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1 | INTRODUCTION

Severe drug-induced liver injury (DILI) is a challenging issue for
health care providers, regulators, and pharmaceutical companies. In
severe cases patients may require a liver transplant or experience
death. Hepatotoxic agents can be broadly classified into two cate-
gories: intrinsic hepatotoxicants (those that cause liver injury pre-
dictably in humans and animals when given in sufficiently high
doses) and idiosyncratic hepatotoxicants (those that cause liver
injury in “susceptible” individual humans, are more varied in their
clinical presentation, and generally do not cause hepatotoxicity in
animals).! Hepatotoxic agents in the former category are detected
in standardized nonclinical safety assessment studies and generally
removed from further drug development. However, due to the
low incidence of idiosyncratic hepatotoxicity, potential pharmaceu-
tical agents in the latter category are more difficult to detect in
standardized nonclinical/clinical studies and may not become evi-
dent until well after marketing approval is granted. There is a third
category in practice where drug candidates cause a relatively high
incidence of transaminase elevations in early clinical trials that
were not detected in nonclinical safety assessment studies. Trying
to mitigate these risks are the subject of many initiatives within
the pharmaceutical industry®* that can vary in their approach.>®
Integrating these approaches into decisions regarding medicinal
design and compound selection is important since standard animal
models only predict about 55%”° of human transaminase eleva-
tions.PF-04895162 (ICA-105665, discovered by lIcagen, Inc., Dur-
ham, NC), is a novel small molecule that showed signs of efficacy
for the treatment of epilepsy? by opening neuronal Kv7.2/7.3 and
Kv7.3/7.5 potassium channels.!? In nonclinical studies, only a single
7-day exploratory toxicity study in rats showed a dose-dependent
alanine aminotransferase (ALT) elevation that was not accompanied
by any histological correlate. This finding was not confirmed in a
repeat 7 day study at a higher dose in rats or in longer term
safety assessment studies in rats and cynomolgus monkeys of 6
and 9 months in duration, respectively. Therefore, this drug candi-
date advanced into clinical studies in healthy subjects and patients
with epilepsy. No evidence of liver injury in healthy subjects was
observed in single dose studies up to 600 mg'! or multiple doses
up to 200 mg twice daily (BID) for 7 days.’®* Mild/moderate
transaminase elevations were noted in one of 12 subjects each at
250 mg BID and 300 mg BID PF-04895162 for 7-days (Pfizer data
on file). However, in a 14-day multiple dose study in healthy sub-
jects, transaminase elevations as high as 5x the ULN were noted
in six of eight subjects who received 300 mg BID PF-04895162.
This high incidence rate in a small subset of subjects led to the

discontinuation of this drug candidate from further clinical devel-
opment.

To investigate mechanistic factors possibly contributing to the
observed liver injury, a broad suite of assays were conducted where
inhibition of both mitochondrial function and BSEP transporter activity
were highlighted as possible mechanisms. To establish a clinical corre-
lation to these postulated mechanistic liabilities, that are known inde-
pendent or combined drivers of liver injury, a few treated subjects
from the 14-day clinical study consented to additional biomarker
examination using residual pharmacokinetic samples. Elevations in
miRNA122 levels coincided with ALT elevations, confirming liver ori-
gin of ALT. Total and individual tauro- and glyco-conjugated bile acids,
which are purportedly preferential substrates for BSEP transport, were
elevated in plasma from affected, but not unaffected subjects, sug-
gesting some specific effect of PF-04895162 on hepatobiliary elimina-
tion of bile acids concurrently or in advance of liver injury. Although
more clinical drug examples are needed to confirm these observations
as evidence of interruption of hepatobiliary transport of bile acids,
resulting in liver transaminase elevation, the present investigation pro-
vided a blueprint for showing correlations between in vitro mechanis-
tic assays with clinical findings and the need to examine total and
individual bile acids species as a means to provide relevant supporting

biomarker data of a mechanistically linked clinical outcome.

2 | MATERIALS AND METHODS

2.1 | Materials

PF-04895162 (N-(2-cyclopropyl-7-fluoro-4-oxoquinazolin-3(4H)-yl)-2-
(4-fluorophenyl)ethanamide) (MW = 355.344) was prepared under

current good manufacturing practice for nonclinical and clinical use.

2.2 | Bioethical statements for conduct of
nonclinical studies

These studies were conducted in accordance with the United States
Food and Drug Administration Good Laboratory Practice Regula-
tions, 21 Code of Federal Regulations Part 28. All animals received
humane care according to the criteria outlined in the “Guide for the
Care and Use of Laboratory Animals” prepared by the National
Academy of Sciences and published by the National Institutes of
Health (NIH publication 86-23 revised 1985).

2.3 | Clinical study design and clinical trial objectives

A randomized, double-blind, third-party open (i.e., subject and Inves-
tigator blind, and Sponsor open), placebo-controlled study was
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conducted in healthy subjects to investigate the safety, tolerability,
and pharmacokinetics of single and multiple oral doses of PF-
04895162 and to characterize the effect of food on the pharmacoki-
netics of a single oral dose of PF-04895162. The study was con-
ducted in accordance with the International Conference on
Harmonization guideline for Good Clinical Practice and the principles
of the Declaration of Helsinki and was approved by the local inde-
pendent ethics committee. All subjects gave written informed con-
sent prior to participation in the study. The study was planned as a
parallel group, dose escalation study in four cohorts of 10 subjects
each, however, the study was terminated prematurely and only
Cohort 1 was conducted. After an initial screening visit to confirm
eligibility, subjects in Cohort 1 (Figure 1) received single oral doses
of 300 mg PF-04895162 in Period 1 (under fasting conditions) and
Period 2 (under fed conditions), and then 300 mg BID PF-04895162
or placebo for 14 days (under fasting conditions) in Period 3 (the
final dose was administered on the morning of Day 14). In Period 2,
subjects were given a high-fat breakfast 25 minutes prior to dosing
which had to be consumed within 20 minutes. In all periods, subjects
were fasted for at least 8 hours prior to morning dosing (except for
breakfast in Period 2), and received lunch and dinner approximately
4 and 9-10 hours after the morning dose, respectively. In Period 3,
subjects were randomized so that eight subjects received PF-

PHARMACOLOGICAL’
SOCIETY

04895162 and two subjects received placebo. The single doses in
Periods 1 and 2, and the first dose in Period 3 were each separated
by 3 days. A follow-up visit was conducted 7-14 days after the final
dose. The ClinicalTrials.gov identifier was NCT01691274.

2.4 | Subjects

Subjects were healthy males and/or females of nonchildbearing
potential, aged 18 to 55 years inclusive with body mass index of
17.5 to 30.5 kg/m? and total body weight of >50 kg. Healthy was
defined as no clinically relevant abnormalities identified by a detailed
medical history, full physical examination, including blood pressure
and pulse rate measurement, 12 lead electrocardiograms (ECGs) or
clinical laboratory tests. Subjects with evidence or history of clini-
cally significant disease (including drug allergies, but excluding
untreated, asymptomatic, seasonal allergies at the time of dosing)
and pregnant or nursing females were excluded from this study. Sub-
jects with a history of seizures or conditions with a risk of seizures
were also excluded. Other exclusion criteria were generally standard
for healthy subject studies and included conditions affecting drug
absorption, evidence of drug and/or alcohol abuse, and restrictions
on the use of prescription, nonprescription, and over-the-counter
medications and herbal remedies.

Randomized (n = 10)

Allocation

Allocated to treatment sequence (n = 10)

Received allocated intervention:

Period
Treatment 1 2 3 Total
Placebo 2 2
PF-04895162 10 10
300 mg (single dose fasted)
PF-04895162 10 10
300 mg (single dose fed)
PF-04895162 8 8
300 mg (BID)

Follow-Up

Completed the study (n = 9)

Discontinued:
e Duetoan adverse event (n = 1)

iy

FIGURE 1 Disposition of subjects

Analysed for PK (n = 10)
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2.5 | Clinical assessments

Safety was assessed throughout the study by monitoring adverse
events, vital signs (blood pressure, pulse rate, and body temperature),
12-lead ECGs, and physical examinations. Blood samples for safety
laboratory assessments were collected prior to and 24 hours after
the first single dose of PF-04895162 (Day 1 and 2 of Period 1), and
in Period 3 on Days 7, 14, and 21 (additional samples were also col-
lected in response to emerging safety data). The Columbia suicide
severity rating scale (C-SSRS) was also conducted at screening or
baseline and at the follow-up visit. Blood samples for pharmacoki-
netic profiles of PF-04895162 were collected from predose to
72 hours after each single dose (Periods 1 and 2), and up to 12 and
48 hours after morning dosing on Days 7 and 14, respectively, in
Period 3. Additional trough samples were also collected on Days 5,
6, 12, and 13 of Period 3.

2.6 | Statistical analysis used in the clinical study

The sample size of 10 subjects per cohort was chosen based on
practical considerations and was considered sufficient to provide
adequate safety information at each dose level. To assess the effect
of food on the pharmacokinetics of PF-04895162, natural log trans-
formed area under the plasma concentration-time curve (AUC) from
time O to the last measured time point (AUClast), AUC from time O
extrapolated to infinity (AUCinf) and maximum plasma concentration
(Cmax) were analyzed using a mixed effects model with treatment
(fed or fasted) as a fixed effect and subject as a random effect. Esti-
mates of the adjusted mean differences (Fed - Fasted) and corre-
sponding 90% confidence intervals (Cls) were obtained from the
model. The adjusted mean differences and 90% Cls for the differ-
ences were exponentiated to provide estimates of the ratio of
adjusted geometric means (Fed/Fasted) and 90% Cls for the ratios.

No formal hypothesis testing was conducted.

2.7 | Summary methods for in vitro investigative
work

Methodology for the following in vitro assays and biomarker determi-
nations were as follows: THLE/HepG, 72 hour cytotoxicity assays
based on ATP depletion;** mitochondrial functional assessment based
on state 3/4 respiration determination in the presence of glutamate/

1516 or fatty acid oxidation inhibition using palmitate;” BSEP

malate
inhibition in vesicles using tritium labeled taurocholic acid (TCA);'®
human hepatocyte imaging assay determination of cell loss, mitochon-
drial membrane permeability, glutathione content, and production of

? miRNA-122 determination using Quanti-

reactive oxygen species;*
Gene 2.0 miRNA;?° human multidrug resistance protein 3 inhibition/
activation (MDRS3, encoded by ABCB4) was determined at Biotranex
based on biotransformation of dy-choline to dy-phosphatidylcholine in
human hepatocytes;?* and fractionated bile acid determinations were
conducted by LC-MS/MS methodology.?? These various assays have

been published in detail and used by us in previous investigative

works. 2321 Examination of human sodium/taurocholate cotransport-
ing polypeptide (NTCP, encoded by SLC10A1) was determined based
on uptake of tritium labeled TCA in CHO cells and human multidrug
resistance-associated protein 3/4 (MRP3/4, encoded by ABCC3/4)
transporter inhibition in vesicles obtained from HEK293 cells using tri-
tium labeled estradiol 17 p-D-glucuronide and dehydroepiandros-
terone sulfate as substrates, respectively. Both assays were conducted
at Solvo Biotechnology (Hungary) according to their protocols.?®24
Calculations for the Heuman index for hydrophobicity of bile acids in
serum were based on the sums of bile acid hydrophobicity for each
measured bile acid (AUC 0-12 h) where larger values are considered a

more hydrophobic environment than smaller values.?®

3 | RESULTS

3.1 | Nonclinical safety assessment summary

A summary of liver effects along with a detailed synopsis of each
nonclinical study that was used to support the Investigational New
Drug Application filing along with longer term studies can be found
in the supplemental information associated with this article. In brief,
this compound advanced into clinical studies without any
histopathological evidence of liver injury or reproducible transami-
nase elevations in rats and monkeys. The addition of total bile acid
analysis in nonclinical safety assessment studies, although germane
to this investigation retrospectively, is not routine.2 Absorption, dis-
tribution, metabolism, and excretion of parent and metabolites were
examined in albino and pigmented male rats after administration of a
single oral dose (target 15 mg/kg) of *C-labeled parent. Elimination
of radioactivity occurred mostly within the first 24 hours after dos-
ing with approximately 71 and 22% of the administered dose
excreted in feces and urine, respectively. An equivalent human study

was not performed.

3.2 | Healthy subject clinical study summary

Ten subjects were enrolled and received treatment in the clinical
study. All subjects were male, aged 19 to 44 years, eight subjects
were Black and two subjects were White. One subject was with-
drawn due to an adverse event following 300 mg BID PF-04895162.
All other subjects completed the study.

Safety: All subjects reported at least 1 adverse event during the
study (Table 1). None of the adverse events were severe or serious.
One subject (Subject 7) discontinued after 3 days of 300 mg BID
PF-04895162 due to clinically significant laboratory abnormalities
(elevated lipase and amylase) which were investigated in response to
the subject reporting mild abdominal pain. Laboratory tests on Day 3
of Period 3 showed a lipase value of 434 (IU/L) (ULN = 60 IU/L) and
an amylase value of 179 (IU/L) (ULN = 136 IU/L). These values were
considered treatment-related by the Investigator and the subject was
withdrawn from study. The only adverse events reported by more
than one subject in any treatment group were increased transami-

nases (six subjects), increased amylase, increased flatulence, and
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TABLE 1 Summary of adverse events-all causalities (treatment-

related)

PF-04895162 Dose

PHARMACOLOGICAL’
SOCIETY

ALT (lUIL)

300 mg 300 mg
(Single Dose, (Single 300 mg
Placebo Fasted) Dose, Fed) BID
N=2 N =10 N =10 N =
Number of Subjects 2 (0) 1(1) 2 (0) 8 (6)
with AEs
Number of Subjects 0 0 0 0
with severe AEs
Number of Subjects 0 0 0 0
with serious AEs
Number of Subjects 0 0 0 1(1)
discontinued due
to AEs
Number of Subjects
with the most
common® AEs:
Transaminases 0 0 0 6 (6)
increased
Amylase increased 0 0 0 2(2)
Flatulence 0 0 0 2 (1)
Decreased appetite 0 0 2 (0)

AEs, adverse events; MedDRA, Medical Dictionary for Regulatory Activi-
ties; N, Total number of evaluable subjects.

Most common is defined as any AE reported by at least two subjects in
any treatment group. Subjects were counted only once per treatment in
each row. MedDRA (v15.1) coding dictionary applied.

decreased appetite (two subjects each), all of which occurred follow-
ing 300 mg BID PF-04895162.

On Day 14, six of the remaining seven subjects who finished
Period 3 and received 300 mg BID PF-04895162 had elevations in
ALT of which three were classed as Grade 1 (>1.25 to 2.5x ULN),
two were classed as Grade 2 (>2.5 to 5x ULN), and one was classed
as Grade 3 (>5 to 10x ULN)(Table 2, Figure 2). The subject with the
Grade 3 ALT elevation (5.6x ULN; Subject 8) also had a Grade 2
increase in AST (2.7x ULN), a mild elevation of GGT (1.4x ULN start-
ing on Day 14), elevations in amylase (starting on Day 16) with no
elevation of ALK PHOS. Two subjects (Subjects 1 and 2) had a

TABLE 2 Summary of liver function tests abnormalities

Grade
Lab tests Treatment 1 2 3 4
ALT PF-04895162 3 2 1 0
AST PF-04895162 0 1 0 0
TBIL PF-04895162 2 0 0 0

For ALT, AST: Grade 1, >1.25 - 2.5 x ULN; Grade 2, >2.5 - 5 x ULN;
Grade 3, >5 - 10 x ULN; Grade 4, >10 x ULN. For total Bilirubin: Grade
1, >1 - 1.5 x ULN; Grade 2, >1.5 - 2.5 x ULN; Grade 3, >2.5 - 5 x
ULN; Grade 4, >5 x ULN.

ALT, Alanine Aminotransferase; AST, Aspartate Aminotransferase; TBIL,
Total Bilirubin.

Study day Study day
period 1 period 3
150 1
125
100 A
g
2
=1 75 4
7
<
50 ULN
25 | B====ps
0 T T T ]
1 2 Y 14 21 28
Study day Study day
period 1 period 3
1.6 q

Total bilirubin (mg/dL)

ULN

00 . , . .
1 2 1 7 14 21 28
Study day Study day
period 1 period 3
—-@—- Subject 1 (PF-04895162) —4A— Subject 6 (PF-04895162)
—-y— Subject2 (PF-04895162) —%— Subject 7 (PF-04895162)
—4@— Subject 3 (PF-04895162) —®— Subject 8 (PF-04895162)
—&— Subject 4 (PF-04895162) —-<0— Subject 9 (Placebo)
—-O— Subject 5 (Placebo) —&— Subject 10 (PF-04895162)
FIGURE 2 Individual ALT, AST, and Total Bilirubin concentrations

after single dose (Period 1) and multiple dose PF-04895162 at
300 mg BID (Period 3) after an overnight fast. Note: All subjects
received PF-04895162 in Period 1, whereas Subjects 5 and 9
received placebo in Period 3 only

Grade 1 (>1 to 1.5x ULN) increase in total bilirubin. The one subject
(Subject 7) that withdrew from the study before the first scheduled
assessment also had Grade 1 (>1.25 to 2.5x ULN) elevations in ALT.
These elevations in transaminases/bilirubin were asymptomatic and
resolved on cessation of dosing without further intervention. There
were no other clinically relevant findings related to laboratory safety
tests (including hepatitis panel and HIV), or other safety assessments
including C-SSRS.
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3.3 | Pharmacokinetics of PF-04895162

Peak concentrations of PF04895162 were achieved on Days 7 and
14 at a median of 2 hours postdose, which was earlier than the
median observed following a single dose (5 hours under fasting con-
ditions) (Table 3). PF-04895162 exposure increased from single to
multiple dosing with accumulation ratios for C.., and AUC, on
Day 14 of 1.7 and 1.6, respectively. The highest mean C,.x (ob-
served on Day 7) was 9432 ng/mL which is equivalent to 26.5 pmol/
L (total concentration). The predicted accumulation ratio to estimate
linearity (i.e., ratio of AUC,, on Day 14 to AUC;,; on Day 1) was
less than 1 (0.826) suggesting that PF-04895162 may have nonlinear
(time-dependent) pharmacokinetics. Mean terminal half-life was simi-
lar after single and multiple dosing (approximately 8 hours). A high-
fat meal appeared to affect the rate but not the extent of PF-
04895162 absorption as C.x doubled in the presence of food,
whereas the 90% confidence intervals for the geometric mean ratio
for AUC;,+ were within the accepted bounds for bioequivalence (i.e.,
80 to 125%) (Table 4).

3.4 | Evaluation of potential hepatotoxicity
mechanisms

Since hepatotoxicity was not identified as a hazard in nonclinical
studies, we performed a series of in vitro mechanistic studies. PF-
04895162 did not display potent cytotoxic properties in THLE and
HepG, cell lines (ICso ~192 and 130 pmol/L after 72 hours, respec-
tively) or in human hepatocytes (ACsq for cell loss at 48 hours was
>125 pmol/L based on results in three assessments in two different
human hepatocyte lots (LBN and HU4165). Justification and utiliza-
tion of human Cmax exposure based on total values versus free
were reported by us previously.®> Total Cr.x exposures in human

subjects (26.5 pmol/L from Table 3) were at least fivefold below the

cytotoxic thresholds identified in liver cell lines and human hepato-
cytes. BSEP inhibition in Hi5 vesicles was noted with an ICsq = 106
pmol/L (N = 4, geometric mean), whereas also displaying multiple
mitochondrial effects (ICso ~10 pmol/L for inhibition of glutamate/
malate respiration, ~70 pmol/L for impaired palmitate fatty acid oxi-
dation, and >100 pmol/L for uncoupling activity, N = 2). Mitochon-
drial respiratory reserve was also compromised in human
hepatocytes treated with PF-04895162 at concentrations >11 pmol/
L for 25 minutes (data not shown). Combined inhibition of mitochon-
dria and human BSEP transport prompted us to examine clinical
samples from this clinical trial more closely based on previous find-
ings by us regarding the association of clinical liver injury with drugs
that are dual BSEP and mitochondrial inhibitors.? Deeper examina-
tion of possible interactions with other hepatic bile acid transporters
showed weak inhibition of MRP4 (ICso = 121 pmol/L) that was simi-
lar to BSEP inhibition, no inhibitory effect on MRP3, partial inhibi-
tion of NTCP (30% at 250 pmol/L), and stimulation of MDR3 activity
in human hepatocytes (200 umol/L, N = 3).

3.5 | Examination of residual plasma
pharmacokinetic samples for biomarkers of liver

injury

Three of eight treated healthy subjects consented for additional
analyses of residual plasma PK samples for biomarkers of liver injury
(e.g., miRNA122, total, and fractionated bile acids). Subject 8 had the
highest ALT elevation (maximum value during the course of study of
240 IU/L or 5.85x ULN) by Day 7, Subject 10 had a mid-level ALT
response (maximum value during the course of study of 115 IU/L or
2.8x ULN) by Day 14, whereas Subject 6 did not demonstrate any
ALT elevations by Day 14, the last day of dosing (Figure 2).

Serum ALT levels from the three subjects that consented to

additional investigations are redisplayed from Figure 2 for illustrative

TABLE 3 Summary of plasma PF-04895162 pharmacokinetic parameter values following single and multiple oral doses

. . Period 3

gggon(:glFasted :ggon(:nged 300 meg BID Fasted

Day 1 Day 1 Day 7 Day 14
Parameter®, Units (N = 10) (N = 10) (N=7) (N=7)
Cinax, Ng/ML 4510 (30) 9152 (29) 9432 (21) 8378 (26)
Cinaxs kMol/L 12.7 25.8 26.5 23.6
Tmax O 5.00 (1.00-6.02) 4.00 (2.00-8.02) 2.00 (1.00-6.00) 2.00 (0.500-6.03)
AUCq,,, ng.h/mL 40770 (28) NR 85250 (20) 71160 (24)
ty,, h 7.881 £ 3.20 5.208 £ 1.17 NA 8.043 £ 3.29
Rac NA NA NA 1.594 (22)
Rac,Crnax NA NA NA 1.660 (29)
Rss NA NA NA 0.826 (21)

AUCy,,,, area under the plasma concentration-time profile from over the dosing interval (12 h); C,.x, maximum plasma concentration; CV, Coefficient of vari-
ation; N, Number of subjects; NA, Not Applicable (t,,, Rac, Rac,Cmax, and R were determined only for Day 14); SD, Standard deviation; T.y, time to maxi-
mum plasma concentration in hours (h); t.,, terminal half-live, R,., accumulation ratio (AUCay,day14/AUCay day1); Rac; Cmaxe accumulation ratio (Craxday14/

Crmaxday 1); Rss, accumulation at steady state (AUCqay, day14/AUCing day 1)-

*Values are presented as geometric mean along with their %Geometric CV in parenthesis (%Geometric CV) for all except: median (range) for Tmax and

arithmetic mean + SD for t,,.
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TABLE 4 Statistical summary of treatment comparisons (Fed vs
Fasted) for plasma PF-04895162

Ratio (90% Confidence Interval)
of Adjusted Means (%)

113.27 (102.99, 124.58)
116.85 (106.90, 127.73)
202.92 (178.28, 230.95)

Parameter (Units)
AUC;¢ (ng.h/mL)
AUC,s; (ng.h/mL)
Crnax (ng/mL)
AUC,y, area under the plasma concentration-time profile from time O
extrapolated to infinite time; AUC,,s;, area under the plasma concentra-
tion-time profile from time O to the time of the last quantifiable concen-

tration; Ca mMaximum plasma concentration; vs, versus. Numbers in
parenthesis are the 90% confidence intervals of adjusted means.

comparisons (Figure 3, upper panel). Using PK samples consented for
exploratory biomarker examination, we showed that plasma
miRNA122 was elevated (>ULN) by Day 5 in Subject 8 and by Day
12 in Subject 10 (Figure 3, middle panel), confirming liver specificity
of the elevated ALT response (Figure 3, upper panel). Both ALT and
mMRNA122 remained elevated 2 days after discontinuation of drug
on Day 14 before returning to normal values. Total bile acids were
likewise visibly higher for Subject 8 compared to other treated sub-
jects (Figure 3, lower panel) and returned to values similar to other
treated subjects within 2 days after discontinuation of drug (Day 14,
morning dose administered). Although total bile acid levels were
stratified between treated subjects, these levels were within normal
range.

Differential responses between treated subjects were also
observed in the plasma profile of bile acids. After the first daily dose,
total bile acids in systemic circulation on Day 7 (AUC 0-12 hours)
and Day 14 (AUC 0-12 hours) were elevated in Subject 8 compared
to Subjects 10 and 6 (Figure 4A). By Day 14, Subject 8 also dis-
played elevated levels of the more hydrophobic unconjugated bile
acid species (chenodeoxycholic acid-CDCA and deoxycholic acid-
DCA compared to cholic acid-CA) in systemic circulation relative to
Day 7 and other treated subjects (Figure 4B). On study days where
we could examine time-course effects, it was noticed that Subject 8
did not appear to clear total bile acids from systemic circulation after
the midday and last meal on Day 7 (Figure 4C) as effectively as the
other two subjects with a possible effect on Subject 10 after the
midday meal. At this time there was also a noteworthy change in
conjugated bile acids species across treated subjects. Subject 8
showed elevated bile acid molar ratios of TCDCA/CDCA relative to
TCA/CA (Figure 4D) and GCDCA/CDCA relative to GCA/CA on Day
7 (Figure 4E) when ALT was 1.5x the ULN. Subject 10 showed a
similar effect on bile acid molar ratios, in the absence of ALT eleva-
tions on Day 7, whereas Subject 6 was unaffected. On Day 7 the
hydrophobicity index of serum bile acids were similar across subjects
(0.47, 0.45, and 0.40 (AUC 0-12 h) for Subject 6, 10, and 8, respec-
tively). Therefore, by Day 7 there was a specific effect on the molar
ratios of conjugated to unconjugated bile acid species in the absence
of changes in the serum bile acid hydrophobicity index that occurred
in Subject 10 before transaminase elevations were evident on Day
14. This is noteworthy since GCDCA and TCDCA are highly
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FIGURE 3 Time-course analysis of individual patient samples from
multiple dose PF-04895162 at 300 mg BID (Period 3) for serum
alanine aminotransferase (ALT) (upper panel, data from Figure 1) and
who reconsented pharmacokinetic plasma samples for miRNA122
(middle panel) and total bile acids (lower panel) analysis. Samples were
obtained before dose administration under fasted conditions

preferred glycine- and taurine-conjugated bile acids substrates for
BSEP transport compared to TCA and GCA based on intrinsic clear-
ance values in isolated vesicles,?” suggestive of a specific effect on
BSEP efflux function. Differences in drug exposure could not explain
individual susceptibility as the subject with the highest ALT values
(Subject 8) had PF-04895162 exposures that were within the range
of the rest of the treated group (Cax and AUC,,, on Day 7 for Sub-
ject 8 were 10 800 ng/mL and 93 000 ng.h/mL, respectively, com-
pared to ranges of 7070 to 13 200 ng/mL for C..x and 69 600 to
121 000 ng.h/mL for AUC,, in the treated cohort).
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FIGURE 4 Time course of bile acid species from individual patient samples acquired from multiple dose PF-04895162 at 300 mg BID
(Period 3). Plasma samples used for pharmacokinetic analysis were reconsented for total and fractionated bile acid analysis. (A) Differences in
total bile acids between treated subjects on Day 7 and 14 during a 12 h AUC time course profile (AUC 0-12 h). (B) Ratio of unconjugated
primary/secondary bile acids (CA, cholic acid; CDCA, chenodeoxycholic acid; and DCA, deoxycholic acid) Day 14/Day 7 (AUC 0-12 h) between
treated subjects. (C) Time course of total bile acids as a function of dose (open arrow) and meal (closed arrow, B, breakfast; L, lunch; D, dinner)
administration on Day 7 between treated subjects. Following an 8 h fast, study medication was administered approximately one tablet every
12 h starting at approximately 0900 h on Day 1 and concluding with a morning administration on Day 14. Subjects were dosed in the morning
and evening for 14 days (morning only on Day 14). Food was withheld from subjects for 2 h post morning and evening doses in a BID
schedule. Subjects were fasted overnight and for 2 h prior to evening dosing. (D) Ratio of taurine conjugated to unconjugated bile acid species
(TCA, taurocholic acid; CA, cholic acid; TCDCA, taurochenodeoxycholic acid; CDCA, chenodeoxycholic acid) between treated subjects. (E) Ratio
of glycine conjugated to unconjugated bile acid species (GCA, glycocholic acid; CA, cholic acid; GCDCA, glycochenodeoxycholic acid; CDCA,
chenodeoxycholic acid) between treated subjects. Except for Panel C total bile acids and respective ratios are based on a 12 h AUC after the
morning dose with the following unit value in pmoles.h/L. Shading in bar graphs represent specific patients (light gray = Subject 6, medium
gray = Subject 10, black = Subject 8)

4 | DISCUSSION

nonclinical regulatory studies there were no reproducible signs of liver
injury either through examination of standard biomarkers (ALT/AST)

Drug candidates, that show no signs of liver injury potential in non-
clinical studies of short and long duration, can progress to human trials
where sometimes they demonstrate transaminase elevations within a
short time frame following multidose administration in Phase 1. This
occurred with PF-04895162, a drug candidate for treating epilepsy. In

or histopathology in rats and cynomolgus monkeys treated up to 6
and 9 months, respectively. Systemic exposure in monkeys at multiple
dose levels, as measured by total Cmax, were equivalent to or
exceeded that achieved in this clinical study where transaminase ele-
vations were noted in all but one treated healthy subject (Subject 6).
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Examination of PF-04895162 using mechanistic assays of liver
injury potential, as previously illustrated,® highlighted two possible
mechanistic risk factors, BSEP transport, and mitochondrial inhibi-
tion. This combination is highly associated with liver injury in mar-
keted and withdrawn drugs.? Since residual safety lab samples were
not available from this study we resorted to investigating retained
clinical PK samples from a subset of subjects enrolled in the study
after obtaining additional consent. Perturbations of total and/or frac-
tionated bile acids were observed at an individual level in treated
subjects who showed signs of liver injury as measured by ALT/AST
and miRNA122 elevations. For example, Subject 8 had the highest
systemic total bile acid levels (AUC 0-12 h, Day 7 and Day 14),
unconjugated hydrophobic bile acids CDCA and DCA (AUC 0-12 h,
ratio of Day 14/Day 7), elevated ratios of tauro- and glyco-conju-
gated bile acids compared to unconjugated bile acids (Day 7), and
did not efficiently clear systemic bile acids after meals (Day 7). This
subject developed the highest levels of ALT/AST and miRNA122 of
the other treated subjects (See Figure 3). Subject 10 showed distur-
bances in tauro- and glyco-conjugated bile acid ratios that occurred
before a milder ALT and miRNA122 elevation compared to Subject
8. Subject 6 showed no relative changes across time in total or frac-
tionated bile acids levels and did not exhibit elevations in ALT/AST
or miRNA122.

Given the current clinical study design and the fact that further
exploratory liver biomarker work was only conducted on consented
residual PK samples, it is not confidently known whether perturbations
in systemic total and conjugated bile acids, especially noted after
meals in Subject 8, is truly associated, let alone, causal of liver injury in
this cohort of healthy subjects. This initial observation is compelling in
that conjugated bile acids with the highest uptake and intrinsic clear-
ance for human BSEP vesicle transport (TCDCA and GCDCA)? are
most affected for the highly (Subject 8) and modestly affected (Subject
10) subject (Figure 4). Their presence in the systemic circulation, espe-
cially in the absence of transaminase and miRNA122 elevations with
Subject 10 on Day 7, suggests impaired hepatobiliary bile acid trans-
port by BSEP?® leading to increased residence time and therefore con-
jugation of primary bile acids within the liver?® followed by sinusoidal
efflux through MRP3/4. Enhanced intestinal reabsorption of conju-
gated bile acids by passive and active mechanisms3° cannot be ruled
out at this time. Enrichment of GCDCA and TCDCA in the systemic
circulation occurs under multiple cholestatic disease states in

31-34

humans and these specific conjugated bile acids appear to play a

role in the cytotoxic and mitochondrial destructive effects of bile acids

34-36 especially in combination with each other at mil-

to hepatocytes,
limolar in vitro exposures.®” This bile acid speciation phenomenon has
been observed in rats treated with troglitazone %€ and TAK-875 3 and
can be observed before significant total bile acid and transaminase ele-
vations. The former effect, if true, suggests that even moderate inhibi-
tors of BSEP (ICso = 106 pmol/L in human vesicles) with more potent
mitochondrial liabilities may pose clinical risk for transaminase eleva-
tions when the ratio of systemic Cmax to BSEP vesicle ICsq are 0.12x
initially and approach 0.22-0.25x at steady state (see Table 3). Morgan

et al.*® has shown with a larger collection of marketed drugs that a
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ratio of a drug's total systemic steady-state exposure to BSEP ICsq
value >0.1x highlights an enhanced risk area associated with human
DILI*?

This compound was further modeled using DILIsym® software
due to complexities of trying to understand the contribution of BSEP
and/or mitochondrial inhibition with drug exposure relationships with
the manifestation of clinical DILI. The results of the analysis are the
subject of another manuscript where it was confirmed by modeling
that the combined effects of mitochondrial and BSEP inhibition
could drive transaminase elevations under these clinical exposure
conditions (Shoda et al., in preparation). DILIsym® modeling has been
conducted with other, more potent BSEP inhibitors recently like
AMG 009%? and TAK-875.%3 However, in neither case has elevated
total and/or fractionated bile acids been reported in these individual
clinical cases of hepatotoxicity due, most likely to lack of clinical
samples to examine these effects, even though this phenomenon has
been demonstrated in nonclinical species treated with the same
drug 4445

Potent BSEP inhibition by various drugs has been associated as a
mechanism of liver injury in humans.*® In cases like bosentan, eleva-
tions in total bile acids preceded transaminase elevations at high
administered doses.*® Subsequent analysis showed bosentan was a
potent BSEP inhibitor (~12 pmol/L) and could raise total bile acids in
rats.*® While the association between high total serum bile acids pre-
ceding transaminase elevations is strong, it is interesting to note that
genetic analysis in another clinical study showed a polymorphism in
CYP2C9%*2 (¥2/rs1799853), and not BSEP (ABCB11, rs2287622), was
highly associated with bosentan-induced transaminase elevations*”
despite known associations of BSEP polymorphisms with liver injury.*®
Regardless, potent BSEP inhibition, along with inhibition of other hep-
atic transporters, has been implicated in two recent clinical DILI exam-
ples. For example, BSEP inhibition was later implicated as causing liver
injury in humans by AMG 009, an adverse finding that was not
detected in preclinical safety studies.*® A clinical dose of 100 mg BID
led to asymptomatic transaminase elevations, but is a 10-fold more
potent inhibitor of human BSEP (11.5 pmol/L) than PF-04895162
(106 pmol/L). AMG 009 also affects other hepatic transporters
involved in the regulation of hepatic bile acids (e.g., MRP2 (stimulation,
followed by inhibition, no ICso generated), MRP3 (1.1 pmol/L), and
MRP4 (13.5 pmol/L)). Recent work with TAK-875, an agent that
caused clinical hepatotoxicity in a small number of patients at 50 mg
once daily during a Phase 3 clinical study,*? also showed similar poten-
cies across numerous hepatic transporters involved in bile acid trans-
port.’® Unfortunately, none of these studies had clinical samples
which could be used to interrogate the possible causal effect relation-
ship between BSEP inhibition as a purported mechanism driving liver
injury with evidence in affected subjects or patients. The uniqueness
of this work is based on examining the availability of some clinical sam-
ples to corroborate the mechanistic work conducted in vitro. A recent
clinical review article on behalf of the International Transporter Con-
sortium suggests that an exposure margin approach, not intrinsic
potency of BSEP, is needed to understand the potential hepatotoxicity
liability of a drug in development,*! a recommendation borne out by
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examination of this small clinical study only made possible by access
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to clinical samples. This incident prompted the addition of standard-
ized language in early clinical protocols to collect, retain and examine
serum samples, leftover from the conduct of safety labs, for explora-
tory safety biomarker work in with subject consent in advance of the
clinical trial start. Only in this way can we truly establish whether
drug-induced liver injury is causally or only associated with alterations
in bile acid homeostasis and the potential use of bile acids as surrogate
markers.>!

In summary, the incidence of transaminase elevations in human
healthy subjects treated with PF-04895162 led to its termination from
clinical development before its therapeutic potential could be fully
examined. Although preclinical safety assessment studies did not high-
light the liver as a target organ, retrospective investigation using
in vitro assays designed to detect potential mechanisms of liver injury
demonstrated combined BSEP and mitochondrial inhibition as poten-
tial mechanisms that are recognized as dual risk factors for human
DILI? In our historical experience, for drug candidates that entered
into clinical development without evidence of adverse liver injury in
preclinical safety studies, 74% had BSEP inhibition properties where
55% also had mitochondrial inhibition/uncoupling activity (unpublished
data). It remains to be determined why these risk factors may become
apparent in early clinical trials vs postmarketing events. Weak inhibi-
tion of BSEP and MRP4 also correlated with a genetic analysis that
showed polymorphisms in BSEP and MRP4 were also associated with
both absolute and increased ALT levels in these responders.>? Exami-
nation of residual pharmacokinetic samples showed a temporal associ-
ation between elevations in ALT with early retention of total and/or
tauro/glyco-conjugated bile acids, possibly due to combined mitochon-
drial and BSEP inhibition as the conjugated bile acids found in systemic
circulation are high affinity bile acid substrates for BSEP. Although
fasting total bile acids remained within the normal range (<10 pmol/L),
a cytotoxic bile acid milieu probably existed within the liver based on
GCDCA and TCDCA levels the systemic bile acid profile. This sug-
gested a potential causal relationship for the transaminase elevations
observed in responders which was further explored using DILIsym®
(Shoda et al., in preparation). Although PF-04895162 was not a “po-
tent” BSEP inhibitor, bile acid speciation (conjugation status) in terms
of systemic retention of GCDCA and TCDCA over other precursor bile

32-34

salt species reflected a “cholestatic” profile also consistent with

drug-induced BSEP inhibition.
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