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Summary
Background Sotorasib given after immunotherapy could put patients at increased risk of hepatotoxicity. Therefore,
there is a need to gain insight into the potential correlation between anti-PD-(L)1 treatment, anti-PD-(L)1
concentrations, sotorasib concentrations, and the incidence of hepatotoxicity during sotorasib.

Methods Patients with KRASG12C-mutated NSCLC treated with sotorasib were prospectively enrolled in our
biomarker cohort study (NCT05221372). Plasma samples were collected prior and during sotorasib treatment for anti-
PD-1 and sotorasib concentrations. ALT/AST/ALP/GGT increases were collected prospectively and graded according
to CTCAEv5.0. Severe hepatotoxicity was defined as grade ≥3 ALT/AST/ALP/GGT increase.

Findings Of the 91 included patients, 80 (88%) received prior anti-PD-(L)1. Prior anti-PD-(L)1 and prior immune-
related hepatotoxicity were associated with a higher incidence of severe hepatotoxicity (35% versus 0%, p = 0.016
and 75% versus 31%, p = 0.019, respectively). Patients with an interval of ≤6 weeks between anti-PD-(L)1 and
sotorasib (n = 18) had a significantly higher incidence of severe hepatotoxicity than those with a 6–12 week
(n = 24) and ≥12 week (n = 38) interval (83% versus 33% versus 13%, respectively, p < 0.0001). Sotorasib trough
concentrations did not differ significantly between those with or without severe hepatotoxicity (106 versus 126 ng/
mL, p = 0.16). Pembrolizumab concentrations were higher in those with severe hepatotoxicity versus those
without (25.6 versus 6.1 μg/mL, p < 0.0001).

Interpretation In this preliminary prospective study, sotorasib after PD-(L)1 blockade was associated with severe
hepatotoxicity, especially in patients with a short interval between treatments, prior immune-related hepatitis and
higher anti-PD-1 plasma concentrations. Our results suggest a minimum interval of 6 weeks between anti-PD-(L)1
and sotorasib to minimize the risk of hepatotoxicity.
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Introduction
The treatment paradigm for patients with non-small cell
lung cancer (NSCLC) has changed dramatically over the
past decades with the emergence of targeted therapies
for oncogenic driver alterations and immunotherapy.1–4
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Among Western populations, Kirsten rat sarcoma viral
oncogene homolog (KRAS) is the most common onco-
genic driver alteration in non-squamous NSCLC.5 Until
recently, attempts to directly or indirectly target KRAS or
its downstream signalling have been unsuccessful.
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Research in context

Evidence before this study
We searched PubMed for clinical trials, observational studies
and case reports from January 1st, 2021 to October 17th,
2023, using the search terms “sotorasib”, “hepatitis”,
“hepatotoxicity” and “liver”. We found that there is some
prior evidence of sotorasib-related hepatotoxicity after
immunotherapy. However, these studies have been limited by
their retrospective nature, and more importantly, they do not
investigate the potential influence of systemic sotorasib
exposure or of anti-PD-(L)1 plasma concentrations on the
development of severe hepatotoxicity.

Added value of this study
In this prospective real-world study we incorporated anti-PD-1
and sotorasib plasma concentrations to provide a
comprehensive clinical and pharmacokinetic analysis of the
time-dependent relationship between sequential anti-PD-(L)1
and sotorasib treatment and the development of severe
hepatotoxicity. Our study found that PD-(L)1 blockade
followed by sotorasib was associated with severe
hepatotoxicity, especially in patients with a short interval

between the two treatments and in patients who experienced
immune-related hepatitis during prior anti-PD-(L)1 treatment.
Importantly, patients with higher pembrolizumab plasma
concentrations were more susceptible to developing severe
hepatotoxicity than those with lower plasma concentrations.
Sotorasib trough concentrations did not differ between those
with or without severe hepatotoxicity, which further suggests
the influence of prior anti-PD-(L)1 treatment.

Implications of all the available evidence
This study suggests that severe hepatotoxicity is a significant
concern in patients receiving sequential anti-PD-(L)1 followed
by sotorasib, especially in those with a short interval between
treatments, prior immune-related hepatitis or higher
pembrolizumab plasma concentrations. These data suggest a
minimum interval of six weeks between the last anti-PD-(L)1
course and sotorasib initiation to reduce the risk of
hepatotoxicity. However, considering the limitations that are
inherent to the limited sample size, these findings should be
considered preliminary. Larger, randomized trials are needed
to validate and better understand these associations.
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However, the long-awaited KRASG12C-specific inhibitors
have now made their entrance. In the phase 3 Code-
BreaK 200 trial, sotorasib demonstrated a statistically
significant improvement in progression-free survival
(PFS) compared to docetaxel with a favourable toxicity
profile.4 Sotorasib has now received FDA and EMA
approval for adult patients with pre-treated advanced or
metastatic KRASG12C-mutated NSCLC.

However, now that sotorasib is making its way to
daily clinical practice, there is growing evidence that
sotorasib after prior anti-PD-(L)1 therapy might put pa-
tients at a higher risk of immune-related toxicities.6–9 For
instance, the CodeBreaK 100/101 phase 1 b dose
exploration showed a higher incidence of grade 3 and 4
treatment-related adverse events, predominantly hepa-
totoxicity, in patients treated with sotorasib in
combination with pembrolizumab or atezolizumab
concurrently compared to those receiving a lead–in with
sotorasib (74% versus 53% for combination with pem-
brolizumab and 50% versus 30% for combination with
atezolizumab).10 A French retrospective cohort study
also showed that sequential anti-PD-(L)1 and sotorasib
treatment was associated with an increased risk of se-
vere hepatotoxicity: 33% of the patients who received
anti–PD-(L)1 as the last line of treatment before sotor-
asib initiation experienced severe hepatotoxicity, versus
11% of patients who received anti–PD-(L)1 followed by
at least one treatment regimen before sotorasib.6 How-
ever, this study was limited by its retrospective nature.
Furthermore, there was a lack of data regarding the
correlation between systemic sotorasib exposure and
toxicity, as well as the relationship between toxicity
during sotorasib treatment and plasma concentrations
of anti-PD-(L)1 agents. As the majority of patients who
are eligible for treatment with sotorasib have received
upfront anti-PD-(L)1 treatment, there is a strong need to
shed light on these aspects that could play a crucial role
in understanding and addressing the risk of hepatotox-
icity in this patient population. Moreover, considering
the FDA’s post-marketing requirement to compare
sotorasib 960 mg–240 mg daily (NCT04933695), there is
particular interest in data on systemic sotorasib plasma
concentrations.

In this study, we investigated a large prospective
cohort of patients with KRASG12C-mutated NSCLC
treated with sotorasib to explore the relationship be-
tween prior anti-PD-(L)1 therapy and severe hepatotox-
icity during sotorasib treatment. Furthermore, we
investigated the relationship between anti-PD-1 and
sotorasib plasma concentrations and the occurrence of
severe hepatotoxicity.
Methods
Study design
All patients with KRASG12C-mutated NSCLC who were
eligible for sotorasib were prospectively included in our
START-TKI biomarker study (NCT05221372). The
START-TKI study is a prospective, observational multi-
centre cohort study in which additional blood samples
are collected for circulating tumour DNA and pharma-
cokinetic analysis during the standard outpatient visits
of patients with oncogene-driven advanced NSCLC for
which they receive treatment with tyrosine kinase
www.thelancet.com Vol 102 April, 2024
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inhibitors or small molecules. Demographic and clinical
data, including age at diagnosis, sex (self-reported by
patient), type of previous anti-PD-(L)1 treatment, date of
first and last anti-PD-(L)1 infusion, and prior immune-
related toxicities, were collected from the patient re-
cords at baseline. In case of several previous lines of
anti-PD-(L)1 treatment, the most recent treatment line
before sotorasib initiation was considered. Adverse
events (AEs) were prospectively reviewed at every
outpatient visit and graded according to the Common
Terminology Criteria for Adverse Events (CTCAE)
Version 5. Hepatotoxicity was defined as increase in
alanine aminotransferase (ALT), aspartate transferase
(AST), alkaline phosphatase (ALP) or gamma glutamyl-
transferase (GGT). Severe hepatotoxicity was defined as
CTCAE grade ≥3 increase. Causality between the AEs
and sotorasib were determined by the treating physi-
cian. Patients who discontinued sotorasib within 4
weeks after treatment start were excluded from this
analysis, unless they discontinued sotorasib because of
hepatotoxicity, to ensure adequate time on treatment for
the potential development of hepatotoxicity. PFS was
defined as the time from sotorasib initiation until dis-
ease progression as assessed per RECIST version 1.1, or
death from any cause. Patients who had not progressed
at the time of cut-off or had discontinued treatment for a
reason other than disease progression were censored at
the date of the last response evaluation per CT scan
without disease progression. Overall survival (OS) was
defined as the time from sotorasib initiation until death
of any cause. Patients who were still alive at data cut-off
were censored at the date they were last known to be
alive. Overall response rate (ORR) was assessed per
RECIST version 1.1. Sotorasib was supplied by Amgen
(Thousand Oaks, CA, United States) via the named pa-
tient program and post-approval access program that
was available in the Netherlands until March 31st, 2023.
Sotorasib was prescribed according to the prescribing
information with a recommended dose of 960 mg orally
once daily. Dose reductions were also done according to
the prescribing information (first dose reduction level:
480 mg; second reduction dose level: 240 mg).11

Exploratory plasma drug concentrations
Blood samples were drawn prior to treatment start and
at every outpatient visit thereafter until sotorasib
discontinuation. A 4.0 mL lithium-heparin tube was
collected for plasma drug concentration analysis.
Plasma anti-PD-1 concentrations were measured in
samples that were taken prior to the start of sotorasib. In
case of a missing pre-treatment sample, the first sub-
sequent sample during sotorasib treatment was used for
anti-PD-1 concentration analysis. Plasma sotorasib
concentrations were measured in all samples taken
during the outpatient visits for the entire treatment
duration. The first plasma sample for sotorasib
www.thelancet.com Vol 102 April, 2024
concentration analysis was taken after steady state of
sotorasib had been reached (22 days), generally 4–5
weeks after treatment initiation.11 Patients were asked to
delay their sotorasib intake until after venipuncture and
were asked the date and time of their last intake prior to
venipuncture. This was used to calculate the time in
hours between the venipuncture and the time of next
sotorasib intake (24 h after last intake).

Sotorasib plasma concentrations were measured by
validated liquid chromatography-mass spectrometry.
Sotorasib was quantitated by using an ultra-performance
liquid chromatography tandem mass spectrometry
(UPLC-MS/MS) method. Aliquots of 25 μL of human
plasma samples for the quantitation of sotorasib were
deproteinized after the addition of 100 μL of Internal
Standard Solution (erlotinib-d6 in acetonitrile). After
vigorously vortex mixing for 5 s and centrifugation for
10 min at 18,000*g, 50 μL of the clear supernatant was
transferred to a 96-well plate after which 100 μL of wa-
ter/formic acid/ammonium formate (100:0.1:0.02, v/v/
v) was added. After shaking for 5 min on a rocking
platform, aliquots of 2 μL were injected into the UPLC-
MS/MS system. The column effluent was monitored
using the multiple reaction monitoring mode (MRM).
Weighted (1/concentration2) linear regression analysis
for sotorasib of peak area ratios of analyte and Internal
Standard, versus concentration of analyte were used for
the quantitation. Peak area ratios of analytes versus the
Internal Standard were a function of the concentration
from 20.0 to 2000 ng/mL, with the LOQ validated at a
concentration of 20.0 ng/mL. The within- and between-
run precisions at four tested concentrations, including
the LOQ, were ≤2.39 and ≤ 2.48%, respectively, while
the average accuracy ranged from 93.0 to 100.3%.

The sotorasib concentration prior to the next dose of
sotorasib, defined as the trough concentration (Ctrough),
was extrapolated with the following equation12:

Ctrough =Csample ∗ e
(−T∗ 0.693

Thalf
)

Csample is the concentration in the plasma sample, -T
the time in hours between the venipuncture and the
next dose of sotorasib and Thalf the half-life of sotorasib
(5 h). Ctrough which were extrapolated at more than twice
the half-life of sotorasib were excluded from statistical
analyses as they were considered insufficiently reliable,
but were used in visualizations of plasma concentra-
tions. The Ctrough per sample was used to calculate the
median plasma concentration per patient. In patients
with severe hepatotoxicity, the samples from the treat-
ment period until the onset of severe hepatotoxicity were
used for analysis. In patients without severe hepatotox-
icity the samples throughout the entire treatment period
were used. The median Ctrough was assessed for the
different dose levels (960 mg versus lower doses) by
3

http://www.thelancet.com


Articles

4

analysing the samples collected during the administra-
tion of the corresponding doses.

The monoclonal antibodies (mAB) nivolumab and
pembrolizumab were quantitated by using the mABX-
mise monoclonal antibodies quantification kit multiplex
(Promise Proteomics, France; catalogue number
OTDM1-RUO) which is based on the stable isotope
dilution coupled to mass spectrometry analysis. The
internal standard is a Stable-Isotopically-Labelled mAb
(SIL-mAb), with a sequence highly similar to the one of
the targeted mAb and coated at same amount in each
well of the 96 well-plate. Calibration curves for nivolu-
mab and pembrolizumab were linear in the range of
2.00 μg/mL to 100 μg/m, with a lower limit of quanti-
tation of 2.00 μg/mL.13

Ethics
The study was approved by the medical ethical com-
mittee of the Erasmus Medical Center, Rotterdam, The
Netherlands (MEC 16–643), and is conducted in accor-
dance with good clinical practice guidelines and the
Declaration of Helsinki’s ethical principles for medical
research. All patients provided written informed con-
sent prior to any study procedures and data collection.

Statistics
Statistical analysis was performed with IBM SPSS
version 25.0 software. Categorical characteristics were
compared using Fisher’s Exact test (in case of an ex-
pected cell frequency of <5) or Chi–Square test, differ-
ences in continuous data were compared by Student’s
T-test, Mann–Whitney U-test or Kruskal–Wallis test.
Odds ratios (OR) were calculated and Haldane correc-
tion was applied where appropriate. Univariate logistic
regression analysis was performed to identify variables
associated with severe hepatotoxicity. Prior to analysis,
linearity was assessed by Box–Tidwell test and in case of
non-linearity the respective variables were transformed
into dichotomous variables. Due to the modest sample
size, subsequent multivariable logistic regression anal-
ysis was not performed. Median follow-up duration with
corresponding 95% confidence intervals (CI) were
calculated by reverse Kaplan–Meier methodology. For
survival analysis, both the origin and start times were set
as the date of the initiation of sotorasib. PFS and OS
were estimated by Kaplan–Meier methodology and
compared by log-rank test. Univariate cox proportional
hazards regression was used to estimate the hazard ra-
tios (HR). The Agresti-Coull method was used to esti-
mate 95% CIs for the ORR. Correlations were analysed
with the Spearman’s rho test. Receiver Operating
Characteristic (ROC) curve analysis was used to explore
the optimal cut-off value of pembrolizumab plasma
concentrations, to aid in predicting the occurrence of
severe hepatotoxicity. The optimal cut-off value was
assessed by Youden index. The Agresti-Coull method
was used to estimate 95% CIs for the sensitivity,
specificity, positive predictive value and negative pre-
dictive value of the chosen cut-off value. ROC curve
analysis was not performed for nivolumab concentra-
tions due to the limited sample size. All analyses were
two-sided and p-values <0.05 were considered statisti-
cally significant. R statistical software version 4.3.1 was
used for visualizations of the sotorasib plasma
concentrations.

Role of funders
None.
Results
Ninety-one patients with KRASG12C-mutated NSCLC
who started treatment with sotorasib between March
2021 and April 2023 were included. At data cut-off (May
26th 2023), median follow-up duration was 12.1 months
(95% CI 7.8–16.4) and median time on sotorasib was 3.7
months (range 0.9–25.6).

The clinical characteristics of the cohort are sum-
marized in Table 1. Eighty patients (88%) had received
prior anti-PD-(L)1 treatment, of whom 51 (64%)
received anti–PD-(L)1 treatment as last line of treatment
before sotorasib initiation. Median time between the last
course of anti-PD-(L)1 and sotorasib initiation was 62
days (range 16–1353). A total of 58 patients (73%)
received pembrolizumab as monotherapy or in combi-
nation with platinum-based chemotherapy, 11 received
nivolumab, nine durvalumab and two atezolizumab.
Eight patients had experienced immune-related hepati-
tis during prior anti-PD-(L)1 treatment, of which three
patients had discontinued anti-PD-(L)1 treatment due to
the immune-related hepatitis. All eight patients were off
steroids and their liver enzymes had normalized prior to
sotorasib initiation. Of the 11 patients who did not
receive prior anti-PD-(L)1 treatment, one patient was
treatment naïve and ten patients had received platinum-
based chemotherapy prior to start of sotorasib.

Hepatotoxicity
A total of 59 patients (65%) experienced hepatotoxicity
during sotorasib, of whom 28 patients (31%) experi-
enced severe hepatotoxicity. Among these 28 patients,
five were hospitalized during the severe hepatotoxicity,
of whom four patients presented with additional clinical
problems that warranted hospitalization. Biliary tract
obstruction was ruled out by ultrasound in seven cases,
while viral causes of hepatitis were ruled out in eight
cases, and auto-immune hepatitis was ruled out in three
cases. None of the patients were concurrently using
other medications known for a high risk of drug-
induced liver injury. No patients underwent liver bi-
opsies. Median time to first ALT/AST/GGT/ALP in-
crease was 28 days (IQR 13–58), median time to grade
≥3 increase was 54 days (IQR 35–81). No patients had
grade ≥3 bilirubin increase.
www.thelancet.com Vol 102 April, 2024
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Prior anti-PD-(L)1 n = 80 No prior anti-PD-(L)1 n = 11 Entire cohort N = 91

Age (years), median (IQR) 63 (57–70) 70 (64–75) 64 (58–70)

Sexa

Female 57 (71%) 7 (64%) 64 (70%)

Male 23 (29%) 4 (36%) 27 (30%)

Presence of liver metastasis 14 (18%) 3 (27%) 17 (19%)

PD-L1 expression

<1% 24 (30%) 7 (64%) 31 (34%)

1–49% 22 (28%) 1 (9%) 23 (25%)

≥50% 25 (31%) 3 (27%) 31 (28%)

Not available 9 (11%) 0 9 (10%)

Anti-PD-(L)1 as last line of treatment before sotorasib 51 (64%) N/A N/A

Type of anti-PD-(L)1 N/A N/A

Pembrolizumabb 58 (73%)

200 mg Q3W 52 (65%)

400 mg Q6W 6 (8%)

Nivolumab 11 (14%)

240 mg Q2W 5 (6%)

480 mg Q4W 6 (8%)

Durvalumab 9 (11%)

Atezolizumab 2 (3%)

Time on anti-PD-(L)1 (months), median (IQR) 6.7 (2.9–11.3) N/A N/A

Time between anti-PD-(L)1 and start sotorasib N/A N/A

Median, days (IQR) 62 (45–258)

≤6 weeks 18 (23%)

6–12 weeks 24 (30%)

≥12 weeks 38 (48%)

Prior hepatotoxicity during anti-PD-(L)1 8 (10%) N/A N/A

Time on sotorasib (months), median (IQR) 3.5 (2.2–7.2) 4.2 (2.7–14.0) 3.7 (2.6–7.0)

Starting dose sotorasibc

960 mg 77 (96%) 11 (100%) 88 (97%)

480 mg 3 (4%) 0 3 (3%)

aSelf-reported by patient. bMonotherapy or in combination with platinum-based chemotherapy. cAt the treating physician’s discretion patients could be started on a lower
dose to minimize the risk of toxicities. Percentages may not add up to 100% due to rounding. IQR, interquartile range; PD-(L)1, programmed death (ligand)-1; QxW, every x
weeks; N/A, not applicable.

Table 1: Demographic and clinical characteristics of the patients who received prior anti-PD-(L)1 treatment and the entire cohort.

Articles
Prior anti-PD-(L)1 was not associated with a signifi-
cantly higher incidence of any-grade hepatotoxicity
compared to no prior anti-PD-(L)1 treatment (68%
versus 73%, p = 0.74, Fisher’s Exact, OR 0.7 [95% CI
0.2–2.7]), but was associated with a significantly higher
incidence of severe hepatotoxicity (35% versus 0%,
p = 0.016, Fisher’s Exact, OR 12.5 [95% CI 0.7–219.8]).
There was no statistically significant difference in inci-
dence of severe hepatotoxicity between the different
anti-PD-(L)1 regimens (22 out of 58 patients for pem-
brolizumab, five out of 11 for nivolumab, zero out of
nine for durvalumab and one out of two for atezolizu-
mab, p = 0.12, Chi Square). Patients who experienced
immune-related hepatotoxicity during prior anti-PD-(L)1
treatment, had a higher incidence of severe hepatotox-
icity during sotorasib than those who did not (75%
versus 31%, p = 0.019, Fisher’s exact, OR 6.8 [95% CI
1.3–36.5]).
www.thelancet.com Vol 102 April, 2024
Of the patients who started sotorasib within six
weeks of their last anti-PD-(L)1 course, 15 out of 18
patients (83%) experienced severe hepatotoxicity, versus
eight out of 24 patients (33%) with an interval of six to
12 weeks between anti-PD-(L)1 and sotorasib (n = 24),
and five out of 38 patients (13%) of the patients with an
interval of more than 12 weeks (n = 38) (p < 0.0001, Chi
Square test) (Table 2). The OR for the development of
severe hepatotoxicity for ≤6 weeks between last anti-PD-
(L)1 course and sotorasib initiation versus >6 weeks was
18.9 [95% CI 4.7–75.1].

Management of severe hepatotoxicity
Among the patients with severe hepatotoxicity, treat-
ment modification occurred in 26 out of 28 patients
(93%). In 19 patients hepatotoxicity recurred after
sotorasib interruption and dose reduction, leading to
permanent treatment discontinuation in 13 patients.
5
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No anti-PD-(L)1 n = 11 Prior anti-PD-(L)1 per interval between last anti-PD-(L)1 and sotorasib n = 80

≤6 weeks n = 18 6–12 weeks n = 24 ≥12 weeks n = 38 p-valueb

Prior immune-related hepatitis N/A 2 (11%) 1 (4%) 5 (13%) 0.51

Any-grade hepatotoxicity 8 (73%) 17 (94%) 18 (75%) 16 (42%) 0.00028

Grade ≥ 3 hepatotoxicity 0 15 (83%) 8 (33%) 5 (13%) <0.0001

Worst grade 0.00033

Grade 1 7 (64%) 2 (11%) 8 (33%) 6 (16%)

Grade 2 1 (9%) 0 (0%) 2 (8%) 5 (13%)

Grade 3 0 (0%) 10 (56%) 4 (17%) 4 (11%)

Grade 4 0 (0%) 5 (28%) 4 (17%) 1 (3%)

Treatment modificationa 0 (0%) 15 (83%) 8 (33%) 3 (8%) <0.0001

Interruption and reduction 0 (0%) 6 (33%) 5 (21%) 2 (5%)

Treatment discontinuation 0 (0%) 9 (39%) 3 (13%) 1 (3%)

Steroid treatment for hepatotoxicity during sotorasib 0 (0%) 9 (39%) 3 (13%) 2 (5%) 0.52

Time to grade ≥ 3 hepatotoxicity (days), median (IQR) N/A 56 (32–78) 68 (43–89) 50 (30–61) 0.44c

Percentages may not add up to 100% due to rounding. Hepatotoxicity was defined as an increase in ALT, AST, GGT or ALP according to the Common Terminology Criteria for Adverse Events (CTCAE)
Version 5. N/A, not applicable. aOnly including treatment modifications due to hepatotoxicity. bChi–Square Test, unless otherwise specified. cKruskal–Wallis Test.

Table 2: Worst grades ALT/AST/GGT/ALP increase, treatment consequences and days to development of severe hepatotoxicity during sotorasib treatment.
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Nine patients were already on steroids prior to sotor-
asib initiation, of whom five were on an equivalent
dose of 30 mg or higher of prednisone daily, primarily
for arthritis (n = 3) or brain metastases (n = 2). Among
these five patients, three developed severe hepatotox-
icity. Additionally, one patient was on 40 mg of pred-
nisone daily due to sotorasib-related colitis when they
developed severe hepatotoxicity. Of the patients with
severe hepatotoxicity (n = 28), fourteen received steroid
treatment at the discretion of the treating physician at
time of severe hepatotoxicity. Ten patients were started
on 30 mg or higher of prednisone daily, typically for
one week and then tapered by 10 mg per week. Nine of
these patients experienced recurrence of hepatotoxicity
upon the reintroduction of sotorasib, leading to treat-
ment discontinuation in six patients. Four patients
were started on an equivalent of less than 30 mg
prednisone daily simultaneously with the reintro-
duction of sotorasib. Three of them experienced
recurrence of hepatotoxicity, resulting in treatment
discontinuation.

Clinical outcomes
ORR was similar in patients with an interval between
anti-PD-(L)1 treatment and sotorasib of ≤6 weeks and
>6 weeks (33% [95% CI 16.1–56.4] versus 31% [95% CI
20.5–43.0], respectively, p = 0.83, Chi Square). Median
PFS (5.3 months [95% CI 3.7–6.9] versus 4.8 months
[95% CI 4.4–5.2], respectively, HR 1.01 [95% CI
0.54–1.89], p = 0.98, log-rank) and median OS (9.0
months [95% CI 5.7–12.4] versus 8.2 months [95% CI
5.9–10.4], respectively, HR 0.84 [95% CI 0.41–1.75],
p = 0.64, log-rank) were also similar between groups. In
patients who experienced severe hepatotoxicity, ORR
was 36% (95% CI 20.6–54.2) versus 29% (95% CI
18.8–40.8) in those who did not (p = 0.50, Chi Square).
In PFS analysis, 31 out of 91 cases (34%) were censored
because of treatment discontinuation due to toxicity
(n = 10), ongoing treatment at data cut-off (n = 20) or
loss to follow up (n = 1). In OS analysis, 41 out of 91
cases (45%) were censored. Median PFS was 4.8 months
(95% CI 4.3–5.3) in patients with severe hepatotoxicity
versus 4.7 months (95% CI 3.9–5.5) in patients without
severe toxicity (HR 1.12 [95% CI 0.63–2.0], p = 0.70, log-
rank). Corresponding median OS was 9.0 months (95%
CI 7.0–11.1) versus 8.5 months (95% CI 4.3–12.8),
respectively (HR 0.91 [95% CI 0.49–1.70], p = 0.77, log-
rank).

Sotorasib concentrations
A total of 230 plasma samples of 81 patients were ana-
lysed for sotorasib concentrations. For statistical com-
parison of median Ctrough between patients with and
without severe hepatotoxicity, a total of 130 samples
from 10 patients with severe hepatotoxicity and 44 pa-
tients without severe hepatotoxicity (range 1–12 samples
per patient) were analysed. Median Ctrough was 106 ng/
mL in patients with severe hepatotoxicity versus 126 ng/
mL in patients without severe hepatotoxicity (p = 0.16,
Mann–Whitney U Test). For statistical comparison of
median Ctrough between samples that were collected
during administration of a daily dose of 960 mg and
lower doses, 134 samples were analysed. Median Ctrough

was 99 ng/mL for 960 mg and 109 ng/mL for lower
doses (p = 0.99, Mann–Whitney U Test). Fig. 1 illus-
trates the concentration–time curve of all the analysed
plasma samples (n = 230) and the relationship between
severe hepatotoxicity and administered dose. The
concentration–time curve with a log(10) scale is shown
in Supplementary Fig. S1.
www.thelancet.com Vol 102 April, 2024
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Fig. 1: Concentration–time curve of all analysed plasma samples. Patients were asked the date and time of the last intake of sotorasib. This was
used to calculate the time (hours) after intake (x-axis). The curve was fitted with the Loess method.
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Anti-PD-1 concentrations
Anti-PD-1 plasma concentration analysis was possible in
57 out of 58 cases who had previously received pem-
brolizumab, and in 10 out of 11 cases who had previ-
ously received nivolumab. Treatment time on
pembrolizumab or nivolumab was not correlated with
their respective plasma concentrations (p = 0.86 and
p = 0.80, respectively, Spearman’s rho). In the patients
who had received pembrolizumab, those who developed
severe hepatotoxicity (n = 21) had much higher mean
plasma concentrations of pembrolizumab than those
who did not develop severe hepatotoxicity (n = 36) (25.6
versus 6.1 μg/mL, p < 0.0001, Student’s T-test). All
plasma samples that were taken more than 132 days
after last pembrolizumab course (n = 17) were below the
detection threshold of 2.00 μg/mL. In the patients who
had received nivolumab, the median plasma concen-
tration was also higher in those who developed severe
hepatotoxicity (n = 4) compared to those who did not
(n = 6) (14.5 versus 7.2 μg/mL), although this did not
reach statistical significance due to the small sample
size (p = 0.61, Mann–Whitney U Test).

In ROC curve analysis within the analysed pem-
brolizumab population (n = 57), the area under the
curve was 88.9% (95% CI 80.6–97.1) (Supplementary
Fig. S2). The optimal cut-off value to predict the devel-
opment of severe hepatotoxicity was set at 11.4 μg/mL,
corresponding to a sensitivity of 86% (95% CI
64.5–95.9) and a specificity of 81% (95% CI 64.7–90.6)
with a positive predictive value of 72% (95% CI
52.2–85.9) and a negative predictive value of 91%
www.thelancet.com Vol 102 April, 2024
(95% CI 75.0–97.5). The incidence of severe hepatotox-
icity was eight-fold higher in the ≥11.4 μg/mL group
than in the <11.4 μg/mL group (72% versus 9%, OR
24.86 [95% CI 5.69–108.63], p < 0.0001, Chi Square)
(Fig. 2). Three cases in the <11.4 μg/mL group devel-
oped severe hepatotoxicity, one of which had experi-
enced a grade 3 immune-related hepatitis during prior
pembrolizumab treatment. The plasma concentrations
of nivolumab in relation to the occurrence of severe
hepatotoxicity are visualized in Fig. 3, but not statisti-
cally tested due to the limited sample size.

Univariate analysis
Univariate logistic regression analysis showed a signifi-
cant association of patient age (≥65 versus <65 years) (OR
0.28 [95% CI 0.11–0.76]), prior immune-related hepato-
toxicity (OR 6.82 [95% CI 1.28–36.48]), a treatment in-
terval of less than 6 weeks between the last anti-PD-(L)1
treatment course and sotorasib initiation (OR 18.85 [95%
CI 4.73–75.08]), and median pembrolizumab plasma
concentration ((≥11.4 versus <11.4 μg/mL) (OR 24.86
[95% CI 5.69–108.63])), with the development of severe
hepatotoxicity during sotorasib treatment (Table 3). No
significant association was found for any of the other
variables. Due to the modest sample size, subsequent
multivariable analysis was not performed.
Discussion
This study showed a significant association between
prior anti-PD-(L)1 treatment and anti-PD-1 plasma
7
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Fig. 2: Plasma concentrations of pembrolizumab grouped per time interval between the last course of anti-PD-1 treatment and sotorasib
initiation. Each bar represents an individual patient. Patients who received pembrolizumab 400 mg every 6 weeks are indicated with Q6W, the
remaining patients received 200 mg every 3 weeks. The dashed horizontal line represents the cut-off value of 11.4 μg/mL that was determined
in ROC curve analysis. PD-1, programmed death-1. ROC, Receiver Operating Characteristic.

Fig. 3: Plasma concentrations of pembrolizumab grouped per time interval between the last course of anti-PD-1 treatment and sotorasib
initiation. Each bar represents an individual patient. Patients who received nivolumab 480 mg every 4 weeks are indicated with Q4W, the
remaining patients received 240 mg every 2 weeks. PD-1, programmed death-1.
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Variable Univariate analysis p-value

OR (95% CI)

Sex (female versus male) 1.40 (0.51–3.82) 0.52

Age (≥65 years versus <65 years) 0.28 (0.11–0.76) 0.013

Liver metastasis (yes versus no) 0.25 (0.05–1.16) 0.076

Prior immune-related hepatotoxicity (yes versus no) 6.82 (1.28–36.48) 0.025

Anti-PD-(L)1 time on treatment (months, continuous scale) 1.01 (0.95–1.08) 0.71

Anti-PD-(L)1 interval (≤6 weeks versus >6 weeks) 18.85 (4.73–75.08) <0.0001

Sotorasib time on treatment (months, continuous scale) 0.93 (0.84–1.03) 0.17

Median Ctrough sotorasib (≥122 ng/mL versus <122 ng/mL) 0.82 (0.23–2.85) 0.75

Median pembrolizumab concentration (≥11.4 μg/mL versus <11.4 μg/mL) 24.86 (5.69–108.63) <0.0001

OR, odds ratio. CI, confidence interval. PD-(L)1, programmed death-(ligand) 1. Ctrough, trough concentration.

Table 3: Univariate logistic regression analysis on the association of investigated variables with the occurrence of grade ≥3 hepatotoxicity during
sotorasib treatment.
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concentrations, and severe hepatotoxicity during sotor-
asib treatment. Importantly, our findings suggest that
the timing of sotorasib initiation after anti-PD-(L)1 is a
crucial determinant of the likelihood of severe hepato-
toxicity during sotorasib treatment, irrespective of sys-
temic sotorasib exposure.

The majority of patients (83%) who started sotorasib
within 6 weeks after receiving anti-PD-(L)1 treatment
experienced severe hepatotoxicity, leading to permanent
discontinuation of sotorasib in 39% of them. In patients
with an interval of 6–12 weeks between anti-PD-(L)1 and
sotorasib, only 33% developed severe hepatotoxicity, and
in those with an interval of more than 12 weeks, the
incidence was even lower (13%). In comparison, a
recent retrospective cohort study found that only 7 out of
181 patients with advanced NSCLC (3.9%) receiving
immune checkpoint blockade monotherapy experienced
grade ≥3 ALT or AST increase.14 This suggests that the
cases of hepatotoxicity in our cohort were unlikely to be
caused by delayed toxicity from anti-PD-(L)1 treatment
alone. Additionally, we identified a history of immune-
related hepatotoxicity as a risk factor for the develop-
ment of severe hepatotoxicity during sotorasib. A prior
study showed that hepatitis was among the immune-
related adverse events with high recurrence rates in
patients who received a rechallenge of immunotherapy
after a prior immune-related adverse event, which could
potentially explain why we found this to be a risk factor
for severe hepatotoxicity during sotorasib.15 These find-
ings also raise the question whether patients in which
the expected benefit of anti-PD-(L)1 treatment (e.g., pa-
tients with low or absent PD-L1 expression or with
STK11 or KEAP1 co-mutations) is limited,16 anti-PD-(L)1
treatment should not be saved for after treatment with
sotorasib. Currently, the CodeBreaK201 is investigating
sotorasib 960 mg daily versus 240 mg daily as first-line
treatment in patients with KRASG12C-mutated NSCLC
with a PD-L1 tumour proportion score of <1% and/or
presence of a STK11 mutation (NCT04933695). The
www.thelancet.com Vol 102 April, 2024
outcomes of this study could potentially aid in
answering this question. Next, following the rationale of
the CodeBreaK 100/101 of combining immunotherapy
and sotorasib, and considering the long half-life of anti-
PD-(L)1 agents,17–22 it is possible that sequential sotor-
asib treatment after recent anti-PD-(L)1 elicits improved
treatment responses. However, our results suggest
similar clinical outcomes in patients with a ≤6 week
interval between sequential treatments and those with a
>6 week interval.

There was no significant difference in the systemic
sotorasib trough concentration between patients who
experienced severe hepatotoxicity and those who did
not. This finding further emphasizes that prior anti-PD-
(L)1 treatment is likely the main factor determining the
risk of hepatotoxicity, irrespective of sotorasib exposure.
Moreover, no significant difference was observed in
sotorasib trough concentrations between patients
receiving the maximum approved dose of 960 mg daily
and those on lower doses, consistent with previous
pharmacokinetic studies of sotorasib at various
doses.11,23 However, it remains to be determined
whether sotorasib-associated toxicity is associated with
trough levels or maximum concentrations. Nonetheless,
there is some evidence suggesting that using lower
doses may potentially reduce the risk of hepatotoxicity as
sotorasib is metabolized in the liver, and thus higher
maximum concentrations might lead to accumulation of
sotorasib metabolite in the liver.24,25 This also un-
derscores the importance of the ongoing debate on the
utility of maximum tolerated doses in targeted
therapies.26,27

Lastly, we found that in patients who had received
pembrolizumab prior to sotorasib, pembrolizumab
plasma concentrations were significantly higher in those
who developed severe hepatotoxicity compared to those
who did not. Although plasma drug concentrations
decrease with time, prior studies have shown that
several patient-related factors can significantly influence
9
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immunotherapy drug pharmacokinetics and clear-
ance.21,22 Consequently, the plasma concentrations of
anti-PD-(L)1 agents at time of sotorasib initiation may
vary substantially among patients, regardless of the time
since their last anti-PD-(L)1 course. In our cohort we
indeed found that pembrolizumab plasma concentra-
tions varied between patients regardless of time since
last pembrolizumab infusion. This variation could hold
crucial clinical importance as the majority of patients
who are eligible for sotorasib, have progressed on at
least one line of prior systemic treatment. Thus, these
patients often have a substantial tumour burden and
delaying the initiation of sotorasib, unless absolutely
necessary to minimize toxicity risks, may not be desir-
able. Our results suggest that pembrolizumab plasma
concentrations could potentially aid in identifying pa-
tients who are at higher risk of severe hepatotoxicity
during sotorasib treatment. However, our determined
cut-off value of 11.4 μg/mL should be validated in a
larger cohort. Additionally, the potential risk and bene-
fits of the timing of sotorasib initiation after prior anti-
PD-(L)1 treatment should be assessed on an individual
patient basis.

The exact underlying mechanism of sotorasib-
induced liver damage remains unclear. Prior studies
have shown that kinase inhibitors can induce immune-
related toxicities in patients previously treated with anti-
PD-(L)1 therapy.28–31 Although sotorasib is not a tyrosine
kinase inhibitor, it does seem that targeted therapies can
trigger immune responses in immunotherapy-exposed
patients. Preclinical studies have suggested that sotor-
asib may create a pro-inflammatory tumour microenvi-
ronment with increased CD8-positive T-cell
infiltration.32 Although this presents a treatment op-
portunity to combine sotorasib with immunotherapy, it
may also contribute to the development of immune-
related toxicities. Therefore, in the case of severe hepa-
totoxicity, clinicians should also consider corticosteroids
or other immunosuppressive agents in addition to
treatment interruption. However, the optimal manage-
ment of severe hepatotoxicity in this patient population
remains challenging, as demonstrated by the high
discontinuation rate in our cohort despite steroid treat-
ment. Adagrasib, another small molecule KRASG12C-
inhibitor, has thus far demonstrated less hepatotoxicity
when used in combination with immunotherapy
compared to sotorasib.33 This suggests that the mecha-
nism of hepatotoxicity may be drug-specific rather than
class-specific. However, it is important to note that the
currently available safety data on adagrasib is more
limited compared to that of sotorasib.

Our study has some limitations that should be
considered. Firstly, we did not perform liver biopsies
which limits our ability to draw definitive conclusions
regarding its aetiology. Furthermore, serological or
molecular testing for viral or autoimmune diseases was
not performed in all cases. However, given the setting
and the time-dependent association with sotorasib, it is
unlikely that testing for viral or autoimmune causes
would have altered our findings. Secondly, although this
is the largest real-world prospective cohort of sequential
anti-PD-(L)1 and sotorasib reported so far, the sample
size was modest. Therefore, further statistical analysis,
such as multivariable analysis, was not performed.
Consequently, we were not able to adjust for con-
founders and confirm whether the variables associated
with risk of severe hepatotoxicity are independent risk
factors. Furthermore, the limited sample size introduces
the potential for sparse data bias, evident in the high
ORs and wide 95% CIs we observed in univariate lo-
gistic regression. Consequently, the reported effect sizes
may potentially be overestimated. Finally, the equation
used to calculate sotorasib trough levels has not been
validated for sotorasib, so these analyses should be
considered exploratory. However, given the linear
pharmacokinetics of sotorasib after the initial maximum
concentration has been reached, it is probable that our
equation provided a sufficient approximation of the
trough concentrations. Despite these limitations, to the
best of our knowledge, no other prospective studies have
incorporated both anti-PD-1 and sotorasib plasma con-
centrations to provide a comprehensive clinical and
pharmacokinetic analysis of the time-dependent rela-
tionship between sequential anti-PD-(L)1 and sotorasib
treatment and the development of severe hepatotoxicity.

In conclusion, our study highlights that severe hep-
atotoxicity is a significant concern in patients receiving
sequential anti-PD-(L)1 followed by sotorasib, especially
in those with a short interval between treatments, a
history of immune-related hepatotoxicity or higher
pembrolizumab plasma concentrations. As no associa-
tion with systemic sotorasib plasma concentrations was
found, this further suggests that prior anti-PD-(L)1 is
the major determinant of the risk of hepatotoxicity. Our
results would suggest a minimum interval of six weeks
between the last anti-PD-(L)1 course and sotorasib
initiation to reduce the risk of hepatotoxicity. However,
considering the limitations that are inherent to the
limited sample size, these findings should be consid-
ered preliminary. Larger, randomized trials are needed
to validate and better understand these associations.
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