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ABSTRACT

Background. Pexidartinib is approved in the U.S. for ten-
osynovial giant cell tumors (TGCTs). Herein, we assessed
the hepatic safety profile of pexidartinib across patients
with TGCTs receiving pexidartinib.
Materials, and Methods. Hepatic adverse reactions (ARs)
were assessed by type and magnitude of liver test abnor-
malities, classified as (a) isolated aminotransferase eleva-
tions (alanine [ALT] or aspartate [AST], without significant
alkaline phosphatase [ALP] or bilirubin elevations), or (b)
mixed or cholestatic hepatotoxicity (increase in ALP with or
without ALT/AST and bilirubin elevations, based on adjudi-
cation). Median follow-up from initial pexidartinib treat-
ment was 39 months (range, 32–82) in 140 patients with
TGCTs across clinical studies NCT01004861, NCT02371369,
NCT02734433, and NCT03291288.
Results. In total, 95% of patients with TGCTs (133/140)
treated with pexidartinib (median duration of exposure,

19 months [range, 1–76]), experienced a hepatic AR. A total
of 128 patients (91%) had reversible, low-grade dose-
dependent isolated AST/ALT elevations without significant
ALP elevations. Five patients (4%) experienced serious mixed
or cholestatic injury. No case met Hy’s law criteria. Onset of
hepatic ARs was predominantly in the first 2 months. All five
serious hepatic AR cases recovered 1–7 months following
pexidartinib discontinuation. Five patients from the non-
TGCT population (N = 658) experienced serious hepatic
ARs, two irreversible cases.
Conclusion. This pooled analysis provides information to help
form the basis for the treating physician’s risk assessment for
patients with TCGTs, a locally aggressive but typically non-
metastatic tumor. In particular, long-term treatment with
pexidartinib has a predictable effect on hepatic aminotrans-
ferases and unpredictable risk of serious cholestatic or mixed
liver injury. The Oncologist 2021;26:e863–e873

Implications for Practice: This is the first long-term pooled analysis to report on the long-term hepatic safety of pexidartinib
in patients with tenosynovial giant cell tumors associated with severe morbidity or functional limitations and not amenable
to improvement with surgery. These findings extend beyond what has been previously published, describing the observed
instances of hepatic toxicity following pexidartinib treatment across the clinical development program. This information is
highly relevant for medical oncologists and orthopedic oncologists and provides guidance for its proper use for appropriate
patients within the Pexidartinib Risk Evaluation and Mitigation Safety program.
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INTRODUCTION

Tenosynovial giant cell tumor (TGCT), also known as
pigmented villonodular synovitis (PVNS)/diffuse type TGCT or
giant cell tumor of tendon sheath/localized-TGCT, is a rare
monoarticular disease primarily affecting the synovial lining
of joints, bursae, or tendon sheaths [1–3]. It is characterized
by overexpression of the colony-stimulating factor 1 (CSF1)
protein [1, 4–6]. Systemic therapies, particularly tyrosine
kinase inhibitors (TKIs) targeting CSF1/CSF1 receptor (CSF1R)
signaling pathways, have shown promising results as novel
treatment options in patients with TGCTs [3, 6–16].

Pexidartinib was developed as a novel orally administered
small-molecule TKI with selective activity against the CSF1R.
It is the first U.S. Food and Drug Administration (FDA)–
approved systemic therapy for TGCT, recently added by the
National Comprehensive Cancer Network as a category 1 rec-
ommendation for the treatment of adult patients with
symptomatic TGCT/PVNS associated with severe morbidity or
functional limitations not amenable to improvement with
surgery [17, 18]. Treatment with TKIs has been associated
with the risk of serious adverse events, including hepatotox-
icity [6, 9, 10, 16, 19–21]. Two clinically distinct types of
hepatic adverse reactions (ARs) were observed with
pexidartinib: (a) reversible aminotransferase elevations that
are frequently seen and attributed to CSF1R inhibition and,
less frequently, (b) mixed or cholestatic hepatotoxicity that is
unpredictable and may lead to irreversible liver injury, includ-
ing vanishing bile duct syndrome (VBDS) [6, 14]. The exact
mechanism of these liver abnormalities and impact of devel-
oping liver injury on clinical outcomes remain unknown.

The aim was to assess the hepatic safety profile of
pexidartinib in TGCT cases and describe the risk mitigation
procedures designed to identify any instances of serious
liver injury as early as possible, to better inform prescribers
and patients about this drug.

MATERIALS AND METHODS

Study Design and Participants
This retrospective pooled analysis evaluated hepatic ARs that
developed in pexidartinib-treated patients with TGCTs. Key
eligibility criteria and study designs for the PLX108-01 exten-
sion (NCT01004861) [6] and ENLIVEN (NCT02371369) [14]
study have been reported and are summarized in Table 1. Fur-
thermore, patients with TGCTs from two additional studies
(NCT02734433 [22] and NCT03291288 [23]) were included
(Table 1). Briefly, patients were > 18 years, with histologically
confirmed TGCT that was symptomatic, and for which surgery
was not recommended or potentially associated with worse
function or severe morbidity. Patients enrolled had aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
levels ≤1.5× upper limit of normal (ULN) and total bilirubin
(TBIL) was ≤1.5× ULN. Select previously reported serious
hepatic AR cases are described in pexidartinib-treated
patients without TGCTs in supplemental online Table 1 [23].

Assessments and Statistical Analysis
Hepatic ARs were assessed by type and magnitude of
liver test abnormalities, classified as (a) aminotransferase

elevations (in the absence of significant alkaline phosphatase
[ALP] or bilirubin elevations) or (b) mixed or cholestatic hep-
atotoxicity (increase in ALP with or without aminotransferase
elevations) [23]. Hepatic ARs were examined by three hepa-
totoxicity experts with extensive experience evaluating drug-
induced liver injury who composed the pexidartinib Hepatic
Event Adjudication Committee (HEAC) that supported the
comprehensive evaluation of hepatic safety data across the
pexidartinib clinical program. The HEAC assessed severe
hepatic events for type of liver injury and potential related-
ness to pexidartinib treatment. The HEAC provided advice on
identification, management, and risk mitigation of drug-
induced hepatic events. As a postapproval recommendation
to manage hepatic ARs and the risk of mixed or cholestatic
hepatotoxicity, pexidartinib dose modification criteria have
been carefully defined according to the type and magnitude
of liver test abnormality [17].

Dose reductions and modifications were based on pre-
scribing information recommendations [17]. A Hy’s law case
was defined as any patient presenting with ALT or AST ≥3×
ULN with TBIL ≥2× ULN, and ALP ≤2× ULN [24]. The data
cutoff for the hepatic ARs analysis was May 31, 2019.

Descriptive statistics were calculated including median
(range), and Kaplan-Meier curves were plotted for the time
from the start of pexidartinib treatment to first occurrence
of hepatic ARs based on lab values criteria.

RESULTS

Patient Characteristics
In all, 140 patients with TGCTs who received pexidartinib
(starting dose of 600–1,000 mg per day) were included, with
demographics and baseline disease characteristics summa-
rized in Table 2. The median age was 44 years (range,
18–80). Median duration of exposure to pexidartinib was
19 months (range, 1–76), with a median follow-up from ini-
tial pexidartinib treatment of 39 months (range, 32–82).
Treatment was ongoing in 60 patients (43%) as of the May
2019 cutoff.

Characterization of Liver Test Abnormalities
Nearly all patients (n = 133, 95%) experienced liver test abnor-
malities, of whom 128 experienced aminotransferase eleva-
tions. Most (66%) experienced an isolated ALT or AST increase
of ≥1 to <3× ULN, with 11% experiencing increases ≥3 to <5×
ULN in the absence of TBIL ≥2 ULN (Table 3). Aminotransfer-
ase elevations were dose-dependent and responsive to dose
reductions, usually persisted at low-grade levels with contin-
ued treatment, and resolved upon treatment interruption.

Individual laboratory abnormalities were assessed
across the pooled studies. AST increase was the most com-
mon hepatic laboratory abnormality, occurring in 126 patients
(90%), with mostly grade 1. ALT was increased in 86 patients
(61%), and ALP was increased in 45 patients (32%). Most ALT
and ALP elevations were also low grade. Increased direct bili-
rubin (DBIL) and TBIL occurred in 19 patients (15%) and
14 patients (10%), respectively (Table 3). Regarding gender-
based differences and specifically grade ≥ 3 laboratory
abnormalities, women compared with men experienced a

© 2020 The Authors.
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higher percentage of ALT elevations (17% vs. 3%), AST eleva-
tions (20% vs. 10%), ALP elevations (6 vs. 0%), TBIL elevations
(5% vs. 2%), and DBIL elevations (8% vs. 4%) (Table 3).
Increased partial thromboplastin time and international nor-
malized ratio occurred in 13% and 11% of patients with
TGCTs, respectively, with all cases being grade 1 (supplemen-
tal online Table 2). The time to first occurrence of any of
these laboratory criteria was predominantly in the first
2 months of treatment (Fig. 1).

Mixed or Cholestatic Hepatotoxicity
Of the 140 patients with TCGTs treated with pexidartinib,
5 (4%) were adjudicated as experiencing drug-related mixed
or cholestatic hepatotoxicity and are described individually
below (Table 4). None of these patients met strict Hy’s law
criteria (ALT or AST ≥3×, TBIL ≥2×, and ALP ≤2× ULN) [24].
The onset of these serious hepatic ARs occurred only within
the first 2 months of pexidartinib treatment. Four of the
five cases were experienced in female patients.

Each of these patients eventually discontinued
pexidartinib treatment permanently. Four of these cases
had ALT or AST ≥3× ULN, TBIL ≥2× ULN, and ALP >2× ULN
(Fig. 2; Table 3), and the remaining case had TBIL between

1 and 2× ULN. Four of these patients started pexidartinib at
a dose of 1,000 mg per day (all in ENLIVEN), and the other
started pexidartinib at a dose of 800 mg per day (Study
PL3397-A-U126). Mixed or cholestatic liver injury was diag-
nosed by determining ratio (R) values, calculated by dividing
peak ALT/ULN by peak ALP/ULN. R values of 2 to 5 are con-
sidered mixed, R values <2 are considered cholestatic, and
R values >5 are considered hepatocellular [25]. Serum bili-
rubin does not define any of the injury patterns, but accom-
panying hyperbilirubinemia is a sign of more serious
hepatotoxicity and may indicate impaired hepatic function.

The first and most prolonged case occurred in a
75-year-old White woman (case 1). The total duration of
treatment was 31 days, and starting on day 22, the patient
experienced fatigue, diarrhea, and nausea. Lab tests rev-
ealed cholestatic jaundice with TBIL 15× ULN (Fig. 2A) and
DBIL 84× ULN. At the time of admission (day 31), laboratory
values were AST (281 U/L, 7.5× ULN), ALT (376 U/L, 9.3×
ULN), and ALP (231 U/L, 2.3× ULN), R value 4.0: mixed. This
case was initially classified as acute hepatocellular and
evolved into mixed and cholestatic injury. She underwent
bilirubin dialysis and a liver biopsy that showed severe cho-
lestasis, mild fatty transformation, and changes suggestive

Table 1. Summary of pooled studies (TGCT population)

Study ID (NCT no.) Study title Study design
Dosing regimen for patients with
TGCTs

PLX108-01
(NCT01004861) [6]

A phase 1 study to assess
safety, pharmacokinetics,
and pharmacodynamics
of PLX3397 in patients
with advanced, incurable,
solid tumors in which the
target kinases are linked
to disease
pathophysiology

Phase I, first in-human study
with a dose escalation (part 1)
and extension (part 2); 16
additional patients were added
after the interim cutoff date:
April 14, 2014

Part 2: pexidartinib (n = 39), 1,000
mg/d (split dose)

ENLIVEN
(NCT02371369)
[14]

Pexidartinib versus
placebo for advanced
tenosynovial giant cell
tumor (ENLIVEN): a
randomized phase 3 trial

Phase III, multicenter study with
2 parts: randomized, double-
blind, placebo-controlled part
and open-label, long-term part

Part 1 (n = 61):pexidartinib: 1,000
mg/d (split dose) for 2 weeks, then
pexidartinib: 800 mg/d (split dose)
or matching placebo for 22 weeks.
Part 2 (n = 30): pexidartinib: 800
mg/d (400 mg BID)

PL3397-A-A103
(NCT02734433)

[22]

A phase 1 study of single
agent pexidartinib in
asian subjects with
advanced solid tumors

Phase I, nonrandomized, open-
label, multiple-dose study of
pexidartinib in Asian patients
with advanced solid tumors.
Dose-escalation 3 + 3 design. 2
dose levels (cohort 1, 600 mg/d
[n = 3] and cohort 2, 1000 mg/d
[n = 8]) to assess the safety and
tolerability, RP2D, PK and PD,
and preliminary antitumor
activity of pexidartinib

n = 1 (part of cohort 1). Cohort 1:
600 mg/d (200 mg in the morning
and 400 mg in the evening)

PL3397-A-U126
(NCT03291288)
[23]

An open-label, single
sequence, crossover study
assessing the effect of
pexidartinib on the
pharmacokinetics of
midazolam and S-warfarin
in patients

Single-sequence, crossover study
will comprise 2 parts: part 1: an
initial single-sequence crossover
part to evaluate the effect of
pexidartinib on the PK of
midazolam and S-warfarin (DDI
phase); part 2: an evaluation of
efficacy and safety of
pexidartinib treatment in
various tumors

Pexidartinib: 400 mg BID from
day 5; midazolam: 2 mg on days 1,
5, and 15; S-warfarin: 10 mg on
days 1, 5, and 15

Abbreviations: BID, twice daily; d, day; DDI, drug-drug interaction; ID, identifier; PD, pharmacodynamics; PK, pharmacokinetics; RP2D, rec-
ommended phase 2 dose; TGCT, tenosynovial giant cell tumor.

© 2020 The Authors.
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of significant VBDS, implicating specific damage of
cholangioepithelium (Fig. 2B, C). After 7 months, the patient
recovered, with all liver biochemical tests (ALT, AST, ALP,
TBIL) returning to within the normal ranges (Fig. 2A).

The second patient (case 2) was a 52-year-old White man
who discontinued pexidartinib on day 36 of treatment
because of elevated liver tests and symptoms of jaundice,
pruritus, and nausea. Laboratory values revealed peak eleva-
tions of ALT 9.3× ULN, AST 4.8× ULN, ALP 2.2× ULN, TBIL
6.5× ULN, and DBIL 18.8× ULN (R value 4.2: mixed) at
7 weeks after the start of pexidartinib treatment. Following
the discontinuation of pexidartinib, he recovered fully within
2 months (Fig. 2D).

The third patient (case 3) was a 67-year-old White woman
who discontinued treatment 8 weeks after the start of
pexidartinib because of laboratory results that showed

gamma-glutamyl transferase (GGT) 17.9× ULN, ALP 2.1× ULN,
ALT 7.9× ULN, and AST 4.7× ULN (R value 3.8: mixed). The
patient also developed clinical symptoms of acute cholangitis
that resulted in hospitalization with peak levels of TBIL 2.5×
ULN and DBIL 7.2× ULN but recovered after 1 month (Fig. 2E).

The fourth patient (case 4) was a 39-year old White
woman in whom pexidartinib was interrupted on day
15 because of elevated liver test values of ALT 8.3× ULN, AST
7.6× ULN, and ALP 1.9× ULN (R value 4.4: mixed). Two weeks
later, after the liver tests were back within normal range,
pexidartinib was restarted at a lower dose of 800 mg per day
(day 29), with subsequent liver tests rebounding to AST 3.3×
ULN, ALT 8.6× ULN, and ALP 6.2× ULN on day 50 (R value
1.4: cholestatic), and treatment was interrupted for a second
time. Pexidartinib was restarted again on day 68 at 400 mg
per day but was permanently discontinued 1 day later

Table 2. Patient demographics and baseline disease characteristics

Characteristic

ENLIVEN
randomized
(1,000
mg/d), n = 61

ENLIVEN
crossover (800
mg/d),a n = 30

PLX108-01
TGCT cohort
(1,000 mg/
d),a n = 39

Other phase 1
(600 or 800
mg/d),a n = 10b

Pooled,
N = 140c

Median age (range), yr 44 (22–75) 47 (20–79) 42 (22–80) 25 (18–57) 44 (18–80)

Sex, n (%)

Male 26 (43) 14 (47) 17 (44) 3 (30) 60 (43)

Female 35 (57) 16 (53) 22 (56) 7 (70) 80 (57)

Race, n (%)

White 52 (85) 30 (100) 33 (85) 6 (60) 121 (86)

Black 3 (5) 0 3 (8) 0 6 (4)

Asian 1 (2) 0 3 (8) 4 (40) 8 (6)

Native American 2 (3) 0 0 0 2 (1)

Hawaiian/Pacific Islander 2 (3) 0 0 0 2 (1)

Multiracial 1 (2) 0 0 0 1 (1)

Geographic region, n (%)

U.S. region 23 (38) 13 (43) 39 (100) 6 (60) 81 (58)

Non-U.S. region 38 (62) 17 (57) 0 4 (40) 59 (42)

Disease location, n (%)d

Knee 34 (56) 19 (63) 21 (54) 0 74 (56)

Ankle 14 (23) 3 (10) 7 (18)e 0 24 (18)

Hip 6 (10) 3 (10) 7 (18)f 0 16 (12)

Otherg 7 (11) 5 (17) 4 (10) 1 (100) 16 (12)

Prior surgeries for TGCT, n (%)

Yes 32 (52) 14 (47) 31 (79) 7 (70) 84 (60)

No 29 (48) 16 (53) 8 (21) 3 (30) 56 (40)

Prior systemic therapy, n (%)d

Yesh 8 (13) 2 (7) 6 (15) 0 16 (12)

No 53 (87) 28 (93) 33 (85) 1 (100) 115 (88)
aStarting dose.
bFor disease location and prior systemic therapy, patient information only available for one patient from A-103 study. Not collected from nine
patients with TGCTs in PL3397-A-U126.
cFor disease location and prior systemic therapy, patient information not collected from nine patients with TGCTs in PL3397-A-U126 study. Total
patients for those characteristics = 131.
dNot collected in study PL3397-A-U126.
eIncluded foot/ankle.
fIncluded hip/thigh.
gIncluded wrist, shoulder, spine, finger, and elbow.
hIncluded nilotinib (n = 1) or imatinib (n = 7) in ENLIVEN and imatinib or nilotinib (n = 4) or denosumab or sirolimus (n = 2) in PLX108-01.
Abbreviation: d, day; TGCT, tenosynovial giant cell tumor.
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because of further liver test elevations (ALP 2.9× ULN, ALT
7.9× ULN, AST 6.7× ULN, TBIL 1.4× ULN, and GGT 6.4× ULN;
R value 2.7: mixed). She recovered 1 month later (Fig. 2F).

The fifth patient (case 5) was a 43-year-old Asian woman
who was treated with pexidartinib 800 mg per day in the
PL3397-A-U126 study. By day 21, hepatic evaluation showed
ALT 8.7× ULN, AST 8.8× ULN, ALP 5.3× ULN, and GGT 3.9×
ULN (R value <2: cholestatic), resulting in pexidartinib discon-
tinuation. Four days later (25 days after starting
pexidartinib), TBIL peaked at 3× ULN and DBIL at 2.3× ULN,
but the patient recovered after 2 months (Fig. 2G).

Serious Hepatic Adverse Reactions in Patients
Without TGCTs
The pexidartinib clinical program also included a non-TGCT
population (N = 658) in which patients were enrolled in mon-
otherapy or combination therapy studies as well as eight

investigator-initiated studies for the treatment of various
malignancies (supplemental online Table 1). Among these
patients, there were five instances (0.76%) of serious mixed
or cholestatic hepatotoxicity that were judged as probably
related to pexidartinib treatment by the HEAC. All five serious
hepatic AR cases occurred in female patients (supplemental
online Table 3).

Two of these cases were not reversible. The first irre-
versible case was a 66-year-old woman with melanoma
(PLX108-13 study; supplemental online Table 3) who started
on pexidartinib 1,000 mg per day, and liver tests were mon-
itored weekly from the start of treatment. By day 21, grade
3 elevations in aminotransferases were observed with dou-
bling of TBIL from baseline, which was considered a dose-
limiting toxicity (R value >5: hepatocellular). Four days later,
TBIL increased to 3× ULN with decreasing aminotransferase
values (supplemental online Fig. 1A). She was diagnosed
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Figure 1. Kaplan-Meier curve of time to first occurrence of hepatic adverse reactions. Hepatic Laboratory Criteria: alanine amino-
transferase >3× upper limit of normal (ULN), or aspartate aminotransferase >3× ULN, or alkaline phosphatase (ALP) >2× ULN, or
total bilirubin > ULN, or direct bilirubin > ULN. If ALP >2× ULN and gamma-glutamyl transferase (GGT) is measured on the same
date, GGT must also be >2× ULN.
Abbreviation: TGCT, tenosynovial giant cell tumor.

Table 4. Patients with TGCTs with serious hepatic adverse reactions

TGCT Cases
Pexidartinib Starting
Dose (Onset) Type of Hepatic Injury, R valuea Outcome

ENLIVEN

No. 1. 75-yr-old woman 1,000 mg/d (d 22) Cholestatic hepatotoxicity (biopsy:
ductopenia, severe cholestasis),
Hyperbilirubinemia, R value
5.9 = hepatocellular

Recovered 7 mo

No. 2. 52-yr-old man 1,000 mg/d (d 36) Mixed hepatotoxicity, Hyperbilirubinemia,
R value 4.2 = mixed

Recovered 2 mo

No. 3. 67-yr-old woman 1,000 mg/d (d 43) Mixed hepatotoxicity, Hyperbilirubinemia,
R value 3.8 = mixed

Recovered 1 mo

No. 4. 39-yr-old woman 1,000 mg/d (d 28) Cholestatic hepatotoxicity, Intermittent
ALP increases due to 2 rechallenges, R
value 4.4 = mixed

Recovered 2 mo

PL3397-A-U126 (NCT03291288)

No. 5. 43-year-old woman 800 mg/d (d 21) Mixed hepatotoxicity, Hyperbilirubinemia,
R value <2 = cholestatic

Recovered 2 mo

aR value is at the time of initial event.
Abbreviations: ALP, alkaline phosphatase; d, day; mo, month(s); R, ratio; TGCT, tenosynovial giant cell tumor.
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with drug-induced hepatitis and remained jaundiced until
her death on day 124 (R value <2: cholestatic); cause of
death was listed as melanoma and cachexia.

The second irreversible case was a 60-year-old woman
with metastatic breast cancer (I-SPY2 study; supplemental
online Table 3) who received pexidartinib 1,200 mg per day
in combination with weekly paclitaxel. On day 18, amino-
transferases were noted to be increasing accompanied by a
fever. Although the study treatment was withheld, liver tests
continued to rise (supplemental online Fig. 1B). Over the
ensuing 13 months, her liver enzymes remained abnormal

(ALT/AST 150 to 200 U/L; ALP 350 to 400 U/L; TBIL 20 to
25 mg/dL; R value <2: cholestatic), and she eventually
required liver transplantation. Following successful trans-
plant, her liver tests normalized and her performance status
vastly improved [26].

DISCUSSION

TKIs are well-recognized to cause abnormal liver tests
[6, 9, 14, 16, 19–21]. Understanding, monitoring, and man-
aging possible hepatotoxicity is important to optimize
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systemic therapy for patients with TGCTs, particularly
because, although this condition can cause significant mor-
bidity, it is not life-threatening, unlike malignancies. Of the
140 patients with TGCTs exposed to pexidartinib for a
median treatment duration of 19 months (range, 1–76),

133 patients (95%) experienced a hepatic AR. However, in
most cases hepatic toxicity was mild and manageable, and
only five patients (4%) experienced serious mixed or chole-
static injury. All cases of serious liver toxicity observed pres-
ented in the first 8 weeks of treatment and all resolved.
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Figure 2. Clinical laboratory results of patients with tenosynovial giant cell tumors (TGCTs) experiencing serious hepatic adverse
reactions. (A): Case no. 1. (B): Case no. 1: H&E: portal tract (black circle) without a bile duct or ductular proliferation but with few
inflammatory cells. 400× magnification. (C): Case no. 1: immunohistochemical staining against CK7. Portal tract shows loss of bile
duct but CK7-positive adjacent hepatocytes indicating chronic cholestasis (arrows). 400× magnification. (D): Case no. 2. (E): Case
no. 3. (F): Case no. 4. (G): Case no. 5.
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cytokeratin 7; d, day; H&E, hematoxylin and eosin; LFT, liver function test; ULN, upper limit of normal.
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However, there is still an unpredictable risk of serious chole-
static or mixed liver injury, as shown by two irreversible
cases in the non-TGCT population.

Based on the clinical laboratory findings, pexidartinib
appears to be associated with two types of hepatotoxicity.
The most common form was aminotransferase elevations
that were frequent, dose-dependent, and generally low-
grade and occurred in the absence of significant TBIL and
ALP elevations. We postulate that these ALT/AST elevations
are a pharmacologic effect of CSF1R inhibition, possibly
related to reduced clearance from the circulation and asso-
ciated with a reduced number of Kupffer cells in the liver [6,
27, 28]. In support of this theory, similar aminotransferase
increases have also been observed with other CSF1R inhibi-
tors, including monoclonal antibodies [27, 28].

In contrast, mixed or cholestatic hepatotoxicity associ-
ated with pexidartinib, which can be nonreversible, is con-
sidered idiosyncratic and relatively infrequent. In some
cases, as indicated by the R values, the initial injury pattern
suggested hepatocellular injury but evolved into mixed and
cholestatic injury, including VBDS. In the current analysis,
both forms of hepatotoxicity occurred only within the first
2 months of treatment.

The approved dose regimen for pexidartinib of 800 mg
per day (as 400 mg twice daily) was revised downward from
the original dose regimen of 1,000 mg per day for 2 weeks
followed by 800 mg per day (400 mg twice daily) used in
the open-label phase I study and the randomized phase of
the ENLIVEN study. Four of the five patients with TGCTs
who experienced mixed or cholestatic hepatotoxicity had a
starting dose of 1,000 mg per day, although it is not known
with any certainty if this was a significant factor in the
development of their idiosyncratic drug-induced liver injury
(DILI), given that a 50- to 100-mg dose threshold for trigger-
ing DILI has been widely accepted [29–31].

Nevertheless, the risk-benefit consideration of starting
with 800 mg per day relates to the significant reduction in
the frequency of reversible, dose-dependent aminotransfer-
ase elevations observed at this dose level. In most patients
receiving pexidartinib, serum aminotransferases normalized
rapidly when the drug was withheld. In patients with serum
aminotransaminase elevations, in whom pexidartinib was
resumed at a lower dose, no additional or only mild, clini-
cally insignificant aminotransferase elevations were seen.

A gender imbalance was noted with respect to DILI risk
in the TGCT program; four of the five patients with TGCTs
and all five of the patients without TCGTs (9 of 10 total)
who developed the mixed/cholestatic form of liver injury
were female (Tables 3, 4; supplemental online Table 3),
although the reason is not clear. Although women out-
numbered men in the ENLIVEN and crossover studies as
well as in the pooled TGCT data set (n = 80, 57% vs. n = 60,
43%; Table 2), this modest difference is unlikely to explain
why women developed more severe DILI associated with
pexidartinib compared with men. When we analyzed the
isolated laboratory abnormalities/elevations (ALT, AST, ALP,
TBIL, DBIL) by grade and gender across the TGCT program,
women also appeared to have a higher incidence of
reaching grade 3 elevations compared with men in those
randomized to receive pexidartinib (Table 3).

Although it is generally known that women appear to be
at higher risk based on the demographics of various DILI reg-
istries, possibly due to being prescribed a greater number of
potentially hepatotoxic medications (e.g., minocycline, meth-
yldopa, diclofenac, and nitrofurantoin drug classes) [32, 33],
other factors may be at play. An analysis of the FDA Adverse
Event Reporting System database found that women were at
higher risk of developing adverse events from TKIs [34] and
women composed 69% of the DILI cases due to antineoplas-
tic drugs in the U.S. DILI Network registry [35], and several
case series of DILI related to other TKIs appear to confirm an
increased female risk as illustrated in the LiverTox Web site
[36]. However, men outnumbered women in DILI cases asso-
ciated with erlotinib [37], suggesting that gender differences
regarding DILI risk may be drug-specific. The risk to women
receiving pexidartinib deserves further study.

All patients with TGCTs had reversible injury following
discontinuation of therapy, with four of five recovering
within 2 months of injury, and one patient recovering after
7 months, due to VBDS (Fig. 2A–C). It is well known that
the resolution of cholestatic and mixed injury (as was seen
with this case) is often prolonged over weeks to months. In
patients who do not appear to recover within that time
frame, chronic cholestatic injury is a possible consequence.
VBDS is a rare form of chronic cholestasis with no specific
or proven treatment, and it has eventually resulted in the
need for liver transplant, as was the case with the one
patient without TGCTs [26]. However, VBDS is not specific
to pexidartinib, having been associated with a long list of
agents from numerous drug classes [38–40].

Recommended Dose Modifications and the
Pexidartinib Risk Evaluation and Mitigation Strategy
Program
Careful monitoring of liver enzymes following the start of
pexidartinib treatment is critical, and the intensity of monitor-
ing depends upon the occurrence of hepatic ARs. Across the
pooled studies, the most frequent elevations in hepatic labora-
tory values requiring dose modifications were ALT or AST
increases to >3 to 5× ULN and TBIL ≥2× ULN, or DBIL >1.5×
ULN, followed by ALT or AST increases to >5 to 10× ULN and
ALP >2× ULN (supplemental online Table 4). With the approval
of pexidartinib as the first systemic therapy for the treatment
of adult patients with symptomatic TGCT/PVNS associated
with severe morbidity or functional limitations and not amena-
ble to improvement with surgery [17, 18] came the need for
liver test monitoring and other measures stipulated in the
Pexidartinib Risk Evaluation and Mitigation Strategy (REMS)
for the drug in the U.S. (supplemental online Table 5) [17].
Because of the unpredictable risk of the more serious mixed
or cholestatic hepatic injury (including the VBDS) seen in the
clinical trials [6, 14], monitoring of liver tests is recommended
every week for the first 2 months and then biweekly for the
third month, which is believed to cover the period of maximal
risk (i.e., the first 8 weeks). Based on the label, dose modifica-
tions for pexidartinib (including early withholding treatment
for liver test monitoring, dose reduction in 200-mg increments,
and/or permanent discontinuation) have been established
(supplemental online Table 5) [17].
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It was observed that reducing the pexidartinib dose
allowed some patients who developed transiently elevated
ALT to resume therapy without developing a second rise in
ALT values. The approved pexidartinib starting dose is
800 mg per day for men and women (which is lower than
the 1,000-mg starting dose given in part 1 of the ENLIVEN
study). In conjunction with the frequent liver test monitor-
ing that is required and adhering to the conservative stop-
ping rules (supplemental online Table 5) [17], it is
anticipated that any potential hepatotoxicity will be identi-
fied early and immediate treatment interruption will reduce
the risk of progressing further for both men and women.

We recognize the limitations of this pooled analysis,
including the lack of a control group for comparison of the
hepatic safety profile following long-term pexidartinib treat-
ment. In addition, the different study designs among the four
patient cohorts included varying administered daily doses of
pexidartinib ranging from 600 to 1,000 mg per day. Nonethe-
less, the long-term hepatic safety profile of pexidartinib as
demonstrated in this pooled analysis provides guidance for
its proper use for appropriate patients within risk mitigation
programs such as the Pexidartinib REMS program.

CONCLUSION

Long-term treatment with pexidartinib has demonstrated
both a predictable and an unpredictable effect on hepatic
enzymes. This knowledge can help form the basis for the
prescribing physician’s risk/benefit assessment for their
patients with TGCTs. Results from our analysis support the
current risk mitigation strategies, adherence to which can
lead to optimized patient outcomes, foremost of which is
safety.
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