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Highlights Impact and implications

� Significant improvements in biomarkers of NASH

and fibrosis were seen with pegbelfermin.

� Pegbelfermin had concordant and discordant ef-
fects on the primary histological endpoint vs.
biomarker responses.

� The most concordant effects were seen for mea-
sures of steatosis and metabolism.

� These results support the utility of NITs in assessing
NASH treatment response.
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FALCON 1 was a study of pegbelfermin vs. placebo in
patients with non-alcoholic steatohepatitis (NASH)
without cirrhosis; in this study, patients who
responded to pegbelfermin treatment were identified
through examination of liver fibrosis in tissue samples
collected through biopsy. In the current analysis, non-
invasive blood- and imaging-based measures of
fibrosis, liver fat, and liver injury were used to deter-
mine pegbelfermin treatment response to see how
they compared with the biopsy-based results. We
found that many of the non-invasive tests, particularly
those that measured liver fat, identified patients who
responded to pegbelfermin treatment, consistent with
the liver biopsy findings. These results suggest that
there may be additional value in using data from non-
invasive tests, along with liver biopsy, to evaluate how
well patients with NASH respond to treatment.
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Background & Aims: FALCON 1 was a phase IIb study of pegbelfermin in patients with non-alcoholic steatohepatitis (NASH)
and stage 3 fibrosis. This FALCON 1 post hoc analysis aimed to further assess the effect of pegbelfermin on NASH-related
biomarkers, correlations between histological assessments and non-invasive biomarkers, and concordance between the
week 24 histologically assessed primary endpoint response and biomarkers.
Methods: Blood-based composite fibrosis scores, blood-based biomarkers, and imaging biomarkers were evaluated for pa-
tients with available data from FALCON 1 at baseline through week 24. SomaSignal tests assessed protein signatures of NASH
steatosis, inflammation, ballooning, and fibrosis in blood. Linear mixed-effect models were fit for each biomarker. Correlations
and concordance were assessed between blood-based biomarkers, imaging, and histological metrics.
Results: At week 24, pegbelfermin significantly improved blood-based composite fibrosis scores (ELF, FIB-4, APRI), fibro-
genesis biomarkers (PRO-C3 and PC3X), adiponectin, CK-18, hepatic fat fraction measured by MRI-proton density fat fraction,
and all four SomaSignal NASH component tests. Correlation analyses between histological and non-invasive measures
identified four main categories: steatosis/metabolism, tissue injury, fibrosis, and biopsy-based metrics. Concordant and
discordant effects of pegbelfermin on the primary endpoint vs. biomarker responses were observed; the most clear and
concordant effects were on measures of liver steatosis and metabolism. A significant association between hepatic fat
measured histologically and by imaging was observed in pegbelfermin arms.
Conclusions: Pegbelfermin improved NASH-related biomarkers most consistently through improvement of liver steatosis,
though biomarkers of tissue injury/inflammation and fibrosis were also improved. Concordance analysis shows that non-
invasive assessments of NASH support and exceed the improvements detected by liver biopsy, suggesting that greater
consideration should be given to the totality of available data when evaluating the efficacy of NASH therapeutics.
Clinical trial number: Post hoc analysis of NCT03486899.
Impact and implications: FALCON 1 was a study of pegbelfermin vs. placebo in patients with non-alcoholic steatohepatitis
(NASH) without cirrhosis; in this study, patients who responded to pegbelfermin treatment were identified through exam-
ination of liver fibrosis in tissue samples collected through biopsy. In the current analysis, non-invasive blood- and imaging-
based measures of fibrosis, liver fat, and liver injury were used to determine pegbelfermin treatment response to see how
they compared with the biopsy-based results. We found that many of the non-invasive tests, particularly those that measured
liver fat, identified patients who responded to pegbelfermin treatment, consistent with the liver biopsy findings. These results
suggest that there may be additional value in using data from non-invasive tests, along with liver biopsy, to evaluate howwell
patients with NASH respond to treatment.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Non-alcoholic steatohepatitis (NASH) is the advanced, progres-
sive form of non-alcoholic fatty liver disease (NAFLD) and is
defined by the presence of >−5% hepatic steatosis along with he-
patocyte injury, with or without fibrosis.1 Of the histological
Keywords: fibroblast growth factor 21; non-alcoholic steatohepatitis; liver fibrosis;
steatosis; precirrhotic NASH; SomaSignal.
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characteristics of NASH, fibrosis has been shown to be the most
predictive in terms of all-cause and disease-specific mortality;2,3

patients with bridging fibrosis (NASH Clinical Research Network
[CRN] fibrosis stage 3) have an increased risk of disease-related
adverse events relative to patients with stage 1 or 2 fibrosis.4

Currently, no pharmacological treatments are approved for
NASH, and the associated clinical and economic burdens are
expected to continue to rise in the coming years.5

The pathophysiology of NASH is complex and multifactorial,
with a metabolic component and additional drivers that can lead
to hepatocyte stress, inflammation, cell death, and fibrosis.6,7

Because of the complexity and heterogeneity of NASH, a range
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of clinical tests may be necessary to dynamically monitor dis-
ease. In clinical trials, the gold-standard method for monitoring
NASH progression is through histological analysis of liver biopsy
tissue; however, this is not feasible in routine clinical practice for
numerous reasons, including the patient risk associated with
performing repeated biopsies and potential erroneous estima-
tion of disease-related changes due to biopsy timing, sampling
variability due to the heterogeneity of fibrosis throughout the
liver, and scoring variability.8–10 As a result, an unmet need re-
mains for robust, non-invasive means of characterizing dynamic
changes in disease activity and assessing treatment response in
patients with NASH and advanced fibrosis.

At present, numerous non-invasive measures of fibrosis and
NASH disease activity are routinely used in the clinic and
incorporated into clinical trials. These assessments include
blood-based composite fibrosis scores, namely enhanced liver
fibrosis (ELF), fibrosis-4 (FIB-4), and aspartate aminotransferase
(AST)-to-platelet ratio index (APRI), which, though not designed
for monitoring treatment response, have recently been used to
evaluate treatment efficacy and less commonly, to monitor dis-
ease, in patients with NASH.11–13 Additionally, serum concen-
trations of monomeric and crosslinked forms of a disintegrin and
metalloproteinase with thrombospondin motifs 2 [ADAMTS-2]-
released N-terminal type III collagen propeptide (PRO-C3 and
PC3X, respectively) are biomarkers of fibrogenesis; increased
PRO-C3 concentrations have been associated with increasing
fibrosis stage, lobular inflammation, and ballooning as well as
progressive liver fibrosis.14–17 Furthermore, the imaging tech-
niques MRI-proton density fat fraction (MRI-PDFF) and magnetic
resonance elastography (MRE) measure hepatic fat fraction and
stiffness, respectively, and a >−30% relative reduction in hepatic
fat fraction measured by MRI-PDFF has been associated with
histological NASH improvement in secondary analyses of the
phase II MOZART and FLINT studies.18,19 Because of the associa-
tion between MRI-PDFF and histological response, early-phase
NASH trials have employed MRI-PDFF as an endpoint to eval-
uate therapeutic efficacy.13 A set of novel NASH component
composite panels that are measurable in blood and enable
simultaneous analysis of several features of NASH pathophysi-
ology have also been investigated for disease-monitoring capa-
bility.20 Further investigation of these non-invasive tests and
others are needed to understand which tests will be useful for
the assessment of treatment responses and to monitor disease
progression over the longer term.

Fibroblast growth factor 21 (FGF21) is a non-mitogenic hor-
mone that regulates aspects of metabolism including glucose
and lipid homeostasis,21,22 and modulates secretion of adipo-
nectin, an adipokine with insulin-sensitizing, antisteatotic, anti-
inflammatory, and antifibrotic properties.23,24 Pegbelfermin
(PGBF), a recombinant, polyethylene glycol-conjugated analogue
of human FGF21, has an extended half-life compared with
endogenous FGF21 and supports up to weekly dosing in clinical
trials.25,26 In the phase IIb FALCON 1 study, 24-week PGBF
treatment in patients with NASH and stage 3 fibrosis was asso-
ciated with higher rates of fibrosis improvement without NASH
worsening or NASH improvement without fibrosis worsening
(24%-31% across the 10 mg, 20 mg, and 40 mg dose arms)
compared with placebo (14%), though the trial did not meet the
primary endpoint because of a lack of dose-dependent response
rate differentiation.27 In addition, patients treated with PGBF had
improvements in non-invasive measures of steatosis, injury/
inflammation, and fibrosis.
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This exploratory post hoc analysis of FALCON 1 was designed
to further test the holistic effects of PGBF on biomarkers of NASH
disease activity and fibrosis at week 24, which allowed for the
direct comparison of biopsy-based and non-invasively measured
treatment responses.
Patients and methods
FALCON 1 primary study design
FALCON 1 (NCT03486899) was a randomized, phase IIb, multi-
center, double-blind, placebo-controlled study conducted in the
United States and Japan; detailed FALCON 1 trial design and
primary study results have previously been published.27,28

Briefly, eligible patients were 18 to 75 years of age with a liver
biopsy specimen that was consistent with NASH and stage 3 liver
fibrosis per NASH CRN criteria and had a score of >−1 for each
NAFLD activity score (NAS) component (steatosis, lobular
inflammation, and ballooning). The number of patients with a
NAS of <4 was limited such that it comprised no more than 15%
of the total randomized population. Patients were ineligible if
they had any liver disease other than NASH, or current or past
hepatocellular carcinoma, liver transplant, or hepatic decom-
pensation. Randomized patients (1:1:1:1) received placebo or
PGBF (10 mg, 20 mg, or 40 mg) once weekly via subcutaneous
injections during the 48-week double-blind treatment period.
The primary endpoint, measured at week 24, was a >−1 stage
fibrosis improvement (i.e., >−1 stage decrease in NASH CRN
fibrosis score) without worsening of NASH (i.e., increase in NAS
by >−1 point) or NASH improvement (i.e., decrease in NAS by >−2
points with contribution from at least 2 NAS components)
without worsening of fibrosis (i.e., increase in NASH CRN fibrosis
score by >−1 stage) as determined by liver biopsy.

Assessments
Liver biopsy specimens were collected at week 24 (±7 days) for
comparison with biopsy specimens collected up to 6 months
prior to or during screening. Histological scoring was performed
by the blinded central pathologist using NASH CRN fibrosis and
NAS criteria. Imaging evaluations of hepatic fat fraction (by MRI-
PDFF) and liver stiffness (by MRE) were performed at baseline
and at week 24; all study images were analyzed by a central
imaging facility.

Blood samples were collected every 4 weeks (±5 days) from
day 1 to week 24 after at least 8 h of fasting (except for alanine
aminotransferase [ALT], AST, and platelets) for measurement of
serum- and plasma-based biomarkers. Non-invasive composite
scores of fibrosis (FIB-4, APRI, and ELF) were calculated using the
following parameters: FIB-4: patient age, AST and ALT concen-
trations, and platelet counts; APRI: AST concentrations and
platelet counts; ELF: hyaluronic acid, procollagen-3 N-terminal
propeptide (P3NP), and tissue inhibitor of metalloproteinases
type 1 (TIMP-1) concentrations measured via immunoassay
(Labcorp Drug Development, Burlington, NC, USA). PRO-C3 and
PC3X concentrations were evaluated using ELISAs developed by
Nordic Bioscience (Herlev, Denmark).17,29 Adiponectin concen-
tration was measured by Myriad RBM (Austin, TX, USA) using
Luminex immunoassays. HDL, LDL, and triglyceride measure-
ments were obtained from blood samples obtained after >−8 h of
fasting. Caspase-cleaved cytokeratin 18 (CK-18 M30) concentra-
tion was assessed by Nexelis (Laval, Canada) using ELISA.

SomaSignal tests (SomaLogic, Boulder, CO, USA) for NASH
ballooning, lobular inflammation, steatosis, and fibrosis20 were
2vol. 5 j 100661



performed at baseline, week 12, and week 24. For each NASH
component, composite scores were compiled from individual
scores for a panel of 5 to 14 blood-based protein biomarkers.
Data were expressed as probability scores and the changes in
probability scores from baseline to weeks 12 and 24 were
calculated. Patients with probability scores >−50% for each metric
were predicted to have more severe fibrosis or higher NAS
component scores.20,30 Detailed SomaSignal test scoring defini-
tions and protein analyte composition are shown in Table S1.

Statistical analyses
For pharmacodynamic modeling, linear mixed-effect models
were fit for each biomarker using the lmer function from the
lmerTest 3.1-3 package in R.31 Measurements were regressed on
time and treatment arm, including an interaction between time
and treatment and a random effect for each patient: measure-
ment � time + treatment + time:treatment + 1|patient. Mean
change from baseline and 95% CIs were provided for each
biomarker throughout the study. Adjusted p values comparing
placebo with the individual or combined PGBF dose arms were
calculated for the week 24 timepoint using glht in the multcomp
1.4-15 package in R; p values were corrected for multiple testing
using the Benjamini-Hochberg procedure across all tests and
biomarkers. Pairwise canonical correlations were calculated us-
ing cancor in the stats 4.0.3 package in R; correlation coefficients
were then clustered hierarchically by Euclidean distance. P
values were calculated by permutation testing using p.perm in
the CCP 1.1 package in R; those correlations with p <−0.1 after
Benjamini-Hochberg correction were reported as absolute
values. Correlations, including some that were non-significant,
were represented by color on the heatmap.

For the concordance analysis, primary endpoint responses
and non-responses were coded as binary −1 and 1, respectively.
Change from baseline for all biomarkers and data types was
scaled to have variance of 1, keeping 0 centered at no change
from baseline. For inclusion in this analysis, patients were
required to have complete biopsy data at baseline and week 24
(N = 179) and also >−50% of all data types at both baseline and at
week 24. The data for these remaining 173 patients were clus-
tered hierarchically using Euclidean distance on the x-axis; data
for biomarkers, imaging, biopsy, and the primary endpoint were
also clustered hierarchically using Euclidean distance on the y-
axis. The clustering and heatmap were created using Heatmap
from the ComplexHeatmap 2.6.2 package in R.

Percentage change from baseline in hepatic fat fraction
measured by MRI-PDFF was calculated for all patients. To eval-
uate hepatic fat fraction measured by MRI-PDFF as a non-
invasive biomarker to monitor changes in absolute fat percent-
age measured histologically, a linear mixed-effect model was fit
using the lmer function from the lmerTest 3.1-3 package in R.
The change from baseline in absolute fat percentage was
regressed on baseline hepatic fat fraction by MRI-PDFF, the
change from baseline in hepatic fat fraction by MRI-PDFF, and
treatment arm (including an interaction between change from
baseline in hepatic fat fraction and treatment) and adjusted for
the covariates of age, sex, and type 2 diabetes (T2D) status:
change from baseline in absolute fat percentage � MRI-PDFF
baseline + MRI-PDFF change from baseline + treatment + MRI-
PDFF change from baseline:treatment + age + sex + T2D. P
values and coefficients for the estimated effect of changes in
hepatic fat fraction by MRI-PDFF on change in absolute fat per-
centage for individual PGBF dose arms and placebo were
JHEP Reports 2023
calculated using glht in the multcomp 1.4-15 package in R.
Pearson correlations were also calculated using the stats package
in R.

Correlations between the continuous change in biomarkers at
week 24 and the ordinal change in NASH CRN fibrosis stage or
total NAS at week 24 were assessed using Kendall’s tau. P values
were adjusted for multiple testing using the Benjamini-
Hochberg procedure.
Results
Baseline FALCON 1 patient characteristics
In the primary FALCON 1 study, 197 patients were randomized
1:1:1:1 to the four study arms. Patient characteristics and
baseline demographics were similar across study arms.27 Most
patients were White (85.3%) and female (58.9%) and the total
study population had a mean age of 56.9 years, mean body mass
index of 35.6 kg/m2, and mean hemoglobin A1c level of 6.9%. For
all arms combined, the mean hepatic fat fraction measured by
MRI-PDFF was 13.2%, the mean baseline liver stiffness measured
by MRE was 4.4 kPa, and the mean PRO-C3 concentration was
19.4 lg/L (Table 1).

Effect of PGBF on NASH-related biomarkers
Adiponectin concentrations, which are generally low in patients
with NASH compared to healthy patients, have been shown to be
inversely correlated with severity of steatosis.23 In the PGBF
arms, mean adiponectin concentrations peaked at week 4 and
the highest concentration was observed in the 40 mg PGBF arm
(Fig. 1A). Mean concentrations declined at subsequent time
points but remained significantly increased from baseline to
week 24 in the 10 mg and 40 mg PGBF arms compared with
placebo. Additional metabolic readouts measured in the study
were plasma lipids; increased concentrations of HDL have been
associated with NASH resolution.32 At week 24, PGBF arms had
numerically greater increases in mean HDL and numerically
greater decreases in mean LDL concentrations compared with
placebo (Fig. S1).

Relative levels of hepatocyte apoptosis, which is observed as a
result of NASH-related liver injury and disease progression, can
be estimated by measuring serum levels of the caspase-cleaved
fragment of CK-18 (M30, the caspase-cleaved fragment of the
main intermediate filament protein found in hepatocytes).33,34 In
the placebo arm, mean CK-18 M30 concentrations were lowest at
week 4 and then increased through week 24 (Fig. 1B). In all PGBF
arms, mean CK-18 M30 concentrations decreased from baseline
beginning at week 4 and were significantly reduced from base-
line to week 24 compared with placebo.

ELF, FIB-4, and APRI are composite scores that identify pa-
tients who are most likely to have advanced fibrosis.35,36

Compared with placebo, 20 mg and 40 mg PGBF treatment
significantly reduced mean FIB-4 and APRI scores from baseline
to week 24 (Fig. 1C). Mean baseline ELF scores were similar
among arms and were in the upper range for patients with stage
3 fibrosis. The mean ELF score at week 24 was significantly
decreased from baseline in PGBF arms in a dose-dependent
manner relative to placebo; concentrations of hyaluronic acid,
P3NP, and TIMP-1 were all reduced from baseline relative to
placebo, though the differences were significant only for P3NP
and TIMP-1 at week 24 (Fig. S2).

The circulating extracellular matrix biomarkers PRO-C3 and
PC3X are generated during the formation and accumulation of
3vol. 5 j 100661



Table 1. Mean baseline biomarker values.

Parameter, mean (95% CI) Placebo n = 49 10 mg PGBF n = 49 20 mg PGBF n = 50 40 mg PGBF n = 49

Composite fibrosis scores
n 48 49 50 48
ELF 10.21 (9.94–10.48) 10.00 (9.72–10.28) 10.04 (9.79–10.29) 10.15 (9.85–10.44)
Hyaluronic acid, lg/L 136.40 (83.93–188.88) 113.07 (80.85–145.29) 111.01 (83.47–138.55) 136.26 (94.26–178.25)
P3NP, lg/L 12.84 (11.39–14.28) 12.02 (10.65–13.39) 12.36 (10.93–13.79) 12.33 (10.95–13.71)
TIMP-1, lg/L 295.94 (269.39–322.49) 290.87 (265.99–315.76) 278.37 (260.23–296.52) 303.32 (274.45–332.18)

n
FIB-4

47
2.01 (1.67–2.36)

48
1.80 (1.55–2.04)

48
1.72 (1.44–1.99)

47
2.06 (1.73–2.39)

n
APRI

47
0.79 (0.59–0.99)

48
0.69 (0.59–0.79)

48
0.66 (0.52–0.80)

47
0.75 (0.63–0.88)

Fibrogenesis biomarkers
n
PRO-C3, lg/L

49
18.99 (16.40–21.57)

49
18.93 (16.56–21.31)

50
20.11 (16.80–23.43)

49
19.45 (16.99–21.91)

n
PC3X, lg/L

49
14.64 (12.25–17.03)

49
14.52 (12.08–16.96)

50
13.63 (11.58–15.68)

49
13.01 (11.14–14.89)

Tissue injury biomarkera

n
CK-18 M30, U/L

48
500.94 (364.97–636.90)

48
577.98 (416.07–739.89)

48
482.83 (354.60–611.06)

46
464.80 (392.62–536.98)

Imaging assessments
n
Hepatic fat fraction
(MRI-PDFF), %

41
12.46 (10.66–14.26)

44
13.86 (11.99–15.73)

47
13.38 (11.59–15.17)

45
12.99 (11.47–14.50)

n
Liver stiffness (MRE), kPa

40
4.28 (3.89–4.66)

39
4.56 (3.99–5.12)

44
4.08 (3.76–4.40)

42
4.57 (4.09–5.04)

SomaSignal testsb

n
NASH steatosis, %

49
75 (66–83)

49
76 (68–83)

50
80 (74–87)

49
72 (64–81)

n
NASH inflammation, %

49
59 (49–63)

49
54 (46–61)

50
54 (47–61)

49
52 (45–60)

n
NASH ballooning, %

49
67 (61–73)

49
69 (64–74)

50
66 (60–72)

49
67 (61–74)

n
NASH fibrosis, %

49
74 (69–79)

49
72 (66–78)

50
72 (68–77)

49
76 (70–82)

Metabolic biomarkers
n
Adiponectin, mg/L

49
4.06 (3.49–4.63)

49
4.37 (3.63–5.10)

50
3.61 (3.07–4.15)

49
4.24 (3.35–5.12)

n
HDL, mg/dl

49
44.0 (41.0–47.2)

49
47.9 (44.5–51.4)

50
44.3 (41.0–47.6)

49
45.0 (41.4–49.1)

n
LDL, mg/dl

49
100.4 (91.3–109.8)

49
104.1 (94.7–113.7)

50
108.9 (97.4–120.7)

49
107.1 (95.9–118.3)

ADAMTS-2, a disintegrin and metalloproteinase with thrombospondin motifs 2; ALT, alanine aminotransferase; APRI, AST-to-platelet ratio index; AST, aspartate amino-
transferase; CK-18 M30, caspase-cleaved cytokeratin 18; ELF, enhanced liver fibrosis; FIB-4, fibrosis-4; MRE, magnetic resonance elastography; MRI-PDFF, MRI-proton density
fat fraction; NASH, non-alcoholic steatohepatitis; P3NP, procollagen-3 N-terminal propeptide; PC3X, crosslinked ADAMTS-2-released N-terminal type III collagen propeptide;
PGBF, pegbelfermin; PRO-C3, monomeric ADAMTS-2-released N-terminal type III collagen propeptide; TIMP-1, tissue inhibitor of metalloproteinases type 1.
a Baseline AST and ALT values are reported with the primary study results.27
b Probability scores >−50% are considered predictive of greater severity.
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collagen during fibrogenesis.15,17 In the placebo arm, mean con-
centrations of both biomarkers increased from baseline to week
24 (Fig. 1D) and reductions in mean concentrations of PRO-C3
and PC3X were observed in all PGBF arms beginning at week 4.
At week 24, the mean changes in PRO-C3 and PC3X concentra-
tions from baseline were significantly lower in all PGBF arms
compared with the placebo arm.

The quantitative imaging techniques MRI-PDFF and MRE are
used to measure hepatic fat fraction and liver stiffness, respec-
tively, in patients with NAFLD/NASH.13 At week 24, mean liver
stiffness in the 10mgand40mgPGBFarmswas numerically lower
compared with baseline; conversely, mean liver stiffness in the
placebo and 20 mg PGBF arms was numerically greater than at
baseline (Fig. 2). Comparedwith the placebo arm, the pooled PGBF
arms had a reduction in mean hepatic fat fraction from baseline;
this reduction was most pronounced in the 10 mg PGBF arm.

Effect of PGBF treatment on SomaSignal NASH components
SomaSignal tests detect patterns of protein signatures in blood
that are predictive of histological disease severity in NASH
JHEP Reports 2023
steatosis, inflammation, ballooning, and fibrosis.20,30 At week
24, mean SomaSignal scores for all four NASH components
were significantly reduced in all PGBF-treated arms compared
with placebo (Fig. 3). Mean reductions in ballooning, inflam-
mation, and fibrosis at week 24 were dose dependent across
the PGBF-treated arms. In patients who received 10 mg, 20 mg,
and 40 mg of PGBF, respectively, this translated to a 6%, 8%, and
14% lower relative probability of having more severe inflam-
mation (i.e., score of >−2 for NAS lobular inflammation); an 11%,
16%, and 18% lower probability of having more severe
ballooning (i.e., score of >−1 for NAS ballooning); and a 6%, 8%,
and 9% lower probability of having significant fibrosis (i.e.,
NASH CRN stage >−2), respectively, compared with those who
received placebo.

Clustering among non-invasive biomarkers and biopsy-based
analyses
Canonical correlation and clustering by Euclidean distance were
performed to assess the extent towhich empirical data confirmed
putative mechanistic categories of NASH-related biomarkers. At
4vol. 5 j 100661
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Fig. 3. Mean absolute change from baseline in NASH SomaSignal tests. Mean ± 95% CI are presented; probability scores are expressed as percentages.
Probability scores of >−50% are considered predictive of more severe steatosis, inflammation, ballooning, or fibrosis. Adjusted p values were corrected for multiple
testing by the Benjamini-Hochberg procedure. *p <−0.05; **p <−0.01; ***p <−0.001; ****p <−0.0001. NASH, non-alcoholic steatohepatitis; PGBF, pegbelfermin.

Research article
week 24, four main correlation clusters were observed. The most
distinct cluster was of steatosis-related measures (Fig. 4) and
included absolute fat percentage, hepatic fat fractionmeasured by
MRI-PDFF, SomaSignal steatosis, and other blood-based meta-
bolic biomarkers (adiponectin, HDL, and triglycerides). A second
cluster consisting of fibrosis-related measures was observed and
JHEP Reports 2023
included liver stiffness measured by MRE, ELF, FIB-4, and the
blood-based biomarkers PRO-C3 and PC3X. A third cluster of liver
injury/inflammation measures included AST, ALT, and CK-18M30.
The fourth cluster primarily included biopsy-based metrics.

The primary endpoint was correlated with its defining
biopsy-based metrics (q = 0.3 with NAS steatosis; q = 0.4 with
6vol. 5 j 100661
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Fig. 4. Clustering of correlation coefficients for week 24 biomarkers and histological assessments. Canonical correlation across all non-invasive and his-
tological metrics for 179 patients were plotted by heatmap color. Correlations with adjusted p values <−0.1 after Benjamini-Hochberg correction were printed;
clustering by Euclidean distance was performed on correlation coefficients. ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK-18 M30, caspase-
cleaved cytokeratin 18; ELF, enhanced liver fibrosis; FIB-4, fibrosis-4; MRI-PDFF, MRI-proton density fat fraction; NAS, non-alcoholic fatty liver disease activity
score; NASH, non-alcoholic steatohepatitis; PC3X, crosslinked ADAMTS-2-released N-terminal type III collagen propeptide; PRO-C3, monomeric ADAMTS-2-
released N-terminal type III collagen propeptide; TG, triglycerides.
NAS inflammation; q = 0.6 with NAS ballooning, NAS total, NASH
CRN fibrosis score, and Ishak fibrosis stage) and was also
moderately correlated with SomaSignal ballooning and fibrosis
(q = 0.3 and 0.4, respectively). The biopsy-based metrics showed
modest correlation with blood-based biomarkers corresponding
to their functional category (e.g., Ishak score correlated with ELF
score; NAS ballooning correlated with AST). NASH CRN and Ishak
fibrosis scores were also moderately correlated with mean MRE
value (q = 0.4–0.5) and SomaSignal ballooning and fibrosis scores
(q = 0.4–0.6).

The liver injury cluster showed modest correlation with the
blood-based fibrosis biomarkers (e.g., AST correlated with PRO-
C3 [q = 0.4–0.5] and PC3X [q = 0.3]). SomaSignal ballooning
scores were moderately to strongly correlated with the tissue
JHEP Reports 2023
injury biomarkers AST, ALT, and CK-18 M30 (q = 0.7, 0.5, and 0.6,
respectively) and moderately correlated with all of the blood-
based biomarkers of fibrosis (e.g., AST correlated with PRO-C3
[q = 0.5] and ELF [q = 0.4]). SomaSignal fibrosis scores showed
slightly stronger correlation with fibrosis biomarkers (q = 0.6
with MRE and ELF; q = 0.4 with PRO-C3 and PC3X) and slightly
weaker correlation with tissue injury/inflammation biomarkers
(q = 0.5 with AST; q = 0.4 with CK-18 M30; and q = 0.3 with ALT).
SomaSignal inflammation scores were moderately correlated
with tissue injury/inflammation biomarkers (q = 0.6 with ALT;
q = 0.5 with AST and CK-18 M30) and modestly to moderately
correlated with steatosis biomarkers (q = 0.5 with adiponectin
and SomaSignal steatosis; q = 0.3–0.4 with absolute fat per-
centage, hepatic fat fraction by MRI-PDFF, HDL, and triglycerides)
7vol. 5 j 100661
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Research article
but were not significantly correlated with the histologically
assessed lobular inflammation NAS component.

The strong correlation at week 24 between measurements of
hepatic fat by MRI-PDFF and by histological evaluation was
further evaluated given the antisteatotic effect of PGBF. From
baseline to week 24, changes in hepatic fat fraction measured by
MRI-PDFF were significantly associated with absolute fat per-
centage in patients who received PGBF (10 mg: p = 0.0041;
20 mg: p = 0.018; 40 mg: p = 0.036) but not placebo (p = 0.43;
Fig. 5), where changes in steatosis did not rise above experi-
mental noise. Furthermore, MRI-PDFF measured larger
JHEP Reports 2023
reductions in hepatic fat fraction compared with the histological
measurement with a 1% reduction in MRI-PDFF corresponding to
an approximate reduction of 0.27% to 0.39% in absolute fat per-
centage, depending on the treatment arm.

Concordance of primary endpoint response with biomarker
responses
Beyond the association of antisteatotic changes in patients who
received PGBF, the concordance of treatment response for
several categories of histological, imaging, and blood-based
biomarkers was also assessed for each patient; four main
8vol. 5 j 100661
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groups of patient responses were identified in the resulting
heatmap. In group 1 (Fig. 6), patients were predominately pri-
mary endpoint non-responders and did not have consistent
biomarker responses across most assessments either; most pa-
tients who received placebo were in this group. Conversely,
group 4 consisted primarily of patients who were primary
endpoint responders and exhibited concordant improvements in
other histological measures and imaging and blood-based bio-
markers; all but one of these patients received PGBF. Group 3
consisted of patients who received PGBF and were primary
endpoint non-responders, but who nevertheless generally had
improved blood and liver metabolic parameters (including he-
patic fat fraction measured by MRI-PDFF), blood-based bio-
markers of liver injury (AST, ALT, and CK-18 M30), and several
non-invasive fibrosis readouts (liver stiffness measured by
MRE, ELF score, and PRO-C3). Group 2 largely consisted of pa-
tients who had a primary endpoint response but were much less
concordant with imaging and blood-based biomarker improve-
ments; the majority of patients in this group had received PGBF,
although there were some patients from the placebo arm who
were also included.

To further assess which biomarkers might best associate with
treatment responses, week 24 biomarker changes were analyzed
for correlations with week 24 changes in NASH CRN fibrosis
stage and total NAS. Correlations were observed between
changes in total NAS and changes in some biomarkers, such as
hepatic fat fraction measured by MRI-PDFF, adiponectin, PC3X,
ELF, and SomaSignal ballooning (Fig. 7). However, correlations
were not observed between biomarkers and fibrosis stage
changes for most biomarkers analyzed (Figs S3 and S4).
JHEP Reports 2023
Discussion
In the FALCON 1 study in patients with NASH and stage 3
fibrosis, approximately twice as many patients who received
PGBF had >−1 stage improvement in fibrosis (by NASH CRN
fibrosis score) without NASH worsening or NASH improvement
(by NAS) with no worsening of fibrosis (by NASH CRN fibrosis
score) compared with those who received placebo.27 FALCON 1
did not meet its primary endpoint that was designed to test for
dose-dependent PGBF response rates; however, non-invasive
measures demonstrated that PGBF treatment was associated
with improvements in steatosis, injury/inflammation, and
fibrosis. Given the known limitations associated with liver bi-
opsy and the challenges associated with histological assessment
of liver fibrosis, this FALCON 1 post hoc analysis was intended to
provide a more thorough investigation into the effect of PGBF on
NASH-related biomarkers and to assess potential associations
between biomarker responses and histologically determined
endpoints.

Steatosis, liver injury and inflammation, and fibrosis are key
components of NASH and numerous blood-based biomarkers
assessed in this study provided evidence of improvements in
each component with PGBF compared with placebo. Serum
adiponectin concentrations, which have previously been shown
to inversely correlate with steatosis, inflammation, and fibrosis,
peaked 4 weeks after initiation of PGBF treatment. This short
time frame in which maximal PGBF effects were observed on
adiponectin relative to other biomarkers indicates target
engagement and reflects the antisteatotic effects of PGBF. The
observed increases in adiponectin concentration were similar in
magnitude to those observed in phase II trials in NAFLD37 and
9vol. 5 j 100661
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T2D,38 and despite the attenuation over the course of the study,
mean adiponectin concentrations remained consistently higher
across all PGBF arms compared with the placebo arm through
week 24. An analogous pattern was observed for CK-18 M30
concentrations, which reflect hepatocyte apoptosis. Here, re-
ductions in CK-18 M30 concentrations were observed in all PGBF
arms compared with the placebo arm, beginning at week 8 and
maintained through week 24.

Significant PGBF-related improvements were observed at
week 24 in the composite fibrosis scores, ELF, FIB-4, and APRI,
which have previously been shown to be predictive of disease
progression in patients with NAFLD.35,36 More recently, the ELF
test received US Food and Drug Administration approval for
assessing the risk of NASH progression to cirrhosis. Biomarkers of
fibrogenesis, PRO-C3 and PC3X, were also significantly reduced
with PGBF treatment. PRO-C3 has been evaluated in NASH trials
as a diagnostic marker of significant fibrosis, as well as a dynamic
biomarker of treatment response.39 Measurement of PC3X to
evaluate the pharmacodynamic effects of PGBF was a novel
aspect of this study. The PC3X fragment differs from PRO-C3 in
that it is thought to be generated on collagen crosslinking, as an
alternative measure of matrix stiffness in more advanced stages
of liver fibrosis, but it has not yet been well characterized in
patients with NASH. PC3X has been shown to predict disease
progression in advanced alcoholic steatohepatitis40 and is also
prognostic in hepatocellular carcinoma.17 The reduction of serum
PC3X by PGBF observed in this study is consistent with that
observed in a smaller study of patients with NASH treated with
an FGF19 analogue.41

To build on the individual biomarker data, SomaSignal tests
were used to evaluate validated blood-based protein signatures
associated with NASH steatosis, inflammation, ballooning, and
fibrosis. To our knowledge, this is the first use of SomaSignal to
monitor pharmacodynamic effects in a NASH clinical trial. These
tests suggested that improvements in all four of these hallmark
histological characteristics of NASH were observed in more pa-
tients who received PGBF compared with placebo, which is
broadly consistent with findings obtained by manual scoring of
liver biopsy tissue.27 Of particular interest were the SomaSignal
ballooning and fibrosis scores; these tests showed a highly sig-
nificant PGBF dose response, as well as the highest correlation
with Ishak fibrosis stage, NASH CRN fibrosis score, and MRE as-
sessments of liver stiffness relative to all of the blood-based
biomarkers evaluated in this study. The better performance of
SomaSignal compared with other measures of fibrosis, such as
FIB-4 and APRI, may result from the specific development of
SomaSignal in the context of NASH, and to the biological rele-
vance of the individual components, even though these were
empirically derived. Given the consistency and clear PGBF dose
response observed using SomaSignal probability scores for NASH
disease severity, further study on the potential use of these tests
in NASH clinical trials is warranted.

Imaging analyses of hepatic fat fraction by MRI-PDFF and liver
stiffness by MRE provided further insight into their utility in
measuring treatment response over time. Compared with pla-
cebo at week 24, PGBF treatment resulted in numerical im-
provements in liver stiffness while hepatic fat fraction was
significantly reduced in the pooled PGBF dose arms. These
findings support the idea that PGBF acted as a driver of hepatic
fat reduction. At week 24, changes in hepatic fat fraction
measured by MRI-PDFF were associated with changes in abso-
lute fat percentage in PGBF arms, but not in the placebo arm. The
JHEP Reports 2023
strength of the associations between these methods of
measuring hepatic fat corroborate the value of MRI-PDFF as a
non-invasive method to track NASH steatosis over time, as has
been shown in previous studies.18,42 Notably, MRI-PDFF
measured larger reductions in hepatic fat than were seen by
histologically measured absolute fat percentage, which suggests
that MRI-PDFF may provide better sensitivity for detecting
treatment-related changes in fat than histological assessment.

An important aim of this study was to investigate potential
relationships between non-invasive biomarkers and histologi-
cally based evaluations. Clustering analyses demonstrated that
histological endpoints and non-invasive biomarkers clustered
into several clear categories: steatosis (measured histologically,
by MRI-PDFF, and with SomaSignal and other blood-based bio-
markers) and metabolism (adiponectin, plasma lipoprotein
lipids); tissue injury measured by AST, ALT, CK-18 M30, and
SomaSignal ballooning; and fibrosis measured by MRE, ELF score,
FIB-4, PRO-C3, PC3X, and SomaSignal fibrosis. The primary
endpoint was moderately correlated with other biopsy-based
assessments and with SomaSignal ballooning and fibrosis, con-
firming that these blood-based biomarkers may reflect histo-
logical changes in disease activity. On the individual patient
level, some who received PGBF demonstrated concordant effects
between liver biopsy-based and non-invasive assessments of
NASH. In other cases, discordance was observed between histo-
logically measured responses and other non-invasive tests and
biomarkers. Notably, improvements measured by non-invasive
tests and biomarkers were observed in many patients who did
not have a primary endpoint response, which raises the possi-
bility that treatment response to PGBF may not have been fully
captured by the histologically measured FALCON 1 primary
endpoint.

This idea is supported by results of an analysis of correlations
betweenweek 24 changes in biomarkers and week 24 changes in
either NASH CRN fibrosis stage or total NAS, which is comprised
of scores for steatosis, lobular inflammation, and ballooning.
Here, changes in NASH CRN fibrosis stage were not significantly
correlated with changes in any biomarkers except for SomaSig-
nal ballooning score. These findings differ from those from a
similar analysis performed on data from the phase III REGEN-
ERATE study43 in which associations were found between
changes in biomarkers and changes in histologically measured
fibrosis. In addition to possibly reflecting different drug effects,
the differing results reported here for the FALCON 1 trial could
also be attributed to the larger sample size of REGENERATE (931
patients vs. 197 patients) and the longer treatment period (18
months vs. 6 months). In contrast to changes in fibrosis stage,
significant correlations were observed between changes in total
NAS and changes in biomarkers such as hepatic fat fraction
measured by MRI-PDFF, adiponectin, PC3X, ELF, and SomaSignal
ballooning. The small sample size of the study and modest
treatment effect size prevent firm conclusions being drawn from
this analysis; however, these observations align with the clus-
tering and concordance analyses in which the clearest and most
concordant effects of PGBF appeared to be in measures of
metabolism and liver steatosis, consistent with the primary
mechanism of action of PGBF. These results increase confidence
that non-invasive tests reflect key mechanistic features of NASH
and that the data obtained from such assessments can effectively
supplement histological evaluation.

Due to the complex disease pathology of NASH, achieving
optimal therapeutic efficacy may require combination
11vol. 5 j 100661
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approaches involving drugs targeting more than one biological
pathway. In addition to the modest treatment effect of PGBF
monotherapy as measured histologically in this advanced NASH
patient population, the biomarker data provide a more detailed
view on the mechanism of action of PGBF and further support
the conclusion that PGBF improves drivers of NASH pathogenesis
and fibrosis at week 24. Given that the earliest, most widespread,
and most concordant effects of PGBF appear to be on steatosis
biomarkers, combining PGBF with a drug targeting a different
biological pathway may potentially lead to an increase in the
number of patients with advanced NASH who respond to treat-
ment. Of note, though statistically significant antifibrotic effects
were observed in biomarkers of fibrosis, the effect sizes are
modest in terms of what is expected to be clinically meaningful.

The major limitations of this exploratory post hoc analysis
include that the analyses presented here were not explicitly
prespecified in the protocol, and that the study was not pow-
ered to detect significant findings for these analyses. For the
correlative and time course analyses, the likelihood of false-
negative conclusions was mitigated by application of the
Benjamini-Hochberg procedure to control the false discovery
rate. Overall, these results should be interpreted only in the
JHEP Reports 2023
context of a population of patients with NASH and histologi-
cally assessed stage 3 fibrosis; extrapolation to other patients
with NASH or NAFLD should be made with caution. Finally,
dynamic changes in NASH biomarkers and the strength of their
correlations with histological analyses likely depend on a given
treatment’s mechanism of action and effect size; thus, further
investigation would be required to make conclusions about
whether the findings from this PGBF study are generalizable to
other drugs.

In summary, this post hoc analysis of the FALCON 1 trial
demonstrated that PGBF treatment significantly improved mul-
tiple, distinct disease-related biomarkers at week 24 in patients
with NASH and stage 3 fibrosis. PGBF exerted positive effects on
NASH disease activity and fibrosis, predominately through rapid
improvement of steatosis and metabolism. In addition, concor-
dant as well as discordant effects of PGBF were observed on liver
biopsy-based and non-invasive assessments of NASH. Overall,
these data highlight the importance of considering results from
non-invasive measures in combination with histologically
derived evaluations to gain the most comprehensive insight into
dynamic changes in disease activity that may occur as a result of
pharmacological treatment of NASH.
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