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Abstract

Immune-mediated bile duct epithelial injury and toxicity of retained hydrophobic bile acids
drive disease progression in fibrosing cholangiopathies such as biliary atresia or primary

sclerosing cholangitis. Emerging therapies include pharmacological agonists to farnesoid X
receptor (FXR), the master regulator of hepatic synthesis, excretion, and intestinal reuptake
of bile acids. Unraveling the mechanisms of action of pharmacological FXR agonists in the
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treatment of sclerosing cholangitis (SC), we found that intestinally restricted FXR activation
effectively reduced bile acid pool size but did not improve the SC phenotype in MDR27/~

mice. In contrast, systemic FXR activation not only lowered bile acid synthesis but also
suppressed proinflammatory cytokine production by liver-infiltrating inflammatory cells and
blocked progression of hepatobiliary injury. The hepatoprotective activity was linked to
suppressed production of IL1p and TNFa by hepatic macrophages and inhibition of Ty1/Ty17
lymphocyte polarization. Deletion of FXR in myeloid cells caused aberrant Tyl and TH17
lymphocyte responses in diethoxycarbonyl-1,4-dihydrocollidine—induced SC and rendered these
mice resistant to the anti-inflammatory and liver protective effects of systemic FXR agonist
treatment. Pharmacological FXR activation reduced IL1p and IFNy production by liver- and
blood-derived mononuclear cells from patients with fibrosing cholangiopathies. In conclusion, we
demonstrate FXR to control the macrophage-T{1/17 axis, which is critically important for the
progression of SC. Hepatic macrophages are cellular targets of systemic FXR agonist therapy for
cholestatic liver disease.

INTRODUCTION

Sclerosing cholangitis (SC) results from progressive destruction of large or small bile
ducts, liver inflammation, and biliary fibrosis. Several pediatric conditions can present
with this liver disease phenotype including extrahepatic biliary atresia (EHBA) in neonates,
progressive familial intrahepatic cholestasis from multidrug resistance 3 (MDR3) deficiency
in younger children, or primary SC (PSC) in adolescents with inflammatory bowel

disease. Although the etiologic factors vary between these conditions, toxic bile and

T lymphocyte—mediated cholangiocyte injury have emerged as key drivers of the SC
phenotype (1). Hydrophobic bile acids (BAs), such as taurochenodeoxycholate (TCDCA)
or glycochenodeoxycholate, which are retained in the liver and plasma of patients with
EHBA or PSC, were shown to induce hepatocellular apoptosis and to reduce bile flow in
perfused rat livers (2-4). Under both conditions, aberrant activation of cytotoxic CD8 and
effector T helper (Ty) 1 and Ty17 lymphocytes is critical for initiation and progression

of bile duct epithelial injury (5-8). These lymphocyte responses, including production of
type 1 cytokines and chemokines, are at least in part controlled by the inflammasome and
monocyte-derived proinflammatory cytokines (9, 10). Although we currently lack therapies
controlling the specific etiologic factors underlying EHBA or PSC, complications from
impaired bile flow through an injured biliary tree and progression of fibrosis have been the
focus of preclinical investigations and clinical trials. Molecular targets of these emerging
therapies include the nuclear BA receptor FXR (farnesoid X receptor), master regulator for
key enzymes of BA homeostasis. FXR activation in hepatocytes leads to up-regulation of
its target gene small heterodimer protein (SHP), which represses expression of CYP7AL, a
rate-limiting enzyme of BA synthesis. Fibroblast growth factor 19 (FGF19; Fgf15 in mice)
is a gastrointestinal hormone released by enterocytes into the portal circulation upon FXR-
mediated sensing of intestinal BA and down-regulates hepatic BA synthesis via signaling
though the receptor FGF4R on hepatocytes. Pharmacological FXR agonists were shown

to reduce serum alkaline phosphatase (ALP) activity, a surrogate marker for biliary injury,
in clinical trials in PSC (11-13). Recently, longer-term follow-up studies on obeticholic
acid (OCA), a BA-derived FXR agonist and U.S. Food and Drug Administration—approved
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therapy for primary biliary cholangitis (PBC), raised concerns about drug accumulation
causing pruritus and hepatic decompensation in patients with cirrhosis (14). These safety
concerns in conjunction with an evolving field of FXR agonists with various chemical
structures contributing to substantial differences in pharmacokinetics prompted us to
investigate whether intestinally restricted FXR (iFXR) agonists would be as efficacious as,
but safer than, systemic ones in the treatment of cholestatic liver disease.

The goal of our study was to explore the role of synthetic FXR agonist tropism in controlling
the SC phenotype and to better understand the mechanism of action of pharmacological
FXR activation in the treatment of fibrosing cholangiopathies. To this end, we used FXR
agonists with systemic and intestinal tropism that were derived from the nonsteroidal

FXR agonist fexaramine (15-17). Fexaramine, which has a short half-life and primarily
activates FXR in the intestine, improves obesity and metabolic functions in preclinical
models. MET409, a fexaramine derivative with sustained systemic FXR (sFXR) activation,
was recently shown to improve steatosis in a short-term clinical trial in patients with
nonalcoholic steatohepatitis (NASH) (16, 17). We studied systemic and intestinal FXR
activation in two murine models of fibrosing cholangiopathies. The first model is the
MDR?2 knockout (MDR2~/~) mouse, which lacks biliary phospholipids leading to toxic

BA accumulation and displays diminished bicarbonate umbrella protecting cholangiocytes,
sterile inflammation, and rapid progression of biliary injury and fibrosis (18). In this model,
bile duct epithelial injury is modulated by Tw1-polarized and regulatory CD4 lymphocytes,
and interferon-y (IFN+y)—producing CD8* and natural killer lymphocytes promote fibrosis
(19, 20). In the second model, mice are fed with 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC), which causes SC via the formation of intraductal porphyrin plugs (21). Both models
recapitulate various aspects of intrahepatic disease progression in patients with EHBA

after Kasai portoenterostomy or PSC, including liver histopathological changes such as
ductal proliferation and biliary fibrosis and the involvement of various innate inflammatory
and adaptive lymphocyte responses. Here, we tested whether hepatic macrophages and
lymphocytes that drive sterile inflammation and immune-mediated bile duct destruction,
respectively, are direct cellular targets of pharmacological FXR agonists.

Intestinal FXR activation represses BA synthesis but fails to protect from progression of

SC

We reasoned that if control of BA pool size was the primary mechanism of action for
pharmacological FXR agonists in the treatment of SC, then sFXR (M345 or M044) and
iFXR agonists (M379) should be similarly effective in blocking hepatobiliary injury if
both reduced hepatic retention of BA. To test this, MDR2~/~ mice were treated with
either of these compounds for 7 days. Compared with vehicle treatment, administration
of an sFXR, but not an iFXR agonist, up-regulated hepatic expression of the FXR
target gene Shp, confirming the minimal systemic effects of the iFXR agonist (Fig. 1A).
Both agonists induced SApand Fgrf15expression in the terminal ileum. Both agonists
also significantly lowered plasma concentrations of C4 (P< 0.01), a biomarker of
hepatic BA de novo synthesis, and similarly decreased total liver BA concentrations in
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MDR2~/~ mice, demonstrating similar anticholestatic effects (Fig. 1B) (22). However, only
administration of an sFXR, but not an iFXR agonist, significantly reduced serum biomarkers
of hepatobiliary injury that were all highly elevated in MDR2~/~ compared with age- and
sex-matched noncholestatic MDR2*/~ mice, including ALP and total bilirubin (TB; P<
0.05) (Fig. 1C). Liver sections from MDR2~/~ mice of the three treatment groups underwent
immunohistochemical (IHC) staining for cytokeratin-19 (CK19), a tissue biomarker for
biliary mass and injury, and subsequent image analysis (Fig. 1D). The CK19* area was
decreased after administration of SFXR compared with vehicle, corroborating the results of
the analysis of serum liver biochemistries. Although the focus of this investigation was to
delineate the effects of short-term treatment with FXR agonists on biliary epithelial injury,
we observed reduced liver fibrosis, as assessed by Sirius Red staining of liver sections, and
decreased expression of SppI encoding osteopontin, a profibrogenic cytokine implicated in
SC pathogenesis, after treatment with an sSFXR agonist (fig. S1).

Systemic FXR activation represses proinflammatory hepatic cytokine responses

Probing for mechanisms by which sFXR agonist treatment attenuated the SC phenotype,
hepatic mMRNA expression for inflammatory genes was determined by quantitative
polymerase chain reaction (QPCR). As expected, mRNA expression of the genes
interleukin-1p (//15), tumor necrosis factor-a. ( 7n1/a), and //6, all previously associated
with SC pathogenesis (23), was higher in vehicle-treated MDR2~/~ mice compared with
MDR2*/~ mice serving as age- and sex-matched, noncholestatic controls (Fig. 2A).
Compared with vehicle treatment, hepatic expression of //Z6and 7nfawas significantly
lower in MDR27/~ mice after treatment with SFXR (P < 0.05) but not with iFXR

agonists. To determine whether the differential gene expression between treatment groups
originated at least in part from direct effects of the sSFXR agonist on liver-infiltrating
inflammatory cells, liver mononuclear cells (LMNCs) were isolated from wild-type (WT)
and MDR2™~/~ mice, cultured, and stimulated with lipopolysaccharide (LPS), a pathogen-
associated molecular pattern (PAMP), in the presence of various concentrations of SFXR
agonist. Dose-dependent induction of the FXR target gene SAp was observed in LMNCs
from MDR2~/~ mice upon culture with SFXR agonist (Fig. 2B). Conditioning of the culture
medium with sFXR agonist resulted in dose-dependent repression of LPS-induced gene
expression for IL1p and type 1 cytokines IFN-y and TNFa.. Expression of NLR family
pyrin domain containing 3 (AM/rp3), which encodes the inflammasome complex that cleaves
pro-IL1p to become biologically active, was also repressed by FXR activation. Because
liver-infiltrating T lymphocytes are an important source of type 1 cytokine production

in cholestatic liver disease, we examined the effects of FXR activation on LPS-induced
IFN-y production by CD4 and CD8 lymphocytes via intracellular flow cytometry (ICF)
after restimulation with phorbol 12-myristate 13-acetate (PMA)/ionomycin. Incubation of
LMNCs from MDR2~/~ mice with SFXR agonist abrogated LPS-induced IFN+y production
by both T cell populations in vitro (Fig. 2C and fig. S2 with gating strategy).

FXR controls macrophage and T lymphocyte effector cytokine production

IFNy and IL17A drive immune-mediated bile duct injury in PSC and EHBA (19, 24).
To elucidate whether T lymphocytes are direct cellular targets of FXR agonists, we used
an established model of DDC-induced SC (21). Seven days of exposure to 0.1% DDC
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admixed to the diet resulted in liver inflammation and bile duct proliferation in this model
accompanied by a rise in serum alanine aminotransferase (ALT), ALP, and TB (fig. S3),

all consistent with SC and similar to the phenotype observed in MDR2~/~ mice. LMNCs
were isolated from DDC-fed mice and cultured in the presence of LPS and FXR agonist.
Conditioning of the culture medium with FXR agonist reduced IFN-y and IL17A production
by CD4* and CD8* lymphocytes (Fig. 3A). To find out whether T lymphocytes were
directly targeted by FXR agonist, LMNCs were separated into CD45*CD3*CD4™" and
CD45*CD3*CD8"* T lymphocyte populations by fluorescence-activated cell sorting (FACS)
and subsequently cultured in the presence of LPS and FXR agonist. SFXR treatment did not
significantly (P> 0.05) decrease IFNvy production in purified CD4" or CD8" lymphocytes,
indicating that T lymphocytes were not the direct cellular targets of FXR agonist (Fig. 3B).
Testing the hypothesis that macrophages were targeted by FXR agonist, we cultured bone
marrow—derived macrophages (BMDMs) and stimulated them with LPS. FXR activation
repressed LPS-induced transcription of //1b, Nirp3, and Tnfain cultured BMDMs (Fig. 3C).
Next, BMDMs from WT and FXR™~ mice were stimulated with either LPS or TCDCA, a
hydrophobic BA implicated as danger-associated molecular pattern (DAMP) in cholestatic
liver disease (25). The concentration of 100 uM for TCDCA is similar to what was found

in the plasma of patients with EHBA (4). Both danger signals induced IL1p secretion by
BMDMs from WT and FXR™~ mice, which was reduced upon FXR activation (Fig. 3D).
FXR agonism failed to reduce IL1p production by BMDM from FXR™~ mice stimulated
with LPS or TCDCA, demonstrating the specificity of the synthetic ligand M044 for FXR.
FXR activation significantly reducedNLRP3 protein expression in WT-BMDM stimulated
with LPS (P<0.0001) or TCDCA (P< 0.01). Genetic deletion of Takeda G protein—
coupled receptor 5 (TGR5), the surface BA receptor on macrophages, did not abrogate
TCDCA-induced IL1p production by BMDMs (fig. S4).

FXR controls innate cytokine production by hepatic macrophages

To investigate whether responses of BMDMs to danger signals and FXR activation
recapitulate functions of hepatic macrophages as key drivers of liver inflammation, we
performed experiments with macrophages isolated from livers of WT, FXR™~, and
FXRAMC mice, in which FXR was deleted in LysM-cre—expressing myeloid cells.
Expression of Cre in the endogenous M lysozyme locus of myeloid cells was previously
reported to delete loxP-flanked target genes in 83 to 98% of mature macrophages and

in 100% of granulocytes (26). Using immunofluorescence (IF) and confocal microscopy,

we found that only CD11b* macrophages from WT, but not from global or conditional
FXR-deficient mice, expressed FXR protein (Fig. 4A). When hepatic macrophages from WT
mice were cultured and stimulated with LPS, pharmacological FXR activation up-regulated
Shp and repressed transcription of proinflammatory genes N/rp3, 1116, and Tnfa (Fig. 4B).
Expression of these genes was not significantly altered in hepatic macrophages from FXR™~
or FXRAMC mice when cultured in the presence of FXR agonist. FXR activation reduced
both LPS- and TCDCA-induced secretion of IL1p and TNFa by macrophages (Fig. 4, C and
D). FXR agonist did not reduce viability of Kupffer cells (percentage live cell count before
and after treatment with 1.0 pM FXR; WT, 93 + 1.5% and 87 + 2.5%; FXR™~, 90 + 3.5%
and 84 + 5.5%; n= 3 independent experiments). Regulation was specific to FXR activation;
both LPS- and TCDCA-induced secretion of IL1p and TNFa by hepatic macrophages from
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FXR™~ mice was not suppressed by SFXR treatment. To test whether other myeloid cells
that play a role in the pathogenesis of SC express FXR, neutrophils were isolated from

the bone marrow of WT and FXRAMC mice and expanded in culture. Confocal imaging
showed no expression of FXR in Gr-1—positive mature neutrophils (fig. SSA). Neutrophils
were also not responsive to FXR agonist treatment when stimulated with LPS (fig. S5B).

IL1B controls Ty17 polarization and liver phenotype in xenobiotic-induced SC

Macrophages are established drivers of liver injury in the DDC model of SC (27). IL1p
secreted by macrophages have previously been shown to act as licensing signal for effector
IFN-y cytokine production by T lymphocytes expressing IL1 receptor a (IL1Ra) (28). In
addition, monocyte-derived IL1p and I1L6 were found to polarize Ty17 lymphocytes in PSC
(29). We investigated the macrophage-IL1p-T lymphocyte axis and its relevance for the SC
phenotype in the model of DDC-induced SC (21). LMNCs were isolated from DDC-treated
and control mice and cultured in the presence of LPS and various concentrations of an
IL1Ra antagonist. IFN-y expression by T lymphocyte subsets was measured by ICF (Fig.
5A). LPS induced higher IFNy production in T lymphocytes among LMNCs from DDC-
treated versus control mice, indicating that a DDC-induced priming of effector lymphocytes
functions in vivo. An IL1Ra antagonist reduced LPS-induced IFN+y expression by CD4*
and CD8* lymphocytes from DDC-treated mice in a dose-dependent fashion. To examine
the role of IL1p in control of hepatic immune activation and phenotype of SC in vivo, WT
and //1r1"~ mice, in which IL1p signaling was disrupted, were challenged with 0.1% DDC
diet for 7 days. Compared with WT, LMNCs from DDC-fed //1r27~ mice displayed slightly
decreased IFN+y and nearly abrogated IL17A production by CD4* or CD8* lymphocytes
upon LPS stimulation (Fig. 5B). Liver injury was less severe in //1rZ/~ mice compared with
WT mice upon DDC challenge based on lower serum ALT, ALP, and TB concentrations
and less ductal proliferation (Fig. 5, C and D). Collectively, the findings demonstrate that
the IL1B/IL1R axis shapes licensing of T lymphocyte responses and determines the SC
phenotype in mice challenged with DDC.

FXR signaling in myeloid cells controls severity of murine SC

To directly test the hypothesis that FXR suppression of hepatic macrophage function
mediates the hepatoprotective effects of FXR agonist treatment in preclinical SC, we
examined the relationship between BA homeostasis, T lymphocyte cytokine production,
and SC phenotype in WT and FXRAMC mice exposed to DDC and pharmacological FXR
agonist. First, we confirmed that FXR deletion was selective for myeloid cells in FXRAMC
mice leaving FXR signaling in hepatocytes intact. Hepatocytes were isolated from WT,
FXRAMC, and FXR™/~ mice, maintained in short-term cultures, and subjected to IF and
gPCR studies. Primary hepatocytes from mice of the three genotypes expressed hepatocyte
nuclear factor-4 alpha (HNF4a), the master regulator of hepatocyte differentiation, which
localized to the 4’,6-diamidino-2-phenylindole (DAPI)-stained nuclei. FXR was expressed
and colocalized with HNF4a in hepatocytes from WT and FXRAMC mice, but not from
FXR™~ mice (Fig. 6A). FXR activation by the synthetic agonist M044 up-regulated SAp and
down-regulated Cyp7al in primary WT and FXRAMC hepatocytes (Fig. 6B), confirming
intact FXR signaling in hepatocytes from conditional FXR knockout mice. FXR activation
minimally reduced LPS-induced /716 expression by hepatocytes from WT mice and had
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no effect on expression of chemokine ligand Cxc/Z in hepatocytes of either of the three
genotypes. Compared with vehicle-treated mice exposed to DDC, hepatic mMRNA expression
of Shpincreased and that of Cyp7al decreased after treatment of WT and FXRAMC mice
with sFXR agonist for 7 days (Fig. 6C). Consequently, total liver BA concentrations were
significantly decreased upon sFXR treatment in both groups (WT, £< 0.001; FXRAMC, P<
0.05) (Fig. 6D), confirming intact FXR regulation of BA homeostasis in FXRAMC mice.

Next, we examined whether selective deletion of FXR in myeloid cells rendered FXRAMC
mice more susceptible to xenobiotic-induced liver injury, despite intact regulation of

BA homeostasis in hepatocytes. Compared with WT mice, FXRAMC mice challenged
with DDC displayed up-regulated hepatic gene expression for proinflammatory cytokines,
increased IFNy and IL17A production by LPS-stimulated CD4* and CD8" T lymphocytes,
elevated serum ALT, ALP, and TB concentrations, and aggravated periportal inflammation
and ductal proliferation on hematoxylin and eosin—-and CK19-stained liver sections,
respectively (fig. S6, A to D). We concluded that not only pharmacological but

also endogenous FXR ligands tamed proinflammatory cytokine responses by hepatic
macrophages and influenced the liver phenotype in xenobiotic SC.

Myeloid cells mediate hepatoprotective effects of pharmacological FXR agonists

Having demonstrated that FXR signaling in hepatocytes and FXR control of BA
homeostasis were preserved in FXRAMC mice, we examined to what extent loss of FXR

in myeloid cells in these mice determined their response to pharmacological FXR agonist
treatment of DDC-induced SC. Daily administration of sSFXR agonist repressed hepatic
expression of //Zband Tnfaand significantly reduced IFNy and IL17A production by CD4*
and CD8* lymphocytes in WT mice challenged with DDC (P < 0.001); none of these
proinflammatory cytokine responses were altered by sFXR agonist treatment in FXRAMC
mice (Fig. 7, A and B). sFXR agonist lowered serum ALT, ALP, and TB concentrations

and decreased bile duct proliferation only in WT and not in FXRAMC mice (Fig. 7, C

and D). Further supporting a critical role of liver FXR activation in the treatment of SC,
iFXR failed to improve the SC phenotype in WT mice challenged with DDC, which was
consistent with findings in the MDR2~~ model (fig. S7). In summary, FXR in myeloid

cells controlled innate cytokine production upon stimulation with extrinsic and intrinsic
danger signals, restrained macrophage-dependent licensing of T lymphocytes, and limited
bile duct epithelial injury. Myeloid cells mediated the therapeutic effects of SFXR agonists in
xenobiotic-induced SC.

FXR activation blocks innate and adaptive cytokine responses in hepatic and circulating
mononuclear cells from patients with fibrosing cholangiopathies

To validate our findings on the effects of FXR activation on T lymphocyte—derived cytokine
production in preclinical models of SC, we separated mononuclear cells from liver tissue
and peripheral blood of patients with fibrosing cholangiopathies and assessed the effects of
FXR agonist on in vitro cytokine production. Details of the clinical characteristics of the
study participants are included in table S1. LMNCs were isolated from explanted livers of
two patients with advanced biliary fibrosis from EHBA, cultured, stimulated with LPS in
the presence or absence of FXR agonist, and subjected to ICF analysis. In LMNCs from
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both patients, LPS-induced IFN+y production by CD4* and CD8* lymphocytes was partly
blocked when the medium was conditioned with FXR agonist (Fig. 8A). To assess the
effects of FXR agonist on innate cytokine production by circulating mononuclear cells from
pediatric patients with PSC or from age-matched healthy controls (HCs), peripheral blood
mononuclear cells (PBMCs) were cultured in the presence of various concentrations of FXR
agonist, stimulated with LPS or TCDCA, and IL1p production was assayed by time-resolved
fluorescence resonance energy transfer (TR-FRET). IL1p in culture supernatants was below
detection limit without stimulation, LPS induced higher IL1f production in PBMCs from
patients with PSC compared with HCs, and TCDCA induced variable amounts of IL13

in patients and controls (fig. S8). FXR agonist inhibited LPS-induced IL1p production in

a dose-dependent fashion in PBMCs from patients with PSC and partly blocked TCDCA-
induced innate cytokine production. To assess the impact of the FXR agonist on effector
cytokine production by circulating T lymphocytes, PBMCs were stimulated with LPS or
TCDCA in the presence of FXR agonist, and cells were subjected to ICF to determine cell-
specific IFN-y expression (gating strategy in fig. S9A). High percentages of T lymphocytes
from patients with PSC produced IFN-y upon stimulation with LPS (means + SD: 23 +
12% of CD8* and 16 + 12% of CD4* cells) or TCDCA (19 + 4% of CD8* and 13

+ 3% of CD4™ cells), as compared to less than 2% of these lymphocyte subsets from

HCs when treated under identical conditions (Fig. 8B). Among liver biochemistries that
were determined at the time of collection of PBMCs from patients with PSC, serum
gamma-glutamyl transferase (GGT) activity, a marker of biliary injury, correlated with
frequencies of IFNy*CD8* cells after TCDCA stimulation (table S2 and fig.S9B). The
highest expression of IFNy in CD8* lymphocytes after stimulation with LPS or TCDCA
was observed in a patient with PSC-related end-stage liver disease and inflammatory bowel
disease, who was listed for liver transplantation (participant #3). Incubation with 1.0 pM
FXR agonist blocked an LPS- or TCDCA-induced rise in IFNy-expressing CD8" cells by
a mean of 79%. FXR activation also reduced IFN+y expression by CD4* lymphocytes but
with higher variability. Percent reduction of IFN-y expression by T lymphocytes was not
correlated with liver biochemistries. Collectively, these studies using LMNCs and PBMCs
from patients with fibrosing cholangiopathies corroborated findings in murine SC, showing
that pharmacological FXR activation blocks LPS- and hydrophobic BA-induced innate
cytokine production and licensing of effector T lymphocytes.

DISCUSSION

Here, we show that fexaramine-related sFXR agonists block progression of murine SC via
repression of innate cytokine production and macrophage-mediated licensing of effector

T lymphocytes. This conclusion is derived from experiments in two murine models of

SC comparing pharmacological FXR agonists with primarily intestinal versus liver and
intestinal tropism and using transgenic mice with deletion of FXR in macrophages. FXR-
mediated suppression of hepatic BA synthesis via transcriptional control of Cyp7al and
reduction in liver and serum BA concentrations were not linked to efficacy of FXR-directed
therapy in murine SC. These insights have the potential to change the design of future
clinical trials of FXR-directed therapies for PSC, EHBA, or PBC.

Sci Transl Med. Author manuscript; available in PMC 2023 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shietal.

Page 9

Our findings challenge the premise that synthetic FXR agonists improve liver disease in
fibrosing cholangiopathies by lowering the pool size of toxic BAs through repressed BA
synthesis, increased bile flow, and reduced intestinal BA reclamation (11, 12). Instead,

we report that systemic and iFXR agonists are similarly efficacious in suppressing BA

de novo synthesis (measured by plasma C4 concentrations) and lowering hepatic BA
concentrations, but only sFXR activation prevents liver injury in MDR2™~ mice and
xenobiotic SC. Reduction of BA pool size is likely necessary, but it is not sufficient to
achieve hepatoprotective effects of FXR-directed therapy in SC. The findings should caution
against considering iFXR agonists as therapies for fibrosing cholangiopathies, although they
are protective in models of noncholestatic liver disease (30). Our results may also explain
why NGM282, an analog of FGF19, potently reduces serum C4 and total BA concentrations
in patients with PSC but fails to lower serum ALP activity, a surrogate end point for biliary
injury (31). We submit that FGF19 analogs, like iFXR agonists, lack hepatic FXR activation
required for modulation of hepatic macrophage responses to prevent progression of SC.

Clinical trials in PSC have used serum C4 and BA to evaluate target engagement of FXR
agonists and efficacy (11, 12). None of these studies investigated the effects of study drugs
on liver inflammation or immune regulation beyond serum complement-reactive protein
concentrations. Biomarkers of hepatic immune responses ought to be included in future
clinical trials of anticholestatic therapies for cholangiopathies. Such biomarkers are yet to

be defined but might include circulating IL1p or TNFa. Our results further nominate IFN-y
expression by circulating T lymphocytes as a potential readout for anti-inflammatory activity
of FXR agonists.

A state of chronic inflammation is characteristic for PSC; various intrinsic and extrinsic
danger signals contribute to the production of IL1p, IL6, and TNFa by hepatic
macrophages, monocytes, and other inflammatory cells. Recent single-cell genomic studies
revealed that among liver myeloid cells, Kupffer cells displayed the highest MRNA
expression of Nr1h4encoding FXR (32). We show that FXR protein is present in

cultured hepatic macrophages, and its activation inhibits production of IL1p and TNFa

by macrophages in response to DAMPs (TCDCA) and PAMPs (LPS). Our observations that
synthetic FXR agonist represses TCDCA-induced inflammasome activation and production
of proinflammatory IL1p and TNFa by hepatic macrophages is particularly relevant for
treatment of cholestatic liver diseases in which hydrophobic BAs drive sterile inflammation
(25). Why TCDCA induces IL1p production by macrophages, whereas taurocholic acid
failed to do so in peritoneal macrophages need further investigation (33). Most likely it is
BA specificity of surface receptors on macrophages. A candidate is sphingosin-1 phosphate
receptor 2 that was shown to mediate secondary BA-induced activation of extracellular
signal-regulated kinase, release of cathepsin B, and production of IL1f in a murine
macrophage cell line (34).

In a model of sepsis-induced cholestasis, it was shown that endogenous FXR ligand CDCA
physically interacted with the NLRP3 inflammasome to constrain inflammation. The FXR
agonists GW4064 and OCA did not alter transcription of proinflammatory cytokines in
macrophages and failed to reduce mortality in this model. In contrast, we showed that
fexaramine-derived FXR agonist potently induced S/p and repressed transcription of M/irp3
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and of proinflammatory cytokines in hepatic macrophages. Our results are consistent

with reports showing FXR activation to reduce recruitment of nuclear factor xB and
activator protein (AP)-1 to the promotors of proinflammatory genes (35). Conflicting

results between our study and a previous study (36) may be explained by the emerging
recognition that distinct chemotypes of FXR agonists exert different effects on target

cells. Crystallography and nuclear magnetic resonance-based studies reveal that compared
with the FXR ligands CDCA and GW4064, fexaramine-based compounds induce distinct
conformational changes of FXR resulting in recruitment of a receptor/coactivator complex,
causing specific transcriptional regulation (37). Different physical properties of various FXR
agonists may also determine their uptake by hepatic macrophages. Collectively, our findings
suggest that pharmacological FXR activation targets several putative drivers of progression
of cholestatic liver disease, reduces hepatobiliary concentration of toxic BAs, and blocks the
transcriptional proinflammatory program of hepatic macrophages responding to DAMPSs and
PAMPs (fig. S10).

Although there is emerging evidence for an influence of FXR on T lymphocyte homeostasis
in the gut, little is known about FXR-dependent control of T lymphocyte polarization

in the liver. Here, we show in murine models of SC that FXR antagonizes production

of IFN+y and IL17A by hepatic T lymphocytes. These lymphocyte responses perpetuate
inflammation, bile duct epithelial injury, and fibrosis in PSC and EHBA (5-7, 10, 19, 24).
Our studies in /27"~ mice demonstrate that IL1p is nonredundant for differentiation of
TH17 lymphocytes in murine SC. In contrast, Tyl polarization is only partly blocked in
these animals, suggesting that other cytokines, for instance, TNFa, also control licensing of
IFNy-producing lymphocytes in SC. IL1p and TNFa have both been reported to promote
Th1 responses in context-dependent manners (28, 38). Because FXR controls secretion of
IL1B and TNFa by macrophages in SC in our studies, pharmacological FXR activation has
the potential to disrupt macrophage-derived licensing of effector lymphocytes more potently
than therapies targeting IL1p.

Unequivocal evidence for the critical role of FXR-expressing hepatic macrophages in
determining the SC phenotype and response to FXR agonist therapy stems from our
investigations in FXRAMC mice. We show that among myeloid cells expressing the LysM-
cre driver in FXRAMC mice (39), it is only hepatic macrophages and not neutrophils that
express FXR protein and respond to FXR agonist in vitro. Furthermore, FXR signaling in
hepatocytes and control of BA homeostasis are preserved in these mice, as demonstrated

in cultured hepatocytes and in vivo. Loss of FXR in macrophages renders FXRAMC

more susceptible to DDC-induced up-regulation of hepatic innate cytokine responses and
TH1/TH17 polarization, suggesting roles for endogenous FXR ligands such as CDCA in
constraining liver inflammation in murine SC. We note that although synthetic FXR agonist
reduces BA synthesis and liver BA concentrations in DDC-challenged FXRAMC mice, they
are resistant to protection from SC progression by pharmacological FXR activation.

In validation studies using human samples, we find IFN-y production by T lymphocytes in
LMNCs from explanted livers of patients with EHBA to be suppressed when stimulated with
LPS in the presence of FXR agonist. Furthermore, IL1p secretion by PBMCs from patients
with PSC is blocked by FXR agonist upon stimulation with the exogeneous or endogenous
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danger signals, LPS or TCDCA, respectively. More than 15% of circulating CD4* and CD8"*
lymphocytes from patients with PSC, but less than 2% of lymphocytes from HCs, produce
IFNy upon stimulation with LPS or TCDCA. IFN~y expression is diminished when PBMCs
are cultured in the presence of an FXR agonist.

Several potential limitations and open questions remain. First, our studies in murine models
of SC focused on the impact of FXR agonists on liver inflammation and bile duct epithelial
injury. Longer treatment courses are needed to assess FXR-induced shifts in the gut
microbiome, which is a known driver of SC, and to evaluate the effects on progression

of liver fibrosis. Second, studies with fexaramine-derived agents revealed repression of
macrophage-mediated proinflammatory cytokine production by this class of FXR agonist.
Side-by-side investigations with other commonly used FXR agonists such as OCA or
GW4064 are required to better understand the mechanism of action for each of these
chemotypes in treatment of SC. Third, the reduction of IFN-y production by circulating T
cells in experiments with PBMCs from patients with PSC was variable. Studies in larger
cohorts of patients are needed to determine whether FXR responsiveness of PBMCs is
linked to the stage of disease and predicts improvement of liver end points in clinical trials
with FXR agonists. Together, investigation in murine models and on samples from patients
with PSC or EHBA demonstrates that FXR activation in inflammatory cells reduces innate
and adaptive immune responses, which mediate the therapeutic effects of FXR agonist
therapy in SC.

MATERIAL AND METHODS

Study design

The overall goal of the study was to elucidate the role of FXR in hepatic nonparenchymal
cells in controlling liver inflammation and SC phenotype. We first examined the effects of
systemic and intestinal FXR agonist on liver injury and immune activation in MDR2™/~
mice. Next, we investigated the impact of genetic deletion of FXR in myeloid cells on
macrophage function and responsiveness of DDC-induced SC to FXR agonist treatment.
Last, we performed validation studies on liver-infiltrating and circulating immune cells from
patients with PSC or EHBA. Sample sizes for experimental groups were determined on the
basis of power calculations using results from our prior investigations in mouse models of
SC. End points were determined on the basis of the established disease model end points
for SC. In vivo studies included up to three randomly assigned treatment groups vehicle,
FXR agonist treated, and HCs. Animal in vivo studies were performed with 7= 3 to 8 age-
and sex-matched mice per group and in vitro studies on 7= 3 to 5 cell cultures from two
independent experiments. Human studies were performed on 7= 2 to 6 cell cultures per

group.

Human studies

Pediatric patients with PSC or EHBA and age-matched HCs were enrolled into prospective,
cross-sectional, observational cohort studies at the Cincinnati Children’s Hospital Medical
Center (CCHMC) following informed consent to Institutional Review Board (IRB)-
approved protocols (IRB #2017-2284 and #2012-3320). Characteristics of the patients are
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summarized in table S1. Median ages of the individuals with EHBA (n=2), PSC (n=

7), and HC (n=6) were 8, 17, and 15 years, respectively. All nine patients had active

liver disease at the time of blood collection, based on elevation of at least one of the

serum liver biochemistries. The majority of patients with PSC had associated inflammatory
bowel disease and displayed features overlapping with autoimmune hepatitis. PBMCs were
purified by Ficoll gradient centrifugation (40).

In vitro effects of FXR agonists on human PBMCs

Cryopreserved PBMCs were thawed, resuspended in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum, and cultured in the presence of either 0.1 or 1 uM FXR agonist
MO044 (Metacrine Inc.) or vehicle (dimethyl sulfoxide) for 3 hours. The PBMCs were then
stimulated with LPS (100 ng/ml; Sigma-Aldrich), 100 uM TCDCA (Cambridge Isotope
Laboratories), or vehicle (phosphate-buffered saline) and cultured for 16 hours. Production
of IL1p was measured by IL1B TR-FRET assay (Cisbio). IFN-y expression was measured

by ICF after short-term activation with PMA/ionomycin (Sigma-Aldrich), as detailed in the
Supplementary Materials.

Murine experiments

MDR2-deficient mice in BALB/cJ background were a gift from F. Lammert (Homburg
University, Homburg, Germany) (41). Mice were bred in-house and maintained in a
pathogen-free animal facility with temperature regulation and a 12-hour dark/light cycle.
FXR agonists (M345, M044, and M379) are derivatives of fexaramine, a nonsteroidal,
neutral FXR agonist that lacks the carboxylic acid group found in endogenous FXR ligands
or GW4064 (15). Compounds were provided by Metacrine Inc. and dissolved in corn oil
using brief heating and sonication to ensure solubility for in vivo studies. SFXR agonists
(M345 or M044) are precursors of MET409, which is a high-affinity synthetic ligand

to FXR with a median effective concentration of 16 nM versus human FXR, sustained
activation of liver FXR, and no cross-reactivity against TGRS, vitamin D receptor (VDR), or
peroxisome proliferator—activated receptor isoforms that has recently been tested in clinical
trials in HCs and patients with NASH (42). M379 is an FXR agonist with metabolic
instability that transiently activates intestinal FXR upon compound absorption with limited
or no activation of hepatic FXR. It is referred to as iFXR agonist. M345 was used as sSFXR
for experiments in Figs. 1 and 2A, and all other experiments used the chemically similar
MO044 (replacing the retired compound M345) as sFXR agonist for in vivo and in vitro
studies. M345 and M044 exhibit similar effects on SC phenotype, as shown in fig. S1. M345
at 30 mg/kg per day, M379 at 100 mg/kg per day, or vehicle (corn oil) was administered

to 45-day-old female MDR2™/~ and age- and sex-matched, noncholestatic MDR2*/~ mice
by once daily oral gavage for 7 days. FXR-deficient (FXR™") and transgenic FXRl/fl

mice in C57BL6 background were gifts from F. Gonzalez [National Cancer Institute,
National Institutes of Health (NIH)] (43). Conditional FXR knockout (FXRAMC) mice
lacking FXR expression in the myeloid cell lineage were generated by breeding FXR!/
with LysM-cre mice (Jackson Laboratories, stock #007214). 1L1r1~~ and TGR5~/~ mice

in C57BL6 background were gifts from C. Pasare and G. Vassileva, respectively (28, 44).
Fibrosing cholangiopathy was induced in nulliparous, 2- to 3-month-old female mice of the
various genotypes by feeding chow containing 0.1% of DDC (Sigma-Aldrich) for 7 days

Sci Transl Med. Author manuscript; available in PMC 2023 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shietal.

Page 13

(21). Mice received daily normal saline boluses of 500 pl by intraperitoneal injections. FXR
agonists were administered by oral gavage for 6 days starting 1 day after beginning 0.1%
DDC diet. The protocols were approved by the Animal Care and Use Committee of the
Cincinnati Children’s Research Foundation (Cincinnati, OH; IACUC2013-0284). Further
method details are provided in the Supplementary Materials.

Statistical analysis

Graphs were generated using GraphPad Prism version 8 (GraphPad). Values are expressed as
means + SD unless specified. Pvalues were determined by unpaired, two-tailed ¢test or by
one-way analysis of variance (ANOVA) with Dunnett’s post hoc test for grouped analysis,
with multiplicity adjusted Pvalues (GraphPad); £< 0.05 was considered significant. Details
on statistical tests are provided in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Intestinally restricted FXR agonist reduces bile acid synthesis but fails to improve
sclerosing cholangitis in MDR27~ mice.

(A) MDR2™~ mice were subjected to 7 days of treatment with vehicle, systemic FXR
agonist (SFXR; M345), or intestinally restricted FXR (iFXR) agonist (M379) before
collection of tissues to quantitate relative mRNA expressions by qPCR for FXR target
genes in the liver and terminal ileum. Vehicle-treated, noncholestatic MDR2*/~ mice served
as controls. (B) End of treatment plasma 7a-hydroxy-4-cholesten-3-one (C4) concentrations
were measured by a stable isotope dilution tandem mass spectrometry method. Liver tissues
were extracted with organic solvents, and bile acid concentrations were determined by
colorimetric assay. (C) Serum samples were collected after 7 days of treatment and assayed
for alanine aminotransferase (ALT), alkaline phosphatase (ALP), and total bilirubin (TB)
by colorimetry. (D) Liver sections from mice of the three groups at the end of treatment
were subjected to CK19 immunohistochemistry and subsequent image analysis. Results are
means + SD; each dot represents an individual mouse. Multiplicity adjusted P values were
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determined by one-way ANOVA with Dunnett’s post hoc test compared to mean of the
vehicle. *P < 0.05; **P< 0.01.
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Fig. 2. FXR activation represses proinflammatory cytokine expression in liver mononuclear cells.
(A) Gene expression of proinflammatory cytokines in whole livers from MDR2~/~

mice treated for 1 week with vehicle (corn oil), SFXR (M345), or iFXR (M379) was
quantitated by TagMan gPCR. Vehicle-treated MDR2*/~ mice served as controls. (B) Liver
mononuclear cells (LMNCs) isolated from WT or MDR2~/~ mice were pretreated with
various concentrations of FXR agonist (M044) and cultured in the presence of LPS (100
ng/ml) for 16 hours. mMRNA abundance of FXR target S/p and proinflammatory genes was
quantitated by gPCR in cultured LMNCs. (C) LMNCs isolated form MDR2~/~ mice were
stimulated with LPS in the presence of FXR agonist (M044) or vehicle before intracellular
flow cytometry (ICF) to determine expression of IFNy by CD4* and CD8* T cells. Cultured
LMNCs without exposure to LPS or FXR agonist served as untreated controls. Results

are means + SD; n= 3 to 5 mice per group. Each dot represents an individual mouse.
Multiplicity adjusted P values were determined using one-way ANOVA with Dunnett’s post
hoc test compared to mean of the vehicle. *P< 0.05; **P< 0.01; ***P< 0.001; ****P<
0.0001.
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Fig. 3. A synthetic FXR agonist targets macrophages and indirectly controls effector cytokine

production by T lymphocytes.

(A) LMNCs were isolated from mice fed either a diet containing 0.1% DDC or control

diet for 7 days. Cells were either left untreated or stimulated with LPS (100 ng/ml) in the
presence or absence of 1.0 uM FXR agonist (M044) for 16 hours before ICF to determine
expression of IFNy and IL17A by CD4* and CD8* T cells. (B) CD4* and CD8* T cells
were separated from LMNCs by FACS. Purified lymphocytes were cultured under the same
conditions as described in (A) before ICF analysis. Results are means £ SD; n= 3 to

5 mice per group. Each dot represents the result from an individual mouse. Multiplicity
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adjusted Pvalues were determined using one-way ANOVA with Dunnett’s post hoc test
compared to mean of the vehicle. *£< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001.
(C) Bone marrow-derived macrophages (BMDMSs) from WT mice were cultured, pretreated
with vehicle or FXR agonist (M044) at 0.1 or 1 pM concentrations, stimulated with LPS
(100 ng/ml), and subjected to RNA extraction for subsequent TagMan gPCR. (D) BMDMs
from WT or FXR™~ mice were cultured, pretreated with FXR agonist (M044) or vehicle,
and stimulated with LPS (100 ng/ml) or 100 uM TCDCA. IL1B concentration was measured
in the supernatant by TR-FRET, and NLRP3 protein concentration was measured in lysed
cells by enzyme-linked immunosorbent assay (ELISA). Results are means + SD. Each

dot represents an individual culture well, and results are pooled from two independent
experiments. Multiplicity adjusted P values were determined using one-way ANOVA with
Dunnett’s post hoc test compared to mean of the vehicle. *£< 0.05; **P< 0.01; ***P<
0.001; ****P < 0.0001. U.D., undetected.
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Fig. 4. FXR activation induces Shp in hepatic macrophages and blocks IL1p and TNFa

responses to danger signals.
(A) Hepatic macrophages were isolated from WT, FXR
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Fig. 5. IL1p signaling mediates injury responses in xenobiotic sclerosing cholangitis.
(A) LMNCs were isolated from WT mice fed with either 0.1% DDC or control chow.

Cells were cultured, treated with various concentrations of IL1Ra antagonist or vehicle,
stimulated with LPS (100 ng/ml), and subjected to ICF analysis to determine IFN-y
expression by CD4" and CD8* T cells. Dots represent results from individual wells of two
independent experiments. Multiplicity adjusted P values were determined using one-way
ANOVA with Dunnett’s post hoc test compared to mean of the vehicle. **£ < 0.01; ****p
< 0.0001. (B) LMNCs were isolated from WT and //1r1~ mice after treatment with DDC
for 7 days, stimulated with LPS, and subjected to ICF to determine expression of IFN+y and
IL17A by CD4" and CD8* T lymphocyte subsets. (C) Serum samples were collected from
WT and //1r1™~ mice after 7 days of DDC challenge and assayed for ALT, ALP, and TB.
(D) Ductal proliferation was assessed by CK19 IHC and image analysis on liver sections
from mice exposed to DDC for 7 days. In (B) to (D), results are represented as means +
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SD with each dot denoting results from individual mice. P values were calculated using
unpaired, two-tailed #tests with P < 0.05; P < 0.001; ™™MP< 0.0001.
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Fig. 6. FXR-mediated control of bile acid homeostasis is preserved in FXRAMC mice with
targeted deletion of FXR in myeloid cells.

(A) Primary hepatocytes were isolated from WT, FXRAMC, and FXR ™~ mice, cultured,
and subjected to dual IF for FXR (green) and HNF4a.* (red) with DAPI staining nuclei.

(B) Hepatocytes from WT, FXRAMC, or FXR™/~ mice were cultured, pretreated with 1.0
UM FXR agonist M044 or vehicle, stimulated with LPS (100 ng/ml), followed by isolation
of total RNA and TagMan qPCR of FXR target, bile acid synthesis, and proinflammatory
genes. Dots represent individual wells. Multiplicity adjusted P values were determined using
one-way ANOVA with Dunnett’s post hoc test compared to mean of the vehicle. * P<

0.05; **P< 0.01; ***P< 0.001; ****P < 0.0001. (C) WT and FXRAMC were challenged
with 0.1% DDC for 7 days and treated with either vehicle or SFXR agonist M044 for

6 days before collection of livers for total RNA isolation and quantitation of FXR target
gene expression by gPCR. (D) Liver tissue extracts from these mice were subjected to
colorimetric assays to measure total bile acid concentrations. Results are means + SD with
each dot denoting individual mice. Pvalues were calculated using unpaired, two-tailed #tests
with *P< 0.05; MP<0.01; MAP<0.001.
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Fig. 7. Genetic deletion of FXR in myeloid cells confers resistance to FXR-directed treatment of
models of sclerosing cholangitis.

WT and FXRAMC mice were challenged with 0.1% DDC for 7 days and treated with

sFXR agonist M044 or vehicle for 6 days before collection of liver tissue and serum
samples. (A) Whole liver mRNA expression of proinflammatory genes was quantitated by
gPCR. (B) LMNCs were separated, cultured, stimulated with LPS, and subjected to ICF to
determine expression of IFNy and IL17A by CD4* and CD8* lymphocytes. (C) Serum liver
biochemistries were measured by colorimetric assays. (D) Liver sections were subjected

to IHC for CK19 followed by image analysis. Representative photomicrographs depict the
degree of bile duct proliferation within the treatment groups. Results are means + SD with
each dot representing results from individual mice. P values were calculated using unpaired,
two-tailed ¢tests with £ < 0.05; M"P< 0.001; MMP<0.0001.
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Fig. 8. FXR activation represses IFNy production by T lymphocytes in liver and peripheral

blood mononuclear cells from patients with fibrosing cholangiopathies.

(A) LMNCs were freshly isolated from explanted livers of two patients with extrahepatic
biliary atresia, cultured, stimulated with LPS (100 ng/ml) in the presence of 1.0 uM

FXR agonist M044 or vehicle, and subjected to ICF to determine IFNy expression by T
lymphocytes. Representative gating strategy used to gate liver mononuclear cell population.
First row: Doublets were excluded on a side scatter area (SSC-A) versus side scatter height
(SSC-H) plot. Live cells were gated as Live/Dead ultraviolet negative. Leukocytes were then
gated as to exclude debris, red blood cells, and platelets. Subpopulations were gated as
CD4*T cells (CD3*CD4*) or CD8* T cells (CD3*CD8*). Second, third, and fourth rows:
Representative panels and images showing percentage of immune cells positive for IFN-y
after ex vivo stimulation of LMNCs with LPS (100 ng/ml). (B) Cryopreserved PBMCs from
patients with PSC and from healthy controls (HCs) were thawed, cultured, stimulated with
LPS (100 ng/ml) in the presence of 1.0 UM FXR agonist M044 or vehicle, and subjected
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to ICF analysis to determine IFN-y expression on T lymphocytes. Results are means £ SD.
Dots represent results from individual study participants. Multiplicity adjusted P values were
determined using one-way ANOVA with Dunnett’s post hoc test compared to mean of the
vehicle. *P< 0.05; **P< 0.01.
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