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Nonalcoholic fatty liver disease (NAFLD) and its more severe form,
nonalcoholic steatohepatitis (NASH), represent a growing worldwide

epidemic and a high unmet medical need, as no licensed drugs have been
approved thus far. Currently, histopathological assessment of liver biopsies
ismandatory as a primary endpoint for conditional drug approval. This
requirement represents one of the main challenges in the field, as there is
substantial variability in this invasive histopathological assessment, which
leads to dramatically high screen-failure rates in clinical trials. Over the

past decades, several non-invasive tests have been developed to correlate
with liver histology and, eventually, outcomes to assess disease severity
and longitudinal changes non-invasively. However, further data are needed
to ensure their endorsement by regulatory authorities as alternatives to
histological endpointsin phase 3 trials. This Review describes the challenges
of drug development in NAFLD-NASH trials and potential mitigating
strategies to move the field forward.

NAFLD is a worldwide health care concern and a growing epidemic'?
withanestimated global prevalence of 25% (ref."). Its more severe form,
NASH, has become the most commonindication for liver transplanta-
tioninwomen and the second most common indicationin menin the
United States”.

NAFLDis aspectrumthat ranges fromisolated steatosis (buildup
of fatin the liver) with a relatively benign non-progressive clinical
course to the serious condition of NASH, characterized by a state of
hepatocellular injury, inflammation and fibrosis, with a progressive
course that may lead to cirrhosis and its complications (including
hepatocellular carcinoma)* . The central feature of NASH pathogen-
esisis a dysfunctional stress response to an excess supply of nutrient
substrates to the liver, promoting fibrosis and ultimately leading to
cirrhosis (stage 4 fibrosis)° (Box 1). Additionally, genomic instability
increases the carcinogenic risk leading to hepatocellular carcinoma™.

Despite a high unmet medical need to prevent, stop or reverse
NASH, there are currently no approved licensed drugs, and develop-
ing them has been challenging'>. NASH drug candidates must demon-
strate the ability to prevent or delay disease progression, as measured

by a composite endpoint that includes progression to cirrhosis,
liver-related outcome events (ascites, hepatic encephalopathy, upper
gastrointestinal bleeding) and all-cause death. However, considering
thelowincidencerate of these outcomes”, regulatory authorities have
recommended the use of liver histopathology as asurrogate endpoint
of outcomes to accelerate conditional drug approval™, while clinical
outcome data from trials are awaited. However, there are many chal-
lenges with identifying the correct patients to qualify for these paired
liver biopsy trials, as more than 70% of screened patients are failing to
meet the eligibility criteria. Additional challenges include the highly
variable placebo response rates™'® and the need for correct trial design
withappropriate endpoints and aduration of treatment that will permit
accurate assessment of drug efficacy.

Inthis review, we provide an overview of the NASH trial landscape;
we then review in detail the biggest challenges associated with trial
design and endpoints, and their analysis and interpretation. Finally,
we discuss new and emerging approaches to mitigating these chal-
lenges, including innovative trial designs, non-invasive tests (NITs)
and biomarkers.
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BOX1
NASH pathogenesis

Fatty acids, the main form of excess energy supply, accumulate

in the liver via two main mechanisms: influx from lipolysis of

white adipose tissue and hepatic de novo lipogenesis using

excess fructose or glucose. In the liver, fatty acids follow one of
three disposal pathways: (1) they are used as an energy source
through B-oxidation in the mitochondria, (2) they are esterified into
triglycerides and stored as hepatic lipid droplets, and 3) they are
released as VLDL in the systemic circulation. When the fatty acid
supply overwhelms their disposal mechanisms, lipotoxic species
are generated in the liver, leading to a cascade of liver injury
including endoplasmic reticulum stress, mitochondrial dysfunction,
release of pro-inflammatory cytokines and apoptosis'®*'**. This
fatty acid-mediated dysfunctional repair response activates hepatic
stellate cells, which promote fibrosis (collagen deposition) and
ensuing progression to cirrhosis®*'*,

Overview of the NASH trial landscape

Since the recognition of NASH as amajor unmet medical need, clinical
trials have undergone major changes that have led to modifications and
improvements in primary endpoints and interpretation of results'>".
Eligibility criteria defined in NASH clinical trials are usually sequentially
assessed following multiple stepsincluding laboratories, imaging and
liver biopsy. Patients can be excluded at any of these steps'® (Fig.1). The
surrogate (liver histology) endpoints defined by the Food and Drug
Administration (FDA) are used both at the screening stage to define
patients’ eligibility criteria and as efficacy endpoints (change in liver
histology from baseline to end of treatment). Histology assessment
includes evaluation of the NAFLD activity score (NAS), developed by
the NASH Clinical Research Network in 2005 (ref. %), and the fibrosis
stage. The NAS is a numeric semi-quantitative score distinguishing
three lesions: steatosis (scored 0-3), lobular inflammation (scored
0-3) and ballooning (scored 0-2) (Fig. 2a); their sumreflects the disease
grade (total score, 0-8). The score also assesses the severity of fibrosis
(scored 0-4) and enables assessment of the disease stage (Fig. 2b).
This score has allowed analysis of histologic changes for comparative
and correlative studies in therapeutic intervention trials. The NAS
was adopted in clinical trials soon after its inception; one of its most
notableinitial contributions was the readout of the PIVENS trial in 2010,
in which vitamin E and pioglitazone were tested against placebo®.
The PIVENS trial, together with additional landmark studies®*, led
to recommendation of vitamin E for patients with NASH who did not
have diabetes and pioglitazone for patients with NASH with or without
diabetes in the 2012 and 2018 American Association Study of Liver
Disease guidance on NASH*?,

Primary efficacy endpoints and the inclusion criteria for NASH
clinical trials have undergone major changes since the PIVENS trial. The
first major change was the emergence of data showing that patients
with NASH who have stage 2 fibrosis or higher are atincreased risk for
morbidity (decompensation) and mortality from the disease® 2%, This
observation led to adoption of the term ‘at risk NASH’ (NASH with F2
and higher fibrosis) as a key inclusion criterion, especially for phase
3 trials (excluding patients with cirrhosis). However, this artificial
classification of disease severity leaves many patients with advanced
disease outside the inclusion criteria for clinical trials. Asanexample,
a patient with stage 3 fibrosis but no ballooning on histology will be
deemed as not having active disease required for inclusion in a trial,
despite the evidence that this is a high-risk patient who may progress
tocirrhosisinarelatively short period of time.

Informed
consent

Step 1: ~35% SF among all screened patients
¢ Medical history and concomitant medications
- Laboratory values (five major parameters):

- AST, HbA1c, eGFR, platelets and bilirubin

Step 2: ~20% SF among patients reaching MRI-PDFF

Step 3: ~50-60% SF among patients reaching liver biopsy

Additional reasons:
« Patient factors (~5% SF among all screened patients):
- Withdrawal
- Lost to follow-up
- Non-complicance to study procedures
- Other imaging modalities (cT1, DXA, FibroScan, MRE)
- Missed screening window (~1% SF among all screened patients)

Reasons for screen failure

Total SF
rate > 70%
Fig.1| Common reasons for screen failure in NASH clinical trials. Typical
rate of screen failures (SFs) at each step of the usual NASH clinical trials. The
liver biopsy (step 3) represents the main hurdle in the screening process. DXA,
dual-energy X-ray absorptiometry; eGFR, estimated glomerular filtration rate;
HbAlc, glycated hemoglobin.

The second major changein the field followed a white paper pub-
lished by the FDAin 2011, detailing the roadmap of drug approval, which
stated that one of two histological endpoints should be achieved as
surrogate endpoints: resolution of NASH (defined as an inflammation
score of 0 or1and aballooning score of 0) without worsening of fibrosis
or improvement in fibrosis by one stage or more, without worsening
of NASH”. Liver biopsy was then considered the gold standard for
the assessment of disease severity, and biopsy endpoints became the
main criteriafor conditional drug approvalin phase 3 trials. This policy
allows for accelerated approval of adrug (given the unmet need of the
disease) while outcome datafor final approval are pending. These two
surrogate endpoints have been widely applied in many large phase 3
clinical trials but remain the main divergent point between the FDA and
the European Medicines Agency (EMA). The FDA accepts as primary
endpointeither resolution of NASH orimprovement in fibrosis, while
the EMA requires that co-primary endpoints are met (including both
resolution of NASH and improvement in fibrosis)™*.

Theinitialimplementation of these histological endpoints, espe-
cially fibrosisimprovement, was widely accepted, given the correlation
between the degree of fibrosis and disease outcomes in patients with
NASH?. On the other hand, robust data correlating NASH resolution
with hard clinical outcomes have been lacking, but NASH resolution
hasbeen accepted as steatohepatitis is the disease driver thatleads to
fibrosis. Inaddition, recent data have shown that NASH resolution cor-
relates with fibrosis improvement®. The NAS remains the standard for
histologic assessmentin phase 2b and 3 trials; however, due to widely
recognized limitations such as inter- and intra-reader variability, the
EMA and the FDA allow for alternative validated scoring systems such
asthe Steatosis, Activity and Fibrosis (SAF) score developed by Bedossa
et al.”’. The SAF score has three components: steatosis (scored 0-3),
activity (addition of ballooning, scored 0-2 and lobular inflammation,
scored 0-2) and fibrosis (scored 0-4)*.

In addition to efficacy endpoints, drug-safety assessment is a
key element for drug approval and conditional approval. The goal
of drug-safety assessment is to protect the population from rare and
severe adversereactions. Although the primary purpose of preclinical
and clinical drug development is to balance risk against the expected
clinical benefit, post-marketing surveillance remains the most common
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Fig. 2| Fibrosis, steatosis, inflammation and ballooning inNASH.

Liver biopsy slides using the two usual staining approaches for NASH assessment.
a, Hematoxylin and eosin staining reveals histologic features of NASH: steatosis
(yellow arrows), ballooning recognized as swollen hepatocytes (black arrows)
and inflammation recognized as a mixed inflammatory infiltrate (black circles).
b, Masson trichrome staining (measuring collagen content; collagen is blue):
peri-sinusoidal fibrosis (black arrows). Blue-stained collagen fibers outline the
sinusoids surrounding the central vein (CV). Images courtesy of P. Bedossa,
Liverpat, Paris, France.

pathway for safety signal detection. Indeed, in addition to being short
term, with small sample size and often excluding high-risk popula-
tions®?, randomized clinical trials cannot be fully powered to assess
unexpected or unknown adverse reactions™.

Although considered asarare complicationinthe general popula-
tion (up to19 0f 100,000 persons)®, drug-induced liver injury (DILI) is
aleading cause of acute liver failure associated with high mortality**
and has been the main cause of marketed drug withdrawals (broadly
speaking) over the past decades (for example, troglitazone®, bro-
mfenac®®) and a common cause for halting drug development (for
example, tasosartan®). Theidentification of DILI has been a challenge
across drug development for both sponsors and regulatory authorities,
which have jointly led efforts to attempt to address the challenge™®. In
that context, the FDA has developed guidelines and a software tool,
eDISH (evaluation of drug-induced serious hepatotoxicity), which uses
alanine transaminase (ALT) and total bilirubin for assisting assessment
of potential hepatotoxicity of pre-marketing drugs®**°. This tool allows
for identification of patients matching the Hy’s law criteria (ALT of 3x
upper limit of normal or more and total bilirubin of 2x upper limit of
normal or more)* and provides time courses of liver enzymes for each
patient. It has been widely adopted by sponsors*, and some of them
have withdrawn their drugs before regulatory consideration based on
these assessments. However, considerable limitations in specificity for
DILIrequire that histologic assessment remains necessary for definitive

diagnosis of hepatotoxicity, especially in light of known fluctuations in
liver enzymes in NAFLD and NASH. Potential modifications of thresh-
olds for the NAFLD-NASH population might be helpful toimprove the
use of eDISH in NASH clinical trials.

Challenges in NASH clinical trials

Limitations of standard histological assessment

The need for liver biopsy to identify the appropriate individuals for
enrollment and as efficacy endpointsinclinical trials has severalimpor-
tant limitations*>**, First, the invasive nature of the procedure creates
hesitancy for patients to participate in trials and is associated with
potential for serious complications®. Second, thereiis concern for sam-
pling variability given the heterogeneous nature of the disease and the
smallsize of the histologic sample. Finally, and mostimportantly, there
aremajorissuesrelated tosuboptimalintra- and inter-reader reliability.
Inastudy thatinvestigated 51 patients with NAFLD who underwent liver
biopsy withtwo samples collected simultaneously, histological lesions
of NASH were found unevenly distributed throughout the two samples,
illustrating that sampling error canlead to misdiagnosis and inaccuracy
in reading*®. Furthermore, multiple studies have exposed the incon-
sistencies in histological reading, where the inter- and intra-reader
agreement varied widely***. In the most recent and largest study that
examined inter-and intra-reader variabilities, agreement among three
pathologists on eligibility criteria was foundin only 53.7% of patients,
demonstrating the lack of reliability*.

One of the most debated histological features is hepatocellular
ballooning. Itisthought to represent aform of hepatocyte injury that
is not seen in non-progressive disease*. However, ballooning (using
the current definition) is too subjective. A recent study, performed
ondigitalized slides evaluated independently by nine internationally
recognized expertliver pathologists, demonstrated a substantial diver-
gence with regard to identification of ballooned hepatocytes among
the experts**°. The results of this study challenge the applicability of
the current scoring system for assessing hepatocellular ballooningin
clinical trials. Fortunately, new artificial intelligence (Al) and machine
learning methods have emerged and show promising results®%. Recent
data have shown high concordance of Al with consensus patholo-
gist reading and high reproducibility when applied to a selection of
patients for clinical trials®. However, these algorithms will not address
issues related to the invasive nature of biopsy and the heterogeneous
nature of the disease that is not captured by a limited-size biopsy. In
addition, whileincorporating Aland/or including two or more patholo-
gists for consensus on reading can potentially mitigate the inter- and
intra-reader variability, the number of ongoing and future clinical trials
and patients needed to complete phase 3 studies make this solution
impractical for the long term.

In addition to the substantial variability of these histologic end-
points, there is a lack of guidelines on the biopsy-reading process.
Thisleads to thelack of standardization across clinical trials on several
issues such as the number of readers, consensus between readers (on
everyvariable or only the gestalt reading for NASH resolution or fibrosis
improvement), number of slides to be read, digital versus glass slide
reads and the possibility of re-reading baseline slides. Further refine-
ment with regulatory authorities is warranted and urgently needed.

Limitations ofimaging endpoints

Hepatic steatosis can be assessed and quantified by several imaging
modalities. Controlled attenuation parameter (CAP) via FibroScan
(Echosens) provides rapid point-of-care estimation of steatosis, with
avalue of 2302 dB m™ corresponding to having 5% or more steatosis
onaliver biopsy**. Magnetic resonance imaging (MRI)-derived proton
density fat fraction (MRI-PDFF) has emerged as one of the most accurate
methods to quantify liver steatosis at baseline for clinical trials®, with
most studies requiring a proton density fat fraction value of >8-10%
for inclusion in the trial. In that context, MRI-PDFF has become one
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of the main primary endpoints for phase 2a studies, especially with
drugs that target metabolic pathways. A reduction of >30% of fat frac-
tionin MRI-PDFF has been used as an efficacy endpoint, together with
theaverage relative and absolute change in liver fat content*®. MRI fat
reductions of >50% or >70% and even complete resolution of liver fat
content (in ‘super responders’) have been introduced as other meas-
urements to assess efficacy of highly potent drugs®®. Nevertheless,
although the change in fat in MRI-PDFF correlates with histological
improvement in steatohepatitis®, evenalarge relative decrease of 70%
predicts NASH resolution in only less than 50% of cases®®. Thus, the
formulafor conversion to a meaningful histological NASH resolution
is unknown; as such, power calculation might be challenging in the
design of future phase 3 trials.

Carefully generated and assessed dataon NITs other than MRI-PDFF
are needed. Additional NITs, including blood-based ALT or enhanced
liver fibrosis (ELF) tests, and ultrasound-based vibration-controlled
transient elastography (VCTE; using the FibroScan device), along
with MRI-PDFF will aid in interpreting changes in phase 2 studies and
the design of future phase 3 studies that use histology as a primary
endpoint. In fact, a recent study demonstrated that a combination of
MRI-PDFF and ALT response predicted higher likelihood of histologic
improvement than either MRI-PDFF or ALT response alone®. Neverthe-
less, the area under the curve (ameasure of diagnostic accuracy) for the
combination of ALT and MRI-PDFF in predicting histological response
was low, signaling that further studies are needed to investigate which
combination of NITs will better assess histological response.

Trial duration

Another issue with study design is determining the appropriate trial
duration, which involves many considerations: mechanism of drug
action, magnitude of effect in phase 2 trials and severity of disease (F2-
F3versus cirrhosis). Failureto correctly interpret all these factors can
lead to studies with durations that could be too short to demonstrate
efficacy®®®". This might be especially problematic in NASH cirrhosis
trials, inwhich the histological endpoint of fibrosis regression by one
stage without worsening of NASH may be more challenging to achieve
in 48-72 weeks (the standard duration for phase 2b trials). Although
regression of cirrhosis is associated with a reduction in liver-related
eventsasearly as 24 months, as seenin the simtuzumab and STELLAR-4
clinical trials®*, longer-duration studies with adequate sample size to
achieve thisendpointare costly. Soon, the use of complementary NITs,
such as liver-stiffness measurement (LSM) by magnetic resonance
elastography (MRE), alone or in combination with other NITs, may be
used, as measurement on a continuous scale (rather than categorical
fibrosis stages by histology) may provide an opportunity for earlier
detection of drug response.

Impact of comorbidities

In addition to liver efficacy endpoints, multiple factors should be
assessed carefully when evaluating a new drug in development for
treatment of NASH. Cardiovascular disease is the major cause of death
in patients with non-cirrhotic NASH®***, Analysis from the National
Healthand Nutrition Examination Survey datafrom 1988 t01994 dem-
onstrated that cardiovascular risk factors such as blood pressure and
glycemic control were strongly associated with cardiovascular and
overall mortality in patients with NAFLD®. Other studies have shown
that mortality in patients with NAFLD is mainly driven by cardiovascu-
lar risk factors and that an increased number of metabolic syndrome
components was associated with lower survival®®®’,

Theimpact ofaNASH drug on cardiovascular risk factors such as
dyslipidemia, insulin resistance and obesity is therefore highly impor-
tantwhen determining the net benefit of that drug. Infact, certainnew
drugs for NASH that are associated with weight loss and a positive effect
ondyslipidemiaandinsulin sensitivity may improve long-term clinical
outcomes beyond their hepatic benefits by providing cardioprotective

benefits. Onthe other hand, drugs thatinduce weight gain or worsening
indyslipidemia as adverse events will need to demonstrate significant
improvement in liver efficacy endpoints to justify their use in this
susceptible patient population. These drugs will also require careful
monitoring for cardiovascular outcomes and the potential need to
use additional drugs to mitigate negative adverse events (for example,
adding a statin drug to mitigate increases in low-density lipoprotein
cholesterol).

The presence of baseline comorbidities in clinical trials may also
affect the therapeutic response ratein clinical trials, as some drugs may
bemore orless efficaciousin a certain NAFLD-NASH phenotype than
inanother one. The best exampleis the influence of type 2 diabetesin
NASH trials; several drugs (initially developed for type 2 diabetes) have
demonstrated stronger effectsin patients with type 2 diabetes versus
non-diabetic patients?>*"“%, Similarly, in the FLINT trial, the baseline
triglyceride level was predictive of histological response®. Additional
efforts should be considered to collect exhaustive information on those
comorbidities and associated treatments as well as lifestyle during the
conductofthetrials. This should be eased by the rapid growth of digital
health and internet-connected monitoring devices. Stratification on
these major confounding factors might be essential to improve the
reliability of clinical trials.

Drawbacks of the placebo response

In NASH clinical trials, an unexpectedly high and variable placebo
response has beena chronic and vexing problem. The placebo response
has varied over the years throughout changes in the selection of primary
endpoints and the targeted population. One of the first failures was
the GOLDEN-505 trial, which did not meet its primary endpoint due
toan unexpected placebo response of more than 57% (ref.”°). Post hoc
analyses demonstrated that focusing on more advanced disease (NAS
of 4 or higher, rather than the predefined eligibility criterion of a NAS
of 3 or higher) would have reduced the placebo response and resulted
in the primary endpoint being met’. A meta-analysis derived froma
NASH study of 956 patients found that 25% of patients given placebo
had an improvement in NAS by 2 or more points and 21% of patients
had an improvement in fibrosis score™”". Univariate and multivariate
meta-regression showed that trials enrolling patients with a higher
baseline NAS, trials conducted in South America and trials in which
patients had adecrease in body mass index were associated with greater
improvementsin NAS among patients given placebo. Nevertheless, with
the shift in endpoints from a two-point improvement in NAS to NASH
resolution without fibrosis improvement or fibrosis improvement
withoutworsening of NASH, there was alower placebo responseinthe
STELLAR-3-4 and REGENERATE trials (-10-16% for fibrosis improve-
ment and 4-9% for NASH resolution), both of which included large
numbers of patients®®7’2,

Newer trials have found that the placebo response rate canstill be
high;indeed, it reached 33% for fibrosisimprovement without worsen-
ing of NASH and 17% for NASH resolution without fibrosis worseningin
the phase 2 trial of semaglutide in patients with NASH”. Importantly,
when both endpoints were combined (fibrosis improvement without
worsening of NASH and NASH resolution without fibrosis worsening),
the placebo improvement rate seemed to decrease significantly. A
recent meta-analysis including 43 randomized controlled trials and
2,649 placebo-treated patients showed a pooled rate of 11.65% (95%
confidenceinterval, 7.98-16.71) for NASH resolution without worsen-
ing of fibrosis and 18.82% (95% confidence interval, 15.65-22.47) for
at least one-stage reduction in fibrosis'®. These placebo changes are
mainly studied in the F2-F3 population, whereas they are less known
in patients with NASH and cirrhosis.

Multiple strategies have been proposed or applied to mitigate the
placebo effect. Among these are weight stabilization for 3-6 months
beforeliver biopsy is performed, verification of the amount of alcohol
intake via the AUDIT questionnaire or with blood tests, histologic
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assessment by Al methods and randomization based on comorbidi-
ties and their severity (for example, type 2 diabetes)”. Alcohol con-
sumption, even at low or moderate levels, has been raised as one of
the major confounding factors to the placebo effect, and develop-
ment of blood biomarkers to assess alcohol consumption (such as
phosphatidylethanol”) has been suggested, but appropriate cutoffs
remain debated. Another proposed strategy includes a study lead-in
phase, inwhich patients can be followed for a time to assess their diet
and weight changes and standardize their lifestyle changes™. These
proposed approaches, however, could lead to further delays in the
screening period or confounding from strict monitoring of dietary
recommendations that result in substantial weight loss.

One of the promising approaches to mitigate the placebo effect
is the application of Al and machine learning to read liver histology®".
Forinstance, inarecent study from the ATLAS trial that examined the
combination of cilofexor and firsocostat in patients with NASH, the
authors developed amachine learning-based score to quantify changes
in fibrosis between baseline and the end of treatment®. By using this
score, they showed a statistically significant change in fibrosisimprove-
mentwiththe drug combinationin comparisonto the placebo armafter
48weeks of therapy, whereas the conventional pathology reading failed
to show this difference®’. Notably, this difference seems to be mostly
driven by lower-magnitude changes in fibrosis between baseline and
the end of therapy in the placebo arm®.

Finally, given the heterogeneity of liver biopsies and lower inter-
intra-observer reading, it is thought that using NITs may reduce the
placebo effect, as an initial report found smaller placebo changes
with NITs than with histologic grading", but more data are needed to
confirm this observation.

Strategies to advance drug development
Innovations in clinical trial design and endpoints

Proper design of clinical trials is one of the fundamental requirements
in proving that adrug is efficacious and achieving its approval via the
acceptable regulatory pathways’.

Adaptive study design, allowing modifications of the study after
itsinitiation without affecting validity and integrity, has gained interest
among sponsors due to the potential to improve trial efficiency (for
example, smaller sample size required for achieving the same level of
statistical power) and their attractiveness for patients (for example,
closure of ineffective arm(s) and replacement by more promising
arm(s)). However, there are also some important considerations and
challenges associated with adaptive design. For example, outcomes
used in the interim analysis should allow for detection of differences
betweentreatmentarmsinarelatively short timeframe and before all
patients are enrolled, to enable modifications to the trial design, and
the interim endpoint must be highly predictive of the final primary
endpoint. Moreover, the rate of enrollment must be compatible with
that of the interim analysis.

In2008, the FDA issued guidance requiring additional long-term
safety trials for antidiabetic drugs (type 2 diabetes) to collect cardiovas-
cular outcomes. Thiswaslargely due to the recognition of the growing
impact of these outcomes in this population’ as well as increasing
concernsabout potentially higher cardiovascular risks associated with
certainantidiabetic drugs (for example, rosiglitazone)”’. Considering
theimportant entanglement of NAFLD-NASH and type 2 diabetes and
the increased recognition of cardiovascular outcomes as a growing
burdeninthe NAFLD-NASH population, theinclusion of major adverse
cardiovascular events in trials is an important factor to consider in
NASH drug development. The experience gained from a decade of
cardiovascular outcomesintype 2 diabetes drug trials should be con-
sidered and applied to NASH drug development.

Given the multifaceted mechanisms of NASH, adaptive design
trials may benefit sponsors by allowing for better selection of atarget
population; for example, interim analyses could demonstrate better

treatment response rates in asubset of patients defined by comorbidi-
ties, lifestyle and/or genetics. This would ultimately lead to restriction
of the drug label but would increase the likelihood of drug approval
based on a specific mechanism of action (MOA), opening the market
to combination therapy strategies.

The emergence of NITs as tools to correlate with liver histology
and, eventually, as outcomes to assess disease severity and longitudinal
changes non-invasivelyisanimportantadvance inthe NASH trial land-
scape’®. These biomarkers evaluate for different features of the disease
that correspond to histologic findings, namely, liver steatosis, disease
activity (ballooning and inflammation) and the stage of fibrosis”.

Several NITs are available to quantify liver fibrosis such as MRE and
VCTE, which estimate stiffness by inducing a shear wave through the
liver tissue***%!, Serologic biomarkers of extracellular matrix turno-
ver have been developed and validated to determine fibrosis severity,
such as the ELF score (a proprietary algorithm that uses three serum
biomarkers: hyaluronic acid, procollagen Il amino-terminal peptide
(PIIINP) and tissue inhibitor of metalloproteinase 1 (TIMP-1)) (https://
www.siemens-healthineers.com/en-us/press-room/press-releases/
elftest.html).

The non-invasive diagnosis of NASH remains limited by lower
accuracy of biomarkers. Several serologic biomarkers are available,
such as serum ALT, cleaved cytokeratin 18 fragments®** and NIS4
(a proprietary blood-based biomarker panel that uses four biomark-
ers: miR-34a-5p, a,-macroglobulin, YKL-40 and glycated hemo-
globin)®. Multiparametric MRI to estimate iron-corrected T1 (cT1)
values can quantify extracellular water content, which rises with liver
inflammation and fibrosis®. A study that included 264 patients with
biopsy-proven NAFLD showed that cT1 correlated with all features of
the NAS including ballooning and inflammation®. A combination of
imaging parameters obtained from MRIand MRE can diagnose NASH
and regression after weight loss®***°, An algorithm combining auto-
mated measurements of MRI-PDFF and liver stiffness by MRE detected
NASH with an area under the receiver operating characteristic curve
of 0.87 inasmall study®.

Recently, the combination of serologic and imaging biomarkers in
one score was proposed as a strategy to enhance the accuracy of pre-
dicting patients with fibrotic NASH. As an example, the FibroScan and
aspartate transaminase (FAST) score combines VCTE as abiomarker for
fibrosis, CAP as abiomarker for steatosis and aspartate transaminase
(AST) as a biomarker of activity into one score that ranges from O to
1.00, with values over 0.67 having high positive predictive value for
fibroticNASH®. Similarly, the MRIand AST (MAST) score was developed
using MRI-PDFF to quantify liver fat, MRE for fibrosis and AST for activ-
ity to identify fibrotic NASH with good accuracy®. The MEFIB index,
which combines MRE with FIB-4 (fibrosis 4 score, which includes age,
AST, ALT and platelets), also demonstrated good diagnosticaccuracy
toidentify patients with fibrotic NASH”.

Several NITs that are used to identify patients with fibrotic NASH
have been employed to decrease the screen-failure rate in clinical
trials at the liver biopsy stage®*. These NITs can be used at two levels:
the study level (as part of the protocol developed by sponsors) or
at the clinical site level (in prescreening strategies). In the phase 2b
FASCINATE-2 trial of denifanstat in patients with NASH, after amending
the protocol to add AST >20 U I and FibroScan CAP >280 dB m™ as
eligibility criteria, the overall screen-failure rate decreased from 96%
to 80% (ref. **). The screening and baseline data of FASCINATE-2 trial
participants also showed moderate-to-good correlations between
simple NITs (including AST, FAST, FIB-4) and fibrosis quantification
by Al-based technology (Histolndex)®. The correlation between liver
fat content assessed by MRI-PDFF and steatosis quantification by
Al-based technology was also excellent in this study®. In the phase 2b
SYNERGY trial of tirzepatide for NASH, after a protocol amendment
adding FAST > 0.35and AST > 23 U I as eligibility criteria, the propor-
tion of patients failing at the biopsy stage decreased from 72% to 66%
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Table 1| Correlation between NITs and major adverse liver
outcomes

NIT Description/formula Correlation with MALOs

FIB-4 Baseline FIB-4 and change in FIB-4
independently associated with

occurrence of MALOs

Score based on age and
simple blood tests (AST, ALT
and platelets)

NFS Score based on age, body Baseline NFS and change in NFS
mass index, diabetes status independently associated with
and simple blood tests (AST, occurrence of MALOs
ALT, platelets and albumin)

ELF Score based on circulating Cutoff of <9.8: rule out short-term
markers of hepatic matrix occurrence of MALOs (negative
turnover consisting of predictive value=90%)
hyaluronic acid, TIMP-1and Cutoff of >11.3: fivefold increase in
propeptide of type lll collagen  the risk of developing a MALO

LSM FibroScan: measures the Baseline LSM and change in LSM
velocity of an elastic shear independently associated with
wave propagating through occurrence of MALOs
the liver

MRE Imaging technique using a Cutoff of 26.48kPa independently

associated with occurrence of
MALOs

modified phase contrast pulse
sequence to visualize rapidly
propagating mechanical shear
waves

MALOSs, major adverse liver outcomes.

among patients who underwenta‘per protocol’ biopsy®. The addition
ofthese eligibility criteria had a stronger effect on clinical sites where
the specialty of the principal investigator was neither gastroenterol-
ogy nor endocrinology, with a screen-failure-rate decrease from 80%
to 62% at the ‘per protocol’ liver biopsy stage®.

The published FAST thresholds of <0.35 for ruling out the diagno-
sis of NASH and >0.67 for ruling in the diagnosis are not adapted for
clinical trials. Indeed, the use of the rule-out threshold did not substan-
tially decrease the screen-failure rate at biopsy in the SYNERGY trial,
and, although the use of the rule-in threshold would efficiently reduce
the screen-failure rate at biopsy, it would also reduce the screening
volume and a substantial proportion of potentially eligible patients
would be missed. A FAST threshold of 0.50 has been proposed as a
prescreening or screening criteria in the setting of NASH drug devel-
opment'®, Research to define the best NIT thresholds for clinical trial
purposes are underway and will facilitate an optimal balance between
screening volume and screen-failure rate’®.

It is of utmost importance to note that several of the above-
mentioned biomarkers suchasELF, VCTE, MRE and cT1 have their own
prognostic valuein predictingliver-related outcomes; therefore, they
should not be thought of solely as surrogates for predicting NAFLD his-
tologicseverity butalso as direct surrogates for clinical outcomes® '
Use of NITs for establishing primary endpoints in NASH trials has been
supported recently by correlation of such scores with long-term out-
comes. Forinstance, score changes on MRE, FIB-4, NFS (NAFLD fibrosis
score), ELF and liver stiffness on VCTE have all correlated with worse
clinicalliver-related outcomes®®, '°°%*(Table 1). While further dataare
needed to firmly establish the results of NIT scores with histological
changes and proofthatimprovementin NIT scores leads to improved
disease clinical outcomes, itis plausible that disease experts and regu-
lators can soon reach consensus and endorse these NITs (likely in
combination) as alternatives to the histological endpoints currently
used in phase 3 trials.

On the way to personalized medicine

In addition to the challenges related to participants and clinical trial
design described above, several additional challenges directly relate
tothe therapeutic agents. Most investigational agents have been devel-
oped to target aspecific mechanismin the pathogenesis of NASH, from
energy intake and disposal to liver metabolism and the response to

lipotoxicliver injury resulting in inflammation and fibrosis'™ (Fig. 3). It
is becomingincreasingly evident that the principal driving mechanism
inNASH pathogenesis may not be replicableinallindividuals, and the
hepatic dysfunctional stress response to substrate overload varies with
sex, race, ethnicity, comorbidities, genetic background, epigenetics
and other characteristics yet to be elucidated.

Although several agents have pleiotropic effects, the suboptimal
efficacy demonstrated inmost clinical trials thus far suggeststhata‘one
sizefitsall’approachisunlikely tolead to agroundbreaking treatment
for NASH. Therefore, there is a great need to understand more about
individualized treatment using agents with the right MOA for the right
patient. One approach is development of predictive biomarkers of
response toaspecific MOA as investigational agents are tested. Current
examplesinclude the genetic polymorphisms associated with response
to pioglitazone'** and obeticholic acid'®, but the field is ripe for explo-
ration. The application of unsupervised machine learning methods to
large, heterogeneous cohorts exposed to investigational agents with
various MOA represents an untapped opportunity inthe development
of the precision medicine drug-discovery pipeline'°’. New therapeutic
assets can be screened with single-cell omics to evaluate the on- and
off-target effects, theimmunophenotype of different cell populations
and the potential toxicology'”. Another exciting opportunity is the
utilization of patient-derived induced pluripotent stem cells to form
organoids to test a personalized response to a specific drug'®®.

There is an emerging role for genetics in particular, as
single-nucleotide polymorphisms in PNPLA3, GCKR, TM6SF2 and
HSD17B13have allbeen associated with NASH development or progres-
sion'”’, The expression of pathogenic gene variants can be modulated
using antisense oligonucleotides or double-stranded shortinterfering
RNA™ (Table 2). These strategies may be used for therapeutic inter-
vention in patients with NASH to restore lipid droplets, secretion of
hepatic very-low-density lipoprotein (VLDL) and de novo lipogenesis.
The underlying mechanisms connecting the common patatin-like
phospholipase domain-containing 3 (PNPLA3)"**Mvariant with NAFLD
are the best-studied to date. PNPLA3"*8™ has been associated with
liver steatosis, steatohepatitis, increased liver enzyme levels, hepatic
fibrosis and cirrhosis''™", The PNPLA3"* protein is a trans-repres-
sor of hepatocyte lipid droplet lipase activity, which can lead to lipid
buildup in hepatocytes. PNPLA3"™ has also been found to diminish
retinol production via hepatic stellate cells (retinol isinvolved in lipid
metabolism, and steatosis and has been found to be lower in patients
with NAFLD). Thus, targeting this genetic pathway might mitigate
hepatic steatosis, steatohepatitis and fibrosis. Interestingly, lifestyle
adjustment and bariatric surgery have been more effective inimprov-
ing hepatic steatosis in PNPLA3"™®" carriers than in noncarriers"*'",
By contrast, omega-3 fatty acid may be less efficacious in decreasing
liver fatlevelsin PNPLA3™® carriers thaninnoncarriers™"'¢, Although
itis plausible that patients with NASH and PNPLA3"™® |ose more liver
fat than noncarriers after an effective therapy, they are also likely to
begin from a worse condition at baseline. Therefore, risk stratifica-
tion based on PNPLA3"™® status may lead to a balanced approach to
ensure that the number of patients with or without this mutation in
treatment arms does not confound interpretation of results. This is
particularly important in light of recent studies showing an associa-
tion between PNPLA3" and liver-related and all-cause mortality in
alarge US population®.

The recently discovered hydroxysteroid 173 dehydrogenase 13
(HSD17B13) variant (rs6834314 and rs72613567:TA) has been recognized
asaliver lipid droplet-associated protein with retinol dehydrogenase
activity. This variant has been shown to protect against NAFLD via
loss of this enzymatic activity"®""’, Although the underlying mecha-
nism of HSD17B13 protection is not well understood, evidence points
toward the effect of the hydroxysteroid 173 dehydrogenase family
on steroid and fatty acid metabolism"®, The rs72613567:TA loss-of-
function variant of HSD17B13 has been found to be associated with
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Fig.3| Targeted pathways for the treatment of NASH. NASH pathogenesis
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sterol regulatory element-binding protein 1; TGF-f, transforming growth factor
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Table 2| Drugs in clinical development stage, using genetic
approaches

Drug name MOA Registered clinical
trials
AZD2693 PNPLAS3 antisense oligonucleotide NCT04483947
 liver steatosis
¥ inflammation
{ fibrosis
LY3849891 Ribonucleic acid interference (RNAi) NCT05395481
targeting angiopoietin-like protein 3
(ANGPTL3)
ARO-HSD RNAi targeting HSD17B13 NCT04202354
{ hepatic HSD17B13 mRNA
d protein levels of hepatic HSD17B13
ALN-HSD RNAi targeting HSD17B13 NCT04565717
ION224 Ligand-conjugated (LICA) NCT03334214
antisense oligonucleotide targeting ~ NCT04932512

diacylglycerol acyltransferase 2
(DGAT2)

v DGAT2 mRNA

Y liver steatosis

V lipid levels

Jinsulin resistance

areduced risk of NASH in human livers and decreased liver injury in
those predisposed to liver steatosis by PNPLA3"*™ and was also asso-
ciated with lower PNPLA3 messenger RNA (MRNA) expression®.This
observation calls for personalized medicine, where people with func-
tional variants of HSD17B13 and carriers of PNPLA3" could benefit
most from therapeutic intervention targeting the activity or expres-
sion of HSD17B13 (ref. ). Furthermore, studies evaluating therapies
that target HSD17B13 should stratify treatment arms according to the
presence or absence of the PNPLA3"*Mvariant.

Other genetic variantsin genes such as TM6SF2 (ref.'*°) (involved
in the pathway for hepatic VLDL secretion), GCKR™ (encoding a glu-
cokinase involved in hepatic de novo lipogenesis) and MBOAT (ref.'??)
(the product of which plays arolein remodeling endomembrane phos-
pholipid acyl chains) are being investigated as potential therapeutic
targetsin NASH. However, itis unlikely that all of them will prove to be
anattractive therapeutic choice. For instance, approaches to decrease
transmembrane 6 superfamily member 2 (TM6SF2) activity in patients
with NASH may increase hepatic VLDL secretion while diminishing
triglyceride levels in the liver'?, This outcome may increase the risk
of undesirable cardiovascular events, which might make TM6SF2¢7€
aless attractive therapeutic target in NASH, especially as the odds
ratios of the association between TM6SF25¢ and NASH are modest'>’.

Combination therapy approaches

The NASH therapeutic landscape includes agents that target one or
more of the main pathogenic pathways, including those regulating
energy imbalance (to limit the influx of excess nutrients), pathways
regulating the fate of excess metabolic substratesintheliver orinflam-
matory and fibrotic components of the wound-repair response'*. Given
the complex NASH pathophysiology, it is conceivable that any single
therapeutic agent will lack adequate potency to effectively reverse
the disease. The rationale behind combination therapies is based on
improved efficacy by means of complementary or synergistic MOA
and improved tolerability by allowing for lower doses of individual
compounds. Finding the right combination among the endless possible
permutations of drugs remains a key challenge. The most appealing
combinations involve drugs from different classes targeting multiple
stepsin NASH pathogenesis, such as energy balance, liver metabolism,
hepatocyte stress and fibrogenesis. Given the pleiotropic effects of
farnesoid X receptor (FXR) agonists, they have been used in most trials
thus farin combination with the 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA) reductase inhibitor atorvastatin'*® (CONTROL trial:
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mitigation of low-density lipoprotein cholesterol increase induced
by obeticholic acid through the addition of atorvastatin), apoptosis
signal-regulating kinase 1 (ASK-1) inhibitor plus acetyl-CoA carboxylase
(ACC) inhibitor'* (primary endpoint not met), C-C motif chemokine
receptor (CCR)2-CCRSinhibitor cenicriviroc (TANDEM NCT03517540:
primary endpoint not met), solute carrier family 5 member (SGLT)1-
SGLT2 inhibitor licogliflozin (ELIVATE NCT04065841, ongoing),
leukotriene A4 (LTA4) hydrolase inhibitor (NEXSCOT NCT04147195:
terminated early by sponsor) and diacylglycerol O-acyltransferase 2
(DGAT2) inhibitor plus ACC inhibitor” (potential to address limita-
tions of ACC inhibition alone such as triglycerideincrease). Inthe larg-
est completed trial to date (the ATLAS study), cilofexor combination
therapy did not meet the primary endpoint of fibrosis improvement
by one stage or more with no worsening of NASH in participants with
F3 or F4 at week 48 (ref.'*®).

Future combination therapies should include drugs with proven
benefit in terms of metabolic drivers and comorbidities in addition
to liver-directed therapy. Examples include weight-loss medications
such as glucagon-like peptide 1(GLP1) receptor agonists'** and SGLT2
inhibitors with additional benefits in management of diabetes and
cardiovascular disease prevention. The potential benefit of combina-
tion therapy must be carefully weighed with the challenges that come
with the enrollment of a larger sample size for multiple arms and the
potential for more types of side effects.

Currently, the optimal length of treatment for NASH remains
unclear. Phase 3-4 trials plan for 5-8 years of longitudinal follow-up
to assess whether the histologic response leads to improvement
in clinical endpoints. Nevertheless, in a slowly progressive disease
such as NASH, in which progression to cirrhosis or complications
can span over decades", this timeframe may be trivial for a large
proportion of individuals'®. Akin to diabetes mellitus, it is conceiv-
able that lifelong treatment might be necessary, unless the therapy
is supplemented by sustained weight loss. Alternatively, a model of
‘induction’ therapy with a potent combination of drugs with comple-
mentary MOA, followed by de-escalation to ‘maintenance’ therapy
using drugs that target underlying metabolic abnormalities to pre-
vent disease recurrence, could be considered™®, similar to the auto-
immune hepatitis-treatment paradigm.

Itisalsoimportant for sponsors to consider developing compan-
ion diagnostics (non-invasive biomarker tests to predict response
to therapy) for their respective drugs, in parallel to the regular
drug-development process. Indeed, this is an essential tool to allow
personalized medicine by targeting patients who are more likely to
benefit from a specific therapy.

Regardless of the model, the cost of a lifelong NASH treatment
could add a substantial health care burden, hopefully balanced by a
decrease in costs associated with management of complications of
end-stage liver disease. Cost-effectiveness will be enhanced by apply-
ing individualized therapies based on predictors of response for the
optimal length of time, guided by high-performing non-invasive bio-
markers of disease severity and response to treatment.

Conclusion

The major challenge in NASH drug development is the substantial vari-
ability inthe assessment of the two primary histology endpoints used
for conditional drug approval. Despite several attempts to improve
the interpretation of liver histology, including Al or multiple-reader
consensus, the mitigating actions will never be sufficient to overcome
the limitations of these endpoints. The highest priority in the NASH
field is the further development of NITs. All stakeholders should col-
lectively work onrefining the existing NITs and demonstrating that one,
or acombination of them, strongly correlate with major adverse liver
outcomes and treatment response. The ultimate goal is toimprove the
reliability of endpoints in NASH trials and to enable treatment decision
making and follow-up in clinical practice.
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