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Abstract

Background and Aims: Pruritus is associated with multiple liver diseases, par-
ticularly those with cholestasis, but the mechanism remains incompletely under-
stood. Our aim was to evaluate serum IL-31 as a putative biomarker of pruritus in
clinical trials of an farnesoid X receptor (FXR) agonist, cilofexor, in patients with
NASH, primary sclerosing cholangitis (PSC), and primary biliary cholangitis (PBC).
Approach and Results: Serum IL-31 was measured in clinical studies of
cilofexorin NASH, PSC, and PBC. In patients with PSC or PBC, baseline 1L-31
was elevated compared to patients with NASH and healthy volunteers (HVs).
IL-31 correlated with serum bile acids among patients with NASH, PBC, and
PSC. Baseline IL-31 levels in PSC and PBC were positively correlated with
Visual Analog Scale for pruritus and 5-D itch scores. In patients with NASH,
cilofexor dose-dependently increased IL-31 from Week (W)1 to W24. In pa-
tients with NASH receiving cilofexor 100mg, IL-31 was higher in those with
Grade 2-3 pruritus adverse events (AEs) than those with Grade 0—1 pruritus
AEs. IL-31 weakly correlated with C4 at baseline in patients with NASH, and
among those receiving cilofexor 100 mg, changes in IL-31 and C4 from base-
line to W24 were negatively correlated. /L-31 messenger RNA (MRNA) was
elevated in hepatocytes from patients with PSC and NASH compared to HVs.
In a humanized liver murine model, obeticholic acid increased /[-37 mRNA
expression in human hepatocytes and serum levels of human IL-31.

Abbreviations: BA, bile acid; CILO, cilofexor; FGF, fibroblast growth factor; FXR, farnesoid X receptor; HV, healthy volunteer; IBAT, ileal bile acid transporter;
IL-31RA, IL-31 receptor A; IQR, interquartile range; ISH, in situ hybridization; mMRNA, messenger RNA; OCA, obeticholic acid; PBC, primary biliary cholangitis;
PSC, primary sclerosing cholangitis; VAS, Visual Analog Scale; W, Week.
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IL-31 LEVELS CORRELATE WITH PRURITUS IN PATIENTS

INTRODUCTION

Pruritus is a poorly understood and debilitating feature
of cholestatic liver diseases including primary scleros-
ing cholangitis (PSC) and primary biliary cholangitis
(PBC). The pathobiology of cholestasis-associated
pruritus remains incompletely understood, but elevated
serum bile acid (BA) levels may play a prominent role.l"
Interestingly, although farnesoid X receptor (FXR) ago-
nists effectively reduce BA levels in patients with PBC
and PSC, increases in pruritus have been reported in
patients treated with these therapies.[2‘5] These obser-
vations suggest that other potential pruritogens (e.g.,
autotaxin, individual BA species, others)[6‘8] may con-
tribute both to the etiology of pruritus associated with
cholestasis and FXR agonist therapy.

FXR is an intracellular ligand-activated nuclear
receptor expressed in intestinal epithelial cells and
hepatocytes that functions as an enterohepatic regu-
lator of BA homeostasis.[®! Activation of FXR by small-
molecule agonists, or its natural ligand BA, in intestinal
epithelial cells results in elevated expression and se-
cretion of fibroblast growth factor (FGF)-19 into the por-
tal circulation.®'% FGF-19 binds to its cognate receptor,
FGF receptor (FGFR) 4/p-Klotho receptor complex, on
hepatocytes and transcriptionally represses CYP7A1,
the rate-limiting enzyme for BA synthesis via a kinase
mediated signaling cascade.l'”) Changes in circulating
FGF-19, or BA precursors like C4, are biomarkers for
FXR activity. BA-derived steroidal FXR agonists such
as obeticholic acid (OCA) or fully synthetic nonsteroidal
FXR agonists are approved therapies for PBC or under
clinical evaluation in patients with NASH and PSC,
respectively.m‘ml

Although pruritus is not typically associated with
NASH, it is a common adverse event associated with
FXR agonist therapy.[”’13'14'16] In the phase 3 ftrial of
OCA in NASH, 51% of patients treated with OCA 25mg
reported pruritus and 9% discontinued the study due
to treatment-related pruritus.“s] Nonsteroidal small-
molecule FXR agonists have also been implicated in
inducing pruritus,”?"”'m suggest that pruritus is a class
effect of FXR agonism. However, the pruritogen asso-
ciated with FXR agonist treatment has not been iden-
tified. As described above, FXR agonists regulate the
BA synthesis pathway by either directly activating he-
patocyte FXR or through the FGF-19—FGFR 4/p-Klotho
receptor axis. Given that patients with NASH treated

Conclusions: IL-31 levels correlate with pruritus in patients with cholestatic
disease and NASH, with FXR agonist therapy resulting in higher serum levels
in the latter group. IL-31 appears to derive in part from increased hepatocyte
expression. These findings have therapeutic implications for patients with
liver disease and pruritus.

with the engineered variant of FGF-19, aldafermin (pre-
viously NGM-282), have not reported pruritus,® we
hypothesized that the pruritogen associated with FXR
agonists may involve direct FXR agonism that is inde-
pendent of FGF-19 signaling.

IL-31 is a known pruritogen and an established drug
target in atopic dermatitis."%2% |L-31 and its receptor
heterodimers, IL-31 receptor A (IL-31RA) and oncosta-
tin M B, mediate itch signaling through sensory neu-
rons in the dorsal root ganglion.mzzl Overexpression
of IL-31 in rodents or injection of IL-31 in dogs, mon-
keys, or humans induces scratching behavior in an-
imals and chronic itch sensation in humans.l'®-23-%]
Nemolizumab, an anti—IL-31RA antibody, significantly
reduces pruritus severity and the sensation of itch in
patients with atopic dermatitis.?®2”! The link between
IL-31 and pruritus in patients with liver disease is not
well described. In a study of patients with PBC, serum
IL-31 levels were positively correlated with platelet
count and negatively correlated with the Fibrosis-4
index.[28! Pregnant women with intrahepatic cholestasis
and pruritus have higher serum IL-31 levels compared
to control patients.[29] However, the correlation of 1L-31
with cholestatic itch and the underlying mechanisms
associated with FXR agonist therapy remain unclear.

The objective of this study was to evaluate serum IL-
31 as a putative biomarker of pruritus in clinical trials of
an FXR agonist in patients with NASH, PBC, and PSC.
This study investigated IL-31 and associations between
changes in serum IL-31 and pruritus.

PATIENTS AND METHODS

Patient populations for clinical serum
samples

Human serum samples obtained from five clinical stud-
ies of cilofexor were used in this analysis. Samples were
taken from healthy volunteers (HVs; n = 60, baseline)
who participated in a phase 1 study (NCT02654002)3%
and in phase 2 placebo-controlled studies of patients
with noncirrhotic NASH (n = 140; NCT02854605),'"!
cirrhotic NASH (n = 20; baseline samples from cohorts
7 and 8 in NCT02781584), noncirrhotic PSC (n = 52;
NCT02943460),'? and noncirrhotic PBC (n = 71;
NCT02943447) (Figure S1). All the subjects provided
appropriate consent for participating in the clinical
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study, and the study was conducted in accordance with
the ethics and/or institutional review committees.

Commercially acquired liver biopsy
samples for histology study

Liver biopsy samples used for messenger RNA (mMRNA)
in situ hybridization (ISH) experiments were acquired
commercially from HVs (TriStar Technology Group) and
patients with histologically confirmed NASH (BiolVT)
and PSC (Discovery of Life Sciences). Demographic
information for these commercially acquired samples is
provided in Table S1.

Assays for serum cytokines

Serum IL-31 and IL-4 were detected by Quanterix Simoa
HD-1 analyzer, and single molecule array platforms
were performed by Myriad RBM. Capture antibody
conjugated paramagnetic beads were incubated with
standards, samples, or controls and biotinylated detec-
tion antibodies. The beads were then washed and incu-
bated with streptavidin-R-galactosidase. After the final
wash, the beads were loaded into the Simoa Disc with
enzyme substrate, resorufin 3-galactopyranoside. The
concentration of IL-31 or IL-4 in each sample is interpo-
lated from a standard curve. The detection limit for IL-
31 using the Quanterix platform was 0.06—0.089 pg/ml.
The coefficient of variation for the same samples tested
in different batches was 12% (interquartile range [IQR],
5, 25) with Spearman correlation of 0.98 (p <0.001).
Additional information on other commercially available
enzyme-linked immunosorbent assay kits for detect-
ing IL-31 and the Quanterix Simoa assay, including its
sensitivity and specificity for samples in these experi-
ments, is provided in the Supporting Materials.

IL-31 mRNA expression and ISH

Hepatic IL-31 (Thermo Fisher, assay ID: Hs01098710_
m1) quantification was analyzed using a droplet digital
polymerase chain reaction (ddPCR) assay in a QX200
ddPCR System (Bio-Rad). This was a duplex assay with
a housekeeping TATA-box binding protein (TBP; Thermo
Fisher, assay ID: Hs99999910 m1). The droplets were
generated in a QX200 Droplet Generator (Bio-Rad) ac-
cording to the manufacturer's instructions. The relative
IL-31 expression was normalized to the TBP expression
in the same well. IL-31 ISH was performed by a standard
RNA-scope platform described previously using a com-
mercial vendor (ACDBI0).®" The IL-31 ISH utilized Fast
Red Dye to visualize the positive signal, and all slides
were counterstained with hematoxylin for nuclear stain-
ing. The nuclei were detected by VisioPharm Al Nuclear

Detection deep learning algorithm (Vision PHARM
Hoersholm Denmark) at the whole slide level. IL-31 posi-
tive nuclei were counted for each sample to calculate the
percentage of IL-31 positive nuclei (Figure S8).

Chimeric mouse with humanized liver

PXB mice with stable human hepatocyte engraftment in
uPA severe combined immunodeficiency background
were obtained from PhoenixBio. The human hepato-
cyte engraftment was assessed by the proportion of
human albumin in the serum (>90%). PXB mice were
administered OCA (10mg/kg, BID) for 18 days, and liv-
ers and plasma were collected 2 h after the last dose for
measurement of IL.-31 mRNA and protein.

Statistical analysis

Wilcoxon rank-sum test was used to assess differences
between groups in continuous variables, including serum
IL-31 levels according to the severity of pruritus (moderate
to severe [Grade 2-3] vs. no or minor [Grade 0—1]) and
treatment group (cilofexor 100mg, 30mg, vs. placebo).
Associations between serum IL-31, BAs, and autotaxin
levels and a Visual Analog Scale (VAS) for pruritus and
5-D itch scores were assessed using Spearman correla-
tions (p). Information on imputation of missing biomarker
data can be found in the Supporting Material.

RESULTS

Increased serum IL-31 levels in patients
with liver disease

IL-31 levels were measured in baseline serum samples
of HVs and patients with cirrhotic NASH and noncir-
rhotic NASH, PBC, and PSC who participated in clinical
trials of cilofexor. Compared to HVs, serum IL-31 levels
were elevated in all groups of patients with liver disease.
In NASH, median (IQR) serum IL-31 levels were higher
among patients with cirrhosis (n = 20) than among
noncirrhotic patients (n = 52) (0.3 pg/ml vs. 0.09 pg/ml,
p <0.001; Figure 1A). (Figure 1A). Noncirrhotic patients
with PBC and PSC had higher levels of IL.-31 com-
pared to patients with cirrhotic and noncirrhotic NASH
(PBC 1.7pg/ml [0.8, 5.5]) and PSC (2.7 pg/ml [0.8,
5.9], both p <0.001 versus cirrhotic and noncirrhotic
NASH). Serum IL-31 levels were significantly corre-
lated with serum BA levels (p = 0.53, p <0.001) in the
overall NASH, PBC, and PSC population (Figure 1B)
but not with other biomarkers of liver injury and fibro-
sis such as alanine aminotransferase, aspartate ami-
notransferase, or Enhanced Liver Fibrosis score (data
not shown), suggesting that increased serum IL-31 in
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FIGURE 1 Serum IL-31 levels in HVs and patients with NASH, PBC, or PSC. (A) Patients with noncirrhotic PBC and PSC had higher

levels of serum IL-31 than HVs or patients with NASH. (B) Serum IL-31 levels were significantly correlated with BA levels among the patients
with NASH, PBC and PSC. BA, bile acid; HV, healthy volunteer; IQR, interquartile range; PBC, primary biliary cholangitis; PSC, primary

sclerosing cholangitis. ***p < 0.001.

patients with liver disease is predominantly related to
the degree of cholestasis.

Cilofexor increased serum IL-31 in
patients with NASH and correlated
with pruritus

In the 24-week phase 2 study of cilofexor in noncirrhotic
NASH (NCT02854605), 8 of 56 (14%), 1 of 56 (2%), and
0 of 28 patients receiving cilofexor 100mg, cilofexor
30mg, or placebo, respectively, had Grade 2—3 pruritus
(Table 1). Several potential pruritogens were explored in
the study, including changes in serum BA concentration
and composition, autotaxin, and IL-31 levels. Baseline
BA levels were not different between patients with Grade
2-3 pruritus compared to patients without pruritus at
Weeks 1 or 4 (data not shown), and BA composition'" or
autotaxin levels were not associated with cilofexor treat-
ment (Figure S2). Cilofexor increased median serum IL-
31 in a dose-dependent manner, with cilofexor 100mg
resulting in significantly higher serum IL-31 levels com-
pared to placebo as early as the first week (Figure 2A,
p <0.001, cilofexor 100mg vs. placebo for all time points

TABLE 1 Summary of pruritus® in a noncirrhotic NASH Phase
2 study
CILO
100 mg CILO 30mg PBO
(n =56) (n=56) (n=28)
Grade 1, n (%) 8 (14) 10 (18) 5(18)
Grade 2, n (%) 7 (13) 1(2) 0
Grade 3, n (%) 1(2) 0 0
Any Grade, n (%) 16 (29) 11 (20) 5(18)

Abbreviations: CILO, cilofexor; PBO, placebo.
@Pruritus and pruritus generalized in the adverse event list.

postbaseline). At Week (W)24, the cilofexor 100 mg group
had significantly higher median IL-31 levels (0.26 pg/ml
[IQR, 0.13, 0.82] compared to the cilofexor 30mg (0.15pg/
ml [0.062, 0.27], p = 0.003) and placebo groups (0.062
[0.062, 0.12], p <0.001) (Table 2).

Among 56 patients with NASH in the cilofexor 100mg
group, 8 (14%) reported Grade 2 or 3 pruritus. At W24,
serum IL-31 levels in these patients were 7-fold higher
(1.7 pg/mlI [0.92, 2.2]) than among patients with Grade 0—1
pruritus in this treatment group (0.24pg/ml [0.12, 0.53],
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p =0.010) (Table 3). Patients with Grade 2—3 pruritus had
significantly higher serum IL-31 serum levels than those
with Grade 0—1 pruritus at all postbaseline time points and
as early as the first week: W1 (5.1-fold increase, p = 0.002),
W4 (2.9-fold increase, p = 0.005), W8 (3.8-fold increase,
p = 0.014), W12 (4.5-fold increase, p <0.001), and W24
(7-fold increase, p = 0.01) (Figure 2B, Table 3). These data
indicate that cilofexor dose-dependently increased IL-31
levels in patients with NASH, with this increase associated
with higher grades of pruritus.

Cilofexor induced higher serum IL-31 in
patients with NASH compared to HVs

In the phase 1 study (NCT02654002), HVs were
treated with cilofexor 30, 100, or 300mg, and serum

IL-31 or FGF-19 levels were assessed in predose and
postdose (1-8h) samples. A similar intensive sampling
study was also performed in the study of cilofexor in
noncirrhotic NASH. Cilofexor had similar target en-
gagement in HVs and patients with NASH, as dem-
onstrated by similarly increasing FGF-19 levels with
100mg of cilofexor in HVs and patients with NASH
(peak concentrations of 591.6pg/ml and 829.7 pg/ml
at 4h postdose, respectively) (Figure S3A). However,
the same dose of cilofexor 100 mg led to higher serum
levels of IL-31 in patients with noncirrhotic NASH com-
pared to HVs. In HVs, serum |L-31 achieved a peak
concentration of 0.19pg/ml (0.1, 0.94), representing a
2.6-fold increase from predose levels (Figure S3B). In
contrast, the peak serum concentration of IL-31 in pa-
tients with noncirrhotic NASH was 13 pg/ml, a 23.6-fold
increase from predose (Figure 2C). Thus, induction of
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TABLE 2 Serum IL-31 levels in noncirrhotic NASH Phase 2 study

= 28)

PBO (n

= 56)

CILO 30mg (n

= 56)

CILO 100mg (n

p value

100mg vs.
30mg

Trend p p value 100mg p value 30mg
vs. PBO

value
0.50

vs. PBO

Median (IQR)

na

Median (IQR) n? Median (IQR)

na

Visit

0.96
0.055

0.390
0.004
0.051

0.360

<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
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0.062, 0.12)

= =

0.077
0.062
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7
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56
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—

0.083 (0.062, 0.190)
0.076, 0.54

0.21
0.24
0.26
0.26
0.26

54
54
53
54
53
52

Baseline
Week 1

0.008

0.062, 0.110)

=

0.074
0.074

27
27

0.105 (0.062, 0.280)
0.14 (0.067, 0.290)

—~
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0.12, 0.620
0.097,0.70
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0.002

0.037
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—~ o~ o~
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0.13, 0.815
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Abbreviations: CILO, cilofexor; IQR, interquartile range; PBO, placebo.

@Patient numbers decrease over time either because patients discontinued the study or missed the sample collection period.

IL-31 secondary to cilofexor was more pronounced in
patients with NASH than in HVs.

Increased serum IL-31 in NASH is
correlated with pharmacodynamic
markers of FXR agonism

FGF-19 and C4 are established pharmacodynamic
biomarkers of FXR agonism and associated with BA
synthesis. In serially collected serum samples from pa-
tients with NASH, 100 mg cilofexor increased both IL-31
and FGF-19 to peak concentrations at 4—6h postdose
(Figure 2D). At W24, C4 levels were significantly lower
in both the cilofexor 30mg and 100mg groups com-
pared to placebo, as previously reported.[”] Although
serum IL-31 was weakly correlated with C4 at baseline
(p =-0.25, p = 0.068), changes in IL.-31 and C4 from
baseline to W24 in the cilofexor 100 mg group were sig-
nificantly negatively correlated (Figure 2E, p =-0.46,
p <0.001). The correlations between changes in serum
IL-31 and pharmacodynamic markers of FXR ago-
nism provide further evidence of an on-target effect of
cilofexor.

Cilofexor did not alter serum IL-31 levels
in patients with PSC or PBC

Serum IL-31 levels were assessed in two phase 2,
placebo-controlled studies of cilofexor in PBC and PSC
at baseline, W1, W4, and W12. In contrast to the in-
creased serum IL-31 levels observed in patients with
NASH (Figure 2A), cilofexor did not alter serum IL-31
in patients with PSC (Figure 3A). Cilofexor did not ex-
acerbate pruritus in patients with PSC with a numeri-
cally lower proportion of patients having Grade 2-3
pruritus compared to patients administered placebo.“z]
Cilofexor also did not alter the VAS for pruritus or the
5-D lItch score in patients with PSC or PBC from W1
to W12 compared to placebo (Figure S4). Associations
between serum IL-31 and these patient-reported out-
comes were analyzed in patients with PSC and PBC
at baseline. Serum IL-31 levels were significantly cor-
related with 5-D Itch (p = 0.42, p = 0.003) and VAS
for pruritus (p = 0.44, p = 0.002) in patients with PSC
(Figure 3B,C). Serum autotaxin levels at baseline were
also significantly correlated with VAS and 5-D lich
scores in patients with PSC (Table S2), confirming pre-
vious reports that autotaxin is associated with choles-
tatic itch.[”!

In patients with PBC, treatment with cilofexor did not
affect serum IL-31 levels in samples collected at W1,
W4, and W12 compared to patients receiving placebo
(Figure 4A). At baseline, serum IL-31 was correlated
with VAS (p = 0.39, p <0.001) and 5-D ltch scores
(p = 0.48, p <0.001) (Figure 4B,C). In serially collected
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TABLE 3 Serum IL-31 levels in patients with noncirrhotic NASH with pruritus treated with cilofexor 100 mg

Max Grade 0—1 pruritus (n = 48) Max Grade 2-3 pruritus (n = 8)
Wilcoxon
Visit n? Median (IQR) n? Median (IQR) p value
Baseline 46 0.078 (0.062, 0.19) 8 0.11 (0.062, 0.23) 0.662
Week 1 46 0.18 (0.071, 0.35) 8 0.90 (0.37, 1.1) 0.002
Week 4 46 0.19 (0.084, 0.46) 7 0.75 (0.4, 2) 0.005
Week 8 46 0.24 (0.097, 0.5) 8 0.89 (0.475, 1.55) 0.014
Week 12 46 0.19 (0.076, 0.52) 7 0.85 (0.7, 3.8) <0.001
Week 24 46 0.24 (0.12, 0.53) 6 1.7 (0.92, 2.2) 0.010
Abbreviation: IQR, interquartile range.
@Patient numbers decrease over time either because patients discontinued the study or missed the sample collection period.
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FIGURE 4 Serum IL-31 levels in patients with PBC. (A) In patients with PBC, treatment with CILO did not change serum IL-31 levels
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serum samples collected postdose, 100mg cilofexor
mildly increased serum IL-31 levels from a median of
3pg/ml at predose to 7.4 pg/ml (2.5-fold increase) at 5h
postdose (Figure 4D).

Cilofexor did not activate T helper 2 cells
in patients with NASH and PSC

We wanted to explore the cellular source of IL-31 in
patients with liver disease. IL-31 is expressed and se-
creted by activated T helper 2 (Th2) cells, and Th2 cells
contribute to elevated serum IL-31 in patients with atopic
dermatitis."*3? |L-4 is a type Il immune cytokine thatin-
creases with Th2 response.[33'34] In patients with NASH,
cilofexor 100mg did not increase serum IL-4 concentra-
tions, whereas cilofexor 30 mg caused a numerical de-
crease in IL-4 levels that returned to baseline by W24
(Figure S5A). The changes in serum IL-31 in patients
with NASH treated with cilofexor were not significantly

correlated with changes in serum IL-4 levels. Patients
with PSC experienced a decrease in median IL-4 levels
as soon as W1 that normalized to near (but less than)
baseline levels by W12 (Figure S5B). Thus, cilofexor
did not alter serum IL-4 levels in patients with NASH
or PSC, suggesting that the increased serum IL-31 in
patients with NASH treated with cilofexor is unlikely due
to Th2 cell activation.

IL-31 expression is elevated in hepatocytes
from patients with NASH and PSC

The correlation between serum IL-31 and C4/FGF-
19 in patients with NASH treated with cilofexor sug-
gested a direct effect of cilofexor on the primary
FXR-expressing cells, hepatocytes, and/or intestinal
epithelial cells. We investigated IL-31 expression by
ISH in commercially procured samples of ileum and
liver from HVs and patients with NASH and PSC and
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found IL-31-positive (IL-31%) cells only present in the
liver (Figure S7). In NASH and PSC, both nonparen-
chymal cells and hepatocytes stained positively for
IL-31 in liver biopsies, whereas IL-31* staining in
liver samples from healthy donors was nearly absent
(Figure 5A). The number of IL-31* cells were elevated
in the liver biopsy samples from patients with NASH
(0.74%) and PSC (0.85%) compared to HVs (0.18%)
(Figure 5D). The IL-31" hepatocytes were located in
both periductal and central venous areas, without a
clear zonal distribution.

OCA elevated IL-31 expression and
secretion from human hepatocytes in
PXB mouse

We next evaluated the direct effect of the FXR agonist
OCA (10mg/kg once daily vs. vehicle for 18days) on
human hepatocytes in chimeric PXB mice. The Simoa
assay was validated to detect human (not murine) IL-
31 (Figure S6). OCA increased IL-31 hepatic mMRNA
expression (7.8-fold higher than vehicle, p <0.001)
(Figure 6A). The chimeric mice treated with OCA also
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had higher circulating levels of human IL-31 (1.1 pg/ml
[0.25, 2.7]) than the vehicle group (0.085pg/ml [0.045,
0.13], p = 0.005) (Figure 6B). Hepatic IL-31 mRNA cor-
related with serum IL-31 levels in PXB mice treated with
OCA (p = 0.61, p <0.001) (Figure 6C). The FXR ago-
nist, OCA, therefore directly increased hepatocyte IL-
31 gene expression and circulating human IL-31 in the
humanized liver murine model.

DISCUSSION

Pruritus, a poorly understood and debilitating feature
of cholestatic liver disease, is also commonly associ-
ated with treatment with OCA?>"% and other nonsteroi-
dal FXR agonists.[5'”'13'14] IL-31 is a known pruritogen

whose blockade significantly reduces pruritus in pa-
tients with atopic dermatitis.?62" The present study
demonstrated that circulating levels of 1L-31 correlate
with pharmacodynamic markers of FXR agonism in
recent clinical trials of the FXR agonist cilofexor. In a
clinical trial evaluating the nonsteroidal FXR agonist
cilofexor as a treatment for NASH, the highest serum
IL-31 levels were observed in patients who reported
the most severe pruritus. Experimentally, the steroidal
FXR agonist OCA directly increased circulating human
IL-31 concentrations and hepatic IL-31 expression in a
humanized liver murine model. Therefore, the present
study provides a potential explanation for the some-
what perplexing observation of why both steroidal and
nonsteroidal FXR agonists may cause pruritus despite
concomitant reductions in levels of BAs.[2211:13-15.3]
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To the best of our knowledge, the cellular source of
circulating IL-31 in liver diseases had not been previ-
ously reported. Dillon et al. first established IL-31 as a
direct pruritogen experimentally and identified its high-
est expression in activated T helper cells.'" In our study,
serum IL-31 had a weak association with serum IL-4,
but significantly correlated with circulating BA levels.
This association suggested that the liver may represent
a source of IL-31. Indeed, we observed that circulating
IL-31 levels were elevated in patients with NASH, PSC,
and PBC versus healthy controls with the highest lev-
els found in the cholestatic disorders (Figure 1A). ISH
demonstrated nuclear localization of IL.-31 RNA mostly
in hepatocytes and in some nonparenchymal cells
in NASH and PSC livers but not in healthy controls.
Experimental FXR agonism with OCA in the humanized
liver murine model demonstrated a significant increase
in IL-31 gene expression and nearly a 10-fold increase
in circulating human IL-31 protein. These findings sug-
gest that FXR agonism in the liver is the primary de-
terminant of IL-31 given the species differences in FXR
found in this murine model where only the hepatocytes
are human in origin. Other recent studies also point to
an increase in circulating IL-31 with the development of
experimental NASH.E®! Together these data provide ev-
idence that the liver may represent a significant source
of circulating IL-31 in clinical liver diseases.

The complex causal mechanisms that contrib-
ute to pruritus led us to investigate other postulated
pruritogens in the present study. Studies of BA and
its receptor, Mas-related GPR family member X4
(MRGPRX4), and their relation to pruritus are under in-
vestigation. Deoxycholic acid (DCA), an unconjugated
secondary BA, is among the most potent ligands for
MRGPRX4.B3 However, despite reductions in total
BA levels with cilofexor treatment in both NASH and
PSC, relative levels of DCA, as well as the overall BA
composition, did not change.“z'”] Experimentally, the
addition of OCA to the PXB humanized mice did not
alter the hepatic expression of MRGPRX4 (data not
shown). However, this finding does not preclude a role
for this receptor in the dorsal root ganglion in medi-
ating cholestatic itch. Autotaxin, a secreted enzyme
that generates lysophosphatidic acid, is elevated in
patients with PBC with cholestatic itch.[”! Our study
confirmed significant correlations between VAS and
5-D Itch scores with baseline serum autotaxin levels
in patients with PBC and PSC (Table S2). However,
our studies of cilofexor in NASH and PSC (Figure S2)
and a previous study of OCA in patients with PBC,!
indicated that FXR agonism does not alter serum au-
totaxin levels. These findings suggest that the pruritus
associated with FXR agonists may be distinct from the
pruritus that originates from excess autotaxin activity.

The notion that multiple molecular mediators may
differentially contribute to a complex symptom such as
pruritus is suggested by the discrepant findings in this

study in which patients with NASH demonstrated induc-
tion of IL-31 with cilofexor, whereas patients with PBC
and PSC showed no increase. In patients with PSC and
PBC, baseline IL-31 levels correlated with pruritus, but
levels of IL-31 were six to nine-fold higher in patients
with PBC/PSC versus cirrhotic NASH at baseline. In
the Phase 2 NASH study, cilofexor led to a 13-fold in-
crease in IL-31 levels that were associated with the de-
velopment of pruritus. These cilofexor-induced levels,
however, were still below the levels seen in cholestatic
liver disease at baseline prior to cilofexor treatment. In
contrast, cilofexor did not increase 1L-31 in both choles-
tatic diseases, suggesting a potential “ceiling” effect
of this cytokine. Determining the relative contribution
of IL-31 in mediating pruritus in these various liver dis-
eases will likely require targeted therapies that interfere
with IL-31 directly.

Identification of IL-31 as a causative pruritogen in
other liver diseases, most notably cholestatic disor-
ders, could provide clinical benefit to patients suffer-
ing from intractable pruritus. The ileal BA transporter
(IBAT) inhibitor, linerixibat, reduced cholestatic itch in
patients with PBC with moderate-to-severe pruritus[4°];
another IBAT inhibitor, maralixibat, reduced serum BA
levels and pruritus in patients with Alagille syndrome,
an inherited cholestatic disease often characterized
by severe pruritus.[‘”] Determining whether IL-31 levels
decline in response to successful antipruritic interven-
tions such as BA binding resins or IBAT inhibitors would
provide further support for the role of IL-31 in mediat-
ing cholestatic pruritus. Therapeutics directly targeting
IL-31 such as nemolizumab (an anti—IL-31RA antibody)
and abrocitinib (a Janus kinase inhibitor, targeting IL-31
and other inflammatory pathways) have demonstrated
efficacy in mitigating pruritus associated with atopic
dermatitis.?¢2742) |n addition to their ability to amelio-
rate pruritus in patients with atopic dermatitis, these
molecules also have a known safety profile.[26'27*42]
Future randomized trials using clinically characterized
anti—IL-31 blocking agents would provide a critical test
of IL-31’s role as a cytokine in mediating the pruritus
associated with cholestatic diseases.

In conclusion, clinical use of the FXR agonist cil-
ofexor is associated with elevated serum IL-31 and pru-
ritus severity in NASH, whereas baseline levels of I1L-31
in PSC and PBC were associated with pruritus. FXR
agonism in a humanized hepatic murine model directly
induces IL-31, thereby demonstrating that the liver can
be a source of this putative pruritogen in response to
FXR agonists. These findings have therapeutic impli-
cations for the pruritus associated with FXR agonists
and warrant exploration in other etiologies, especially
in those patients with cholestatic disorders.
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