were used for analysis. In some experiments, lipopolysaccharides (LPS; from E. coli B5,

Sigma) were used for stimulation at a concentration of 1mg/mL for 4 h, or chenodeoxycholic acid

(CDCA; from Cayman Chemical), 7-oxo-Lithocholic acid (7-oxo-LCA; from Steraloids), or Tauro-b-muri-

cholic acid (TbMCA; from Cayman Chemical) were added at indicated concentrations 1 h following the

addition of hepatocyte debris. (Z)-guggulsterone (GS; from Cayman Chemical) at a concentration of

20 mM added 1 h before 7-oxo-LCA was used for FXR antagonism.

METHOD DETAILS

Quantification of serum proteins

Measurements of serum levels of 4COL7S were clinically approved and available with commercial kits in

Japan. In brief, 4COL7S was quantified using chemiluminescent enzyme immunoassay methods (reference

level for normal adult, below 4.4 ng/mL). MMP2 (R&D systems, Minneapolis, MN, USA), TIMP-1 (Enzo Bio-

chem, New York, NY, USA), HMGB1 (Arigo Biolaboratories), and sCD14 (R&D) via enzyme-linked immuno-

sorbent assays (ELISA).

CCl4 -induced liver fibrosis resolution model

Liver fibrosis was induced by injecting CCl4 diluted in olive oil (1:9) (Sigma) intraperitoneally (0.6 mL/g body

weight; Sigma) thrice per week for four weeks unless specified otherwise. Animals were examined at stated

timepoints after the final CCl4 injection till 96 h, as demonstrated in a previous study.8 The results demon-

strated in this previous study were utilized for sample size estimation.

MCD diet-induced liver fibrosis resolution model

Steatohepatitis with liver fibrosis was induced by 5 weeks of methionine�choline-deficient (MCD) diet

(Research Diets, Cat# A02082002BR). The diets were then switched to normal diet (ND; CE-2 diet from

Japan CLEA) for 10 days to induce spontaneous resolution.

TLR4 signaling inhibition

TAK-242 (Cayman Chemical, Ann Arbor, MI) was dissolved in meglumine (Sigma) for intravenous administration

via tail veins at 10 mg/mL/kg. All mice tolerated the intravenous administration of TAK-242 well. For in vitro ex-

periments, BMDMswerepretreatedwithTAK-242ormegluminecontrol ata concentrationof1mMasreported.57
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Assessment of liver injury and fibrosis

The livers were excised, fixed in 10% formalin, and embedded in paraffin. Serum alanine aminotransferase

(ALT) levels were measured using a chemiluminescence method (Fujifilm, Tokyo, Japan). Hepatic extracel-

lular matrix levels were evaluated by Sirius red staining and Masson trichrome staining of paraffin-

embedded sections. Sirius red or Masson trichrome positive areas were quantified in five non-overlapping

random fields (magnification 3 200) on each slide using imaging software ImageJ (NIH, Bethesda, MD,

USA). Hepatic hydroxyproline content was measured by high-performance-liquid chromatography

(HP-LC; SRL Laboratory, Tokyo, Japan); values were expressed as mg hydroxyproline/g of liver tissue.

Hepatocyte debris preparation

Isolation of hepatocyte was done accordingly to a previous report.58 Livers were dissociated by collage-

nase-pronase perfusion and hepatocytes were isolated by density gradient centrifugation. After washed

for three times, isolated hepatocytes were cultured overnight at 37�C 5% CO2 on collagen-coated tissue

culture flasks (Sigma) in DMEM (Thermo Fisher Scientific) supplemented with 10% FCS and 1% Penicillin/

Streptomycin solution. Adherent viable hepatocytes were detached using trypsin, washed, and cultured

in suspension in DMEM containing anti-mouse CD95 (1/500 dilution; Clone Jo-2; BD Pharmingen) at

37�C for 8 h for preparation of hepatocyte debris.

Isolation of liver NPCs

Liver nonparenchymal mononuclear cells were isolated from the liver accordingly to a previous report.59

Livers were perfused through the portal vein with phosphate-buffered saline, minced, and passed through

100-mm nylon meshes. The filtrate was centrifuged at 50 3 g for 1 min, and the supernatant was washed

once. Cells were re-suspended in HBSS solution and overlaid on Histopaque solution (Sigma-Aldrich). After

centrifugation at 780 3 g for 20 min, liver mononuclear cells were collected from the upper phase of

Histopaque.

Flow cytometry and FACS sorting

After blocking with anti-FcR (CD16/32, BD Biosciences) for 5 minutes, the cells were incubated with the spe-

cific fluorescence-labelled Ab at 4�C for 20 minutes. Relevant anti-rat isotype antibodies (BD Pharmingen)

were used to assess background fluorescence. Cells for intracellular staining were fixed and permeabilized.

Antibodies used in this study are shown in the key resources table. Lineage markers for exclusion were

composed of NK1.1 and CD19, or CD3e as needed. Stained cells were analyzed using FACS Canto II (Bec-

ton Dickinson, NJ, USA), and the data were analyzed using FlowJo software (Tree Star Inc., Ashland, OR,

USA). Cell sorting was performed using FACS Aria (BD), and over 95% purity of the sorted cells was

confirmed.

In vivo MMP activity assay

To detect in vivoMMP activity, 2 nmol of MMPsense 680 (Perkin- Elmer) or vehicle control was administered

at 72 h following the last injection of CCl4 to mice via tail veins. Liver mononuclear cells were harvested at

96 h and analyzed according to the manufacturer’s protocol. Liver mononuclear cells were identified using

flow cytometry followed by identification of MMPsense-positive cells with excitation laser at 635 nm.

RNA extraction and RT-qPCR

Total RNA was extracted from cells using RNeasy Mini Kit or RNeasy Micro Kit (QIAGEN). Complementary

DNA was synthesized by reverse transcription using the iScript cDNA Synthesis Kit (Bio-Rad). For quanti-

tation, the following real-time PCR amplifications were performed in duplicate using the SYBR Premix Ex

Taq (Perfect Real Time) kit (TaKaRa Bio, Ohtsu, Japan) with a Thermal Cycler Dice Real Time System

(TaKaRa Bio). Pre-designed primers are shown in Table S3. Gene expression was calculated relative to

18S rRNA.

Single-cell RNA-seq analysis

Intrahepatic CD11b+ CD45+ cells (cell viability > 98%) were sorted from the pooled liver mononuclear cells

of 5 mice (10,000 cells each) and loaded into Chromium Controller (10X Genomics, CA, USA). RNA libraries

were then prepared using Chromium Single Cell 30 Reagent Kit v2 according to themanufacturer’s protocol

(10X Genomics, CA, USA). The generated scRNA-seq libraries were sequenced using a 150 cycle (paired-

end reads) with a HiSeqX (Illumina, CA, USA) and analyzed as previously reported.60 Sequence reads from
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all samples were processed by Cell Ranger (10X Genomics). The processed data were aggregated and

analyzed by Seurat version 3.1.1.61,62 Specifically, PCA analysis was performed to identify clusters, and

19 gene clusters (0-18) were projected on Uniform Manifold Approximation and Projection (UMAP) space

with normalized gene expression. Subsequently, macrophage clusters (2-6) were identified via positive

expression of Lyz2 and Cx3cr1 and negative expression of Ncr1 (NK cells), Cd3e (T cells), and Cd79a,

Cd79b and immunoglobulin genes (B cells) (Figures S3B and S3C). A gene expression heatmap showing

an unbiased generation of the top ten differentially expressed genes for each cluster is presented in

Figure 2D.

Gut sterilization

Mice were treated with a mixture of broad-spectrum antibiotics or drinking water, used as a control, via

nasogastric tube (500 mL per mouse) at 48 h after the final CCl4 injection. The following concentrations

of antibiotics were used, as previously reported: ampicillin (6.7 g/L), neomycin (6.7 g/L), vancomycin

(3.3 g/L), and metronidazole (6.7 g/L).63 Our preliminary assessment (data not shown) and a previous

report64 revealed that large populations of bacteria were no longer detectable, and the total amount of

bacterial genomic DNA was reduced remarkably following the administration of antibiotics.

16S rRNA metagenomic analysis

Mice were raised in the same facility but were not co-housed in the same cage. Fecal materials were

collected at 24 h and 96 h after the last injection of CCl4 on the same day and were analyzed accordingly

to previous reports.54,65 The hypervariable V3–V4 regions of the 16S rRNA gene were amplified using Ex

Taq Hot Start (TaKaRa) and subsequently purified using AMPure XP (Beckman Coulter). Approximately

equal amounts of each amplified DNA were then sequenced using the Miseq Reagent Kit V3 (600 cycle)

and theMiseq sequencer (Illumina) according to the manufacturer’s instructions. Sequences were analyzed

using the QIIME2 software package version 2019.10 (https://qiime2.org). Forward and reverse reads were

joined, denoised and chimera check using QIIME2 commands (‘‘qiime dada2 denoise-paired’’). Taxonomy

was picked against silva-132-99-nb-classifier.qza (https://www.arb-silva.de/download/archive/qiime). Sta-

tistical analyses for alpha diversity metrics and generation of principal coordination analysis (PCoA) plots

for beta diversity metrics were also done through QIIME2 commands (qiime diversity ‘‘core-metrics-phylo-

genetic’’, ‘‘alpha-group-significance’’, and ‘‘beta-group-significance’’). Sampling depth (–p-sampling-

depth) was set to the minimum number of remaining read counts among samples. PCoA was expressed

by the qiime2R (v 0.99.13) and ggforce (v 0.3.1) packages in R software (v 3.6.1). Taxa-barplot was generated

using R package qiime2R (v 0.99.13), phyloseq (v 1.30.0) and MicrobeR (v 0.3.2). The enriched bacteria in

each group were identified by linear discriminant analysis (LDA) effect size (LEfSe); An LDA value >2 is

considered significant. Correlation plot was generated using R package corrplot (v 0.84).

Metagenomic predictive functional profiling

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2; https://

github.com/picrust/picrust2/) was used with QIIME2 software package version 2019.10 (https://qiime2.

org). The prediction of pathway abundance and EC abundance was used QIIME2 commands (‘‘qiime pic-

rust2 full-pipeline’’, ‘‘qiime feature-table summarize’’, and ‘‘qiime diversity core-metrics’’). Sampling depth

(–p-sampling-depth) was set to the minimum number of remaining read counts among samples.66

Isolation of Erysipelotrichaceae bacterium

Isolation of a specific bacterial strain from fecal material was done according to the method reported pre-

viously.63 Erysipelotrichaceae bacterium was isolated from fecal samples of WT 96h mouse that were asep-

tically spread on GAM Agar, modified (Nissui) containing 50 mg/L Polymyxin B. The strain was cultured in

an anaerobic chamber at 37�C for 48 h. 12 colonies were suspended in 1 mL of TE buffer and boiled for

10 min. After centrifugation at 9,000 g for 1 min, the supernatants were used as templates for PCR ampli-

fication. Amplification was performed in a 50 mL reaction mixture containing Ex Taq buffer, 0.2 mM of each

dNTP, 1.25 units of Ex Taq HS (TaKaRa), 10 pmol of each universal forward primer 27F 50-AGAGTTT

GATCCTGGCTCAG-30 and reverse primer 1492R 50-GGTTACCTTGTTACGACTT-30,53 and 1 mL of tem-

plate. After preincubation at 95�C for 3 min, 30 cycles consisting of 95�C for 30 sec, annealing at 55�C
for 30 sec, and extension at 72�C for 1.5 min were performed, followed by a final extension step of 5 min

at 72�C. PCR amplicons were purified using AMPure XP. The 16S rRNA was sequenced using BigDye
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Terminator v3.1 Cycle Sequencing Kit and ABI PRISM 3130 Genetic Analyzer (Applied Biosystems). 50% of

the colonies were Allobaculum stercoricanis DSM 13633 16S ribosomal RNA, partial sequence (94%).

Whole genome analysis

The sequencing library of Erysipelotrichaceae bacteriumwas sequenced onGridION X5 (Oxford Nanopore

Technologies) and DNBSEQ-G400 (MGI TECH CO., LTD) using paired 200-bp reads. The genome was

assembled by Unicycler (v0.4.8) (https://github.com/rrwick/Unicycler). Annotation of the assemblies were

performed using Prokka (v 1.14.6).55 Predict protein sequences were annotated against KEGG with

BlastKOALA (https://www.kegg.jp/blastkoala/).56

Fecal material transplant

Fecal materials were collected at 24 h and 96 h after the last injection of CCl4 and were stored at -80�C until

use. The frozen stocks were thawed, re-suspended with vigorous shaking in 6-fold volumes of PBS and

passed through a 70-mm cell strainer. CCl4-treated GF mice were orally inoculated with 200 mL/time of

the suspensions using a stainless-steel feeding needle, for three times, at 24, 48 and 72 hours after the

last CCl4 intraperitoneal injection.

Bone marrow transplantation

Partial BM chimeric mice were developed by shielding the liver before lethal irradiation (9.5 Gy) with a lead

plate of 10-mm thickness to protect hepatic nonparenchymal cells accordingly to a previous report.28 Total

BM cells were harvested from the femurs and tibias of age- and sex-matchedWT Ly5.1 mice (or Tlr4-/- Ly5.2

mice). Isolated BM cells were suspended in RPMI 1640 medium containing 10% fetal bovine serum and

2 mM EDTA and transplanted via the tail vein into irradiated recipient Tlr4-/- Ly5.2 mice (or WT Ly5.1

mice) at a dose of 6.0 3 106 cells. After 6 weeks, chimerism was confirmed via the analysis of peripheral

blood myeloid cells.

Western blot analysis

Freshly harvested liver tissue was snap frozen with liquid nitrogen and stored at -80�C for protein extrac-

tion. 30 mg total cellular protein was subjected to analysis. After blocking with with TBS/0.05% Tween-

20/5% skim milk, the membranes were probed with antibodies against GAPDH (dilution 1:10000), FXR

(dilution 1:1000) and SHP (dilution 1:10000). After reaction with a secondary antibody, chemiluminescence

was detected with ChemiDoc Imaging System (Bio-Rad).

Bile acid quantification

Fecal material or serum of the portal vein was collected at specific intervals after the last injection of CCl4.

BA concentrations were determined as reported by Honda et al.67 Briefly, the feces were solubilized in 5%

KOH/water at 80�C for 20 min; this heating step was omitted for portal vein serum samples. After the addi-

tion of internal standards and 0.5 M potassium phosphate buffer (pH 7.4), BAs were extracted with Bond

Elut C18 cartridges and quantified by LC-MS/MS. Chromatographic separation was performed using a Hy-

persil GOLD column (200 x 2.1 mm, 1.9 mm; Thermo Fisher Scientific) at 40�C. The mobile phase consisted

of (A) 20 mM ammonium acetate buffer (pH 7.5)-acetonitrile-methanol (70:15:15, v/v/v) and (B) 20 mM

ammonium acetate buffer (pH 7.5)-acetonitrile-methanol (30:35:35, v/v/v). The following gradient program

was used at a flow rate of 150 ml/min: 0–50% B for 20 min, 50–100% B for 10 min, hold 100% B for 15 min, and

re-equilibrate to 100% A for 10 min. Oxo- (dehydro-) and epi- (iso-) BAs were prepared by reduction or

oxidation of known bile acids, and were quantified by LC-MS/MS, as elaborated in detail in a previous

report.68 According to a previous report,69 hydrophobicity index was estimated and calculated.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical analyses were performed using GraphPad Prism software version 9.0 (GraphPad). Data are ex-

pressed as the mean G standard error of the mean (SEM). Statistical evaluation of two groups was per-

formed using the unpaired Student’s t-test or Mann–Whitney test if data were not normally distributed.

Kruskal-Wallis analysis for multiple group comparison. For post-hoc tests between groups, non-parametric

Wilcoxon tests are applied. Spearman correlation was used for correlation analysis. Differences were

considered statistically significant at P < 0.05.
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