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Abstract

Background: This systematic review and network meta-analysis aimed to
provide a complete hepatotoxicity profile, hepatotoxicity spectrum, and
safety ranking of immune checkpoint inhibitor drugs for cancer treatment.
Methods: PubMed, Embase, Scopus, CINAHL, Web of Science, psycINFO,
Cochrane Library, and ClinicalTrials.gov. websites were searched, and a
manual search of relevant reviews and trials up to January 1, 2022, was
undertaken. Head-to-head Ill randomized controlled trials comparing any 2
or 3 of the following treatments or different doses of the same immune
checkpoint inhibitor drug were included: programmed death 1 (PD-1), pro-
grammed death ligand 1, and cytotoxic T-lymphocyte—associated antigen 4
(CTLA-4) inhibitors and conventional therapy. We included 106 randomized
trials (n=164,782) containing 17 treatment arms.

Results: The overall incidence of hepatotoxicity was 4.06%. The rate of fatal
liver adverse events was 0.07%. The programmed death ligand 1 inhibitor
+targeted therapy drug+chemotherapy group had the highest risk of treatment-
related increases in all-grade alanine aminotransferase and aspartate amino-
transferase levels, and the differences were significant. For immune-related
hepatotoxicity, no significant difference was found between PD-1 and CTLA-4
inhibitors for all-grade hepatotoxicity; however, CTLA-4 inhibitors were asso-
ciated with a higher risk of grade 3-5 hepatotoxicity than PD-1 inhibitors.
Conclusions: The highest incidence of hepatotoxicity and fatality was
observed with triple therapy. The overall incidence of hepatotoxicity was similar
between different dual regimens. For immune checkpoint inhibitor mono-
therapy, the overall risk of immune-mediated hepatotoxicity related to CTLA-4

Abbreviations: AEs, adverse events; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CTLA-4, cytotoxic T-lympho-
cyte—associated antigen 4; GGT, gamma-glutamyl transferase; ICI(s), immune checkpoint inhibitor(s); ILICI, immune-mediated liver injury caused by checkpoint
inhibitors; irAEs, immune-related adverse events; PD-1, programmed death 1; PD-L1, programmed death ligand 1; SUCRA, surface under the cumulative ranking;

TTD, targeted therapy drug.
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inhibitors did not differ significantly from that of PD-1 inhibitors. There was no
direct relationship between the risk of liver injury and drug dose, whether
monotherapy or combination therapy was used.

INTRODUCTION

The rapid development of tumor therapy has brought
hope for the survival of many patients with cancer, and
immune checkpoint inhibitors (ICIs), including those of
programmed cell death 1 (PD-1) and its ligand
programmed cell death ligand 1 (PD-L1) and cytotoxic
T-lymphocyte antigen 4 (CTLA-4), have produced
effective long-term responses in many tumors. CTLA-
4 belongs to a class of co-stimulatory molecules
expressed on the surfaces of T cells. PD-1 and PD-L1
are key proteins expressed on activated T cells, pro-B
cells, and tumor cells. Both inhibit internal regulatory
checkpoints and downregulate T-cell activation, thereby
generating a therapeutic antitumor T-cell response and
enhancing the effective immune response against
tumor cells.['2 At present, ICIs are widely used in the
treatment of malignant tumors, such as melanoma,
non—-small cell lung cancer, renal cancer, other solid
tumors, and hematological cancer. Previous studies
have suggested that patients treated with ICIs have a
better quality of life than those administered other
treatment regimens.®4 This might be related to the
degree and frequency of adverse reactions to ICls
compared with other treatments. However, 1 study
reported that immune-related adverse events (irAEs)
might be more common than thought.®! Since 2011, the
US Food and Drug Administration has approved 7 ICls,
including monotherapy, dual-targeted therapy, and
combination therapy. With the promotion of dual and
triple ICI regimens, it remains unclear whether com-
bined therapy increases antitumor efficacy while also
increasing drug-related adverse events (AEs).

Enhanced inflammatory cascades and complement
activation are key mechanisms that trigger irAEs,6-8
which are associated with an increased immune
response to tumor cells after ICI injection. AEs
associated with ICls include thyroid dysfunction, pneu-
monia, and colitis. The most common AEs are skin
complications (eg, rash and pruritus), gastrointestinal
discomfort (eg, diarrhea and colitis), hepatotoxicity,
pneumonia, and endocrine disorders (such as hypo-
thyroidism and hypophysitis). Serious irAEs have been
reported in up to 27% of patients treated with anti-
CTLA-4 agents and in 16% of those treated with anti-
PD-1 drugs, and this might increase to 55% when both
therapies are used concurrently.®!

Hepatitis can be a fatal adverse reaction, and the
main types of hepatitis are cholestatic, hepatocyte,

and mixed damage.[' With the emergence of new
IClIs, the incidence of immunotherapy-related hepatitis
has been increasing, and the ever-increasing hepatic
AEs are a concern. Therefore, the early monitoring of
these side effects is crucial. The early diagnosis of
more irAEs of lower severity (grade 1-2) and treat-
ment with supportive measures can prevent AEs from
progressing to higher toxicity levels and allow for the
continuation of ICI therapy.['l Simultaneously, the
cost of treating irAEs is lessened, which can reduce
the cost of immunotherapy. Moreover, a reduction in
the frequency and severity of AEs might help to
improve the cost-effectiveness of the immuno-
therapy.l'?l However, hepatotoxicity caused by ICls
is asymptomatic in many patients; thus, clinicians
often ignore its diagnosis in clinical practice. There-
fore, we undertook a network meta-analysis to assess
ICl-related liver toxicity by analyzing data from all
published randomized clinical trials involving ICls.
Reliable conclusions on this topic are essential for
increasing awareness, the early detection of hepatic
AEs, and improving patient management.

METHODS
Data sources and searches

A comprehensive literature search was performed using
PubMed, Embase, Scopus, CINAHL, Web of Science,
PsycINFO, Cochrane Library, and ClinicalTrials.gov
websites, in addition to manual searches of relevant
literature or reference lists of relevant literature. The
search period was from January 1, 2015, to January 1,
2022. Only articles published in English were included
in this study. We prospectively registered the protocol at
PROSPERO (ID: CRD42022325394). The search
strategy is detailed in eTable 1 in the Supplement
(http://links.lww.com/HC9/A156) and included the key-
words anti-PD-1, PD-1 inhibitor, anti-PD-L1, PD-L1
inhibitor, nivolumab, pembrolizumab, avelumab, durva-
lumab, atezolizumab, ICls, and cancer.

Study selection
The studies included in this meta-analysis were phase lll

multicenter trials that met the following inclusion criteria:
(1) patients, those with cancer above 18 years of age;
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(2) intervention, at least 1 treatment group received an
ICI, either as monotherapy or in combination with another
ICI or traditional cancer therapy; (3) comparison, no
intervention/placebo, traditional therapy, or any active
intervention comprising ICls; and (4) outcomes, we used
common terminology criteria for adverse events version
3 or 4 to determine various liver indicators [alanine
aminotransferase (ALT), alkaline phosphatase (ALP),
aspartate aminotransferase (AST), gamma-glutamyl-
transferase (GGT), and bilirubin levels]. We excluded
(1) nonrandomized and observational studies, (2) phase |
or |l trials, (3) single-center, single-arm ftrials, and (4)
patients below 18 years of age.

Data extraction and quality assessment

Data extraction and quality assessment were performed
by 2 independent reviewers (Caiyun Zheng and Baohui
Hong). Any unresolved discrepancies in data extraction
or outcome evaluation were resolved through discus-
sion with a third reviewer (Shunmin Huang). The
extracted content included study information (author,
date, National Clinical Trial number, and trial name),
patient baseline characteristics (sample size, median
age, follow-up, cancer type, line of treatment, and
disease stage), specific therapy details, and hepatotox-
icity. Quality assessment was performed using Review
Manager (RevMan) (version 5.3; Cochrane) software.

Types of outcome measures

The primary outcome was treatment-related hepatotox-
icity, including ALT, AST, ALP, GGT, and bilirubin levels
beyond the normal threshold. Various liver function
indicators were further divided into any hepatotoxicity
(all grades), severe hepatotoxicity (grades 3-5), and
fatal hepatotoxicity (grade 5). The National Cancer
Institute grades the severity of hepatotoxicity were in
accordance with the common terminology criteria for
adverse event version 4. This AE grading system was
used for clinical trials on cancer treatment using AST,
ALT, ALP, GGT, and total bilirubin measurements in
multiples of the upper limit of the normal level. The
common terminology criteria for adverse event grades
severity on a scale of 1 to 5, where grade 5 refers to
fatal hepatotoxicity.

Statistical analysis

Owing to expected differences between differing regi-
mens, direct meta-analyses were performed using
random-effects models to estimate pooled ORs and
95% Cls for within-study and between-study hetero-
geneity. Funnel plot asymmetry was used to assess

publication bias. For incidence probability, a logit
transformation (logit(z) =log(z) - log(1 — z)) was used.
Furthermore, a normal distribution for the additive
effects of study-level moderators was assumed to
adjust for study-specific effects.[3]

Bayesian network meta-analysis was performed
using a generalized linear model with random effects
based on the Markov chain Monte Carlo method.['
Consistency models were constructed, and relative
effect sizes of the treatments were calculated as the log
OR and reported with their 95% Cls.'3! To obtain the
posterior distribution, each of the 4 chains was run
simultaneously for 50,000 burn-in and 100,000 infer-
ence iterations. The Gelman-Rubin method was com-
bined to detect the convergence of the model with a
density plot and a tract plot.'® For all results, the
evidence was summarized by plotting the network
relationships. The hepatotoxicity in different treatment
regimens was ranked according to the surface under
the cumulative ranking curve.l'l We used a tau-
squared (%) test to evaluate the extent of heterogeneity
for each outcome. In addition, subgroup analyses were
performed using different outcome definitions, cancer
types, and doses. Immune-mediated liver injury caused
by checkpoint inhibitors (ILICI) is a unique type of DILI,
which is caused by the indirect effects of ICIls on the
liver through their immune-mediated mechanisms. It
was determined based on a prespecified list of terms
from the Medical Dictionary for Regulatory Activities,
and the list was updated with each new version.
Treatment-related AEs comprised any AE for which
treatment could not be excluded as the cause. That is,
they could be caused by chemotherapy, targeted
therapy drug, or ICls. We used Cochrane Review
Manager version 5.3 (The Cochrane Collaboration,
Copenhagen, Denmark) with R programming language,
version 3.6.3 (R Foundation for Statistical Computing,
Guangzhou, China) for direct comparisons, with
p <0.05 indicating that the difference was statistically
significant.

RESULTS
Study characteristics

In total, 56,174 studies were identified through an
electronic search. After excluding duplicate studies,
5724 papers underwent title/abstract screening. Of
these, 5523 studies were excluded owing to incomplete
randomized clinical trials and title/abstract reviews, with
195 studies reviewed in full. At the end of the review
process, 106 articles met the inclusion criteria (64,782
patients), and a qualitative comprehensive and quanti-
tative meta-analysis was performed. A preferred report-
ing item for systematic reviews and meta-analyses
(PRISMA) flow diagram is presented in eFigure 1i n the
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Supplement (http://links.lww.com/HC9/A156), and the
characteristics of the included studies are provided in
eTable 2 in the Supplement (http://links.lww.com/HC9/
A156). Overall, of these 106 trials, 5 (5%) involved
Chinese populations only, and the remaining trials
included between 2 and 41 different countries. The
median sample size was 617 (range, 4—792) patients.
Seventy-four (70%) articles contained treatment-related
hepatic AEs, and 41 (39%) articles contained data on
immune-mediated AEs. All-grade and grade 3-5 AEs
were reported in each article, except for 1 study.['®!
Among the 106 articles, 53 compared ICls to chemo-
therapy (22 compared PD-1 inhibitors to chemotherapy,
17 compared PD-1 inhibitors+chemotherapy to chemo-
therapy, and 14 compared PD-L1 inhibitors to chemo-
therapy). Fifteen articles compared ICIs to placebo
(10 compared PD-1 inhibitors to a placebo). The
network plot is shown in Figure 1.

Risk of bias assessment and publication
bias

The Cochrane systematic evaluation method was used
for quality evaluation, and all included studies had a low
risk of bias, with most studies having blinded testing of
participants and staff (53.8%) and outcome assess-
ments (50.9%). The risk of bias for each trial is shown in
eFigure 2 in the Supplement (http://links.lww.com/HC9/
A156). In addition, an examination of the comparison-
adjusted funnel plots revealed no apparent asymmetry;
thus, there was no significant risk of small-sample study
effects (eFigure 3 in the Supplement, http://links.lww.
com/HC9/A156).

Incidence of liver AEs

The incidence of treatment-related hepatotoxicity was
higher than that of ILICI (4.82%, 95% ClI, 4.33%—5.31%
and 1.72%, 95% CI, 1.31%—2.13%, respectively). The
incidences of all-grade and grade 3-5 treatment-related
hepatotoxicity were 8.09% (95% Cl, 7.27%-8.91%) and
1.53% (95% CI, 1.18%—1.89%), respectively. The
incidences of all-grade and grade 3-5 ILICI were
277% (95% Cl, 2.05%-3.49%) and 0.67% (95% ClI,
0.40%-0.95%), respectively. The treatment-related hep-
atotoxicity with the highest incidence was an all-grade
ALT elevation (10.38%, 95% ClI, 8.86%—11.90%) and
that with the lowest incidence was a grade 3-5 GGT
elevation (0.64%, 95% CI, 0.26%-1.03%) (Figure 2A).
The incidence of ILICI was similar, with an all-grade ALT
elevation having the highest incidence at 4.73% (95% Cl,
2.88%—6.57%) and a grade 3-5 bilirubin elevation having
the lowest incidence at 0.05% (95% CI, 0%—0.12%)
(Figure 2B). Overall, the incidence of hepatotoxicity in the
triple therapy groups (PD-L1 inhibitor+targeted therapy

drug (TTD)+chemotherapy and PD-1/PD-L1 inhibitor
+CTLA-4 inhibitor+chemotherapy) was 6.28% (95% ClI,
5.01%—7.56%). The incidence of hepatotoxicity in the
dual-ICI group was 8.47% (95% Cl, 5.14%—11.79%; PD-
1/PD-L1 inhibitor+CTLA-4 inhibitor). The incidence of
hepatotoxicity with single-agent ICls was 5.77% (95% Cl,
4.70%—6.85%). The incidence of hepatotoxicity for ICls
+chemotherapy was 13.62% (95% Cl, 10.44%—-16.79%),
and the incidence of hepatotoxicity for ICIs+TTD was
16.07% (95% CI, 12.07%—-20.08%) (Figure 2C). The
incidences of AEs among different types of treatment
regimens according to the treatment group are shown in
Figure 2D-G. Of these, the highest incidence of
treatment-related all-grade hepatotoxicity was observed
with PD-1 inhibitors+chemotherapy (21.03%, 95% CI,
15.96-26.10). The highest incidence of treatment-related
grade 3-5 hepatotoxicity was observed with CTLA-4
inhibitors+chemotherapy (8.18%, 95% CI, 0-17.41). The
highest incidence of immune-mediated all-grade and
grade 3-5 hepatotoxicity was observed for PD-1
inhibitors+CTLA-4 inhibitors (8.95%, 95% CI, 0%—
19.01% and 3.32%, 95% CI, 0%—8.05%, respectively).
The incidence of fatal liver AEs was 0.07% (95% ClI,
0.03%—0.11%).

Conventional pairwise meta-analysis

The results of the paired meta-analysis are presented in
eFigure 4 in the Supplement (http:/links.lww.com/HC9/
A156). PD-1 inhibitors+chemotherapy versus chemother-
apy showed significant differences in treatment-related
ALT, AST, and GGT levels. PD-1 inhibitors+chemotherapy
versus chemotherapy showed significant differences in
treatment-related ALT, AST, and GGT elevation. CTLA-4
inhibitors+chemotherapy versus chemotherapy had sig-
nificant differences in treatment-related grade 3-5 ALT,
AST, GGT, and immune-mediated ALT and AST. PD-L1
inhibitors+chemotherapy versus chemotherapy had sig-
nificant differences in the risk of treatment-related ALT,
AST, and ALP elevation.

There was no significant difference between PD-1
and CTLA-4 inhibitors in treatment-related all-grade
hepatotoxicity; however, CTLA-4 inhibitors had a higher
risk of grade 3-5 hepatotoxicity than PD-1 inhibitors.
PD-1 inhibitors+CTLA-4 inhibitors versus PD-1 inhib-
itors significantly increased the risk of hepatotoxicity.
PD-1 inhibitors+CTLA-4 inhibitors versus CTLA-4 inhib-
itors also increased the risk of hepatotoxicity, with
significant differences.

Network meta-analysis
The main outcomes for hepatotoxicity are shown in

Figure 3. The network of comparisons between
treatment-related hepatotoxicity and ILICI is shown in
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PD1+Chemo
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PD1+CTLA4
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FIGURE 1

Network of included studies with available direct comparisons of hepatotoxicity. Abbreviations: Chemo, chemotherapy; CTLA-4,

cytotoxic T-lymphocyte antigen 4 inhibitor; PD-1, programmed cell death 1 inhibitor; PD-L1, programmed cell death ligand 1 inhibitor; TTD,

targeted therapy drug.

eFigure 5 in the Supplement (http://links.lww.com/HC9/
A156). The surface under the cumulative ranking and
rankings for treatment and ILICI are shown in eFigure 6
and eTables 3-4 in the Supplement (http:/links.lww.
com/HC9/A156).

In the network meta-analysis, the PD-L1 inhibitor
+TTD+chemotherapy group had the highest risk of
treatment-related all-grade ALT and AST elevations,
and the differences were significant (except for TTD
+chemotherapy). However, PD-1 inhibitors+CTLA-4
inhibitors ranked first in the risk of treatment-related
grade 3-5 AST, GGT, and Grade 3-5 GGT elevation.
CTLA-4 inhibitors+chemotherapy ranked first in terms of
risk of all-grade ALP, bilirubin, and grade 3-5 ALT
elevation, and for treatment-related all-grade ALP
elevation, there were significant differences in each
treatment regimen. PD-L1 inhibitors+chemotherapy
ranked first in terms of risk of grade 3-5 ALP and
grade 3-5 bilirubin elevation, but there was no
significant difference between PD-L1 inhibitors+chemo-
therapy and any other treatment group (p > 0.05).

Concerning treatment-related hepatotoxicity, PD-1
inhibitors+chemotherapy showed significant differences
in terms of the risk of increased ALT and AST levels
compared with PD-1 inhibitors+CTLA-4 inhibitors.
There was no significant difference in the incidence of
ALT and AST elevation between PD-L1 inhibitors
+chemotherapy and PD-L1 inhibitor+ CTLA-4 inhibitor
groups, and there was no significant difference in the
incidence of hepatotoxicity between CTLA-4 inhibitor
+chemotherapy and PD-1 inhibitor+CTLA-4 inhibitor
groups (except all-grade ALP). There was no significant
difference in the incidence of hepatotoxicity between

CTLA-4 inhibitors+chemotherapy and PD-L1 inhibitors
+CTLA-4 inhibitors (except all-grade ALT and grade
3-5 ALT). PD-1 inhibitors+TTD ranked first in all-grade,
grade 3-5 ALT, and all-grade AST for ILICI, with
significant differences compared with those in any
treatment group (p>0.05). PD-1 inhibitors+CTLA-4
inhibitors ranked first in ALP, GGT, and bilirubin
elevation but only showed significant differences when
compared with some treatment groups.

Fatal liver AEs

The ranking of fatal liver AEs is shown in eFigure 7 and
eTable 5 in the Supplement (http://links.lww.com/HC9/
A156). PD-1 inhibitors+CTLA-4 inhibitors+chemother-
apy had the highest mortality rate, with an incidence of
0.56%; however, only PD-1 inhibitors+TTD, PD-L1
inhibitors+TTD, placebo, and TTD differed significantly.
After PD-L1 inhibitor+CTLA-4 inhibitor+chemotherapy
treatment, the incidence was 0.38%; however, it was
only significantly different from that of PD-L1 inhibitor
+TTD, placebo, and TTD groups.

Hepatotoxicity network meta-analysis
according to cancer type

According to tumor type, we performed a subgroup
analysis of treatment-related all-grade ALT and grade
3-5 ALT elevations, which we divided into respiratory
system cancer, urogenital system cancer, skin can-
cer, head and neck cancer, and digestive system
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A Treatment-related hepatotoxicity according to adverse type
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FIGURE 2

Incidence of liver adverse events. (A) Incidence of treatment-related hepatotoxicity according to the adverse event type. (B)

Incidence of immune-mediated hepatotoxicity according to the adverse event type. (C) Incidence of treatment-related hepatotoxicity according to
the treatment regimen. (D) Incidence of treatment-related all-grade hepatotoxicity according to the treatment regimen. (E), Incidence of treatment-
related grade 3-5 hepatotoxicity according to the treatment regimen. (F) Immune-mediated all-grade hepatotoxicity according to the treatment
regimen. (G) Immune-mediated grade 3-5 hepatotoxicity according to the treatment regimen. Abbreviations: ALP, alkaline phosphatase; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; Chemo, chemotherapy; CTLA-4, cytotoxic T-lymphocyte antigen 4 inhibitor; GGT,
gamma-glutamyl transferase; ICls, immune checkpoint inhibitors; PD-1, programmed cell death 1 inhibitor; PD-L1, programmed cell death ligand 1

inhibitor; TTD, targeted therapy drug.

cancer. The network plot is shown in eFigure 8 in the
Supplement (http://links.lww.com/HC9/A156). Surface
under the cumulative ranking values are shown in
Figure 4 and eTable 6 in the Supplement (http://links.
Iww.com/HC9/A156). The highest risk of treatment-
related ALT elevation in the urogenital system was
observed with CTLA-4 inhibitors, but this was only
significantly different from that of chemotherapy in
terms of treatment-related all-grade ALT. The highest
risk of treatment-related ALT elevation in skin cancer
was observed with CTLA-4 inhibitors+chemotherapy,
but this was only significantly different from that with
chemotherapy in terms of treatment-related all-grade
and grade 3-5 ALT. The highest risk of treatment-
related all-grade ALT and grade 3-5 ALT elevation in
head and neck cancer and digestive system cancer
was observed with TTD+chemotherapy, and there
were significant differences with that in other treat-
ment groups in terms of treatment-related all-grade
ALT elevation, except for PD-L1 inhibitors+chemo-
therapy. The highest risk of treatment-related ALT
elevation in the respiratory system was observed with

PD-1 inhibitors+CTLA-4 inhibitors, which was signifi-
cantly different from that in chemotherapy, CTLA-4
inhibitor, CTLA-4 inhibitor+chemotherapy, PD-1 inhib-
itor, and PD-1 inhibitor+chemotherapy groups for
treatment-related all-grade ALT.

Dose-dependent ICI-induced hepatotoxicity

We next performed a subgroup analysis according to
ICI dose (eFigure 9 in the Supplement, http://links.lww.
com/HC9/A156). We extracted data only for nivolumab
compared with chemotherapy. The results showed
that there was no significant difference in hepatotox-
icity between the 3 mg/kg (g2w) and 240 mg (q2w)
regimens [3 mg/kg (gq2w): OR: 1.27, 95% CI,
0.85-1.92, >=0%, p=0.25; 240 mg (q2w): OR: 1.18
95% ClI, 0.41-3.44, ?=0%, p=0.76]. The control
group comprising atezolizumab was the conventional
treatment group (treatment without atezolizumab), and
the results showed that a 1200 mg (q3w) treatment
regimen increased the risk of hepatotoxicity compared
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with conventional treatment (OR: 1.57, 95% CI,
1.16-2.13, P=17%; p=0.004); however, that with
the 840 mg g2w regimen did not differ significantly
when compared with that in the control group (OR:
1.18, 95% ClI, 0.70-1.97; p=0.65). There was no
significant difference in hepatotoxicity between durva-
lumab 10 mg/kg (q2w) and 20 mg/kg (g4w) regimens
[10 mg/kg (g2w): OR: 0.49, 95% CI, 0.19-1.24,
p=0.13; 20 mg (g4w): OR: 0.68, 95% CI, 0.30-1.57,
p=0.37]. High-dose ipilimumab [10 mg/kg (q3w)]

significantly increased liver toxicity, but low-dose
ipilimumab showed no significant difference had a
significantly increased risk of hepatotoxicity, whereas
the other regimens showed no significant difference
[10 mg/kg (g3w): OR: 3.48, 95% CI, 1.54-7.84,
?=54%, p=0.003; 3 mg/kg (q3w): OR: 2.28, 95%
Cl, 0.65-7.93, P=84%, p=0.20; and 1 mg/kg (q6w):
OR: 1.27, 95% CI, 0.87-3.38, p=0.12]. Pembrolizu-
mab [2 mg/kg (q3w)] resulted in a significantly
increased risk of hepatotoxicity, whereas the other
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regimens showed no significant difference [10 mg/kg
(g2w): OR: 1.24, 95% CI, 0.51-2.99, p=0.63; 10 mg/
kg (q3w): OR: 0.40, 95% CI, 0.12-1.32, p=0.13;

200 mg (q3w): OR: 1.15, 95% ClI, 0.86—1.54, > =66%,
p=0.34; and 2 mg/kg (q3w): OR: 3.04, 95% CI,
1.73-5.36, p=0.0001].
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Transitivity, consistency, and convergence
analysis

An assessment of transitivity for hepatotoxicity indicated
that the sample size, median age, and sex ratio across
treatment comparisons and tumor types were relatively
similar, and thus, no threats to the transitivity assump-
tion were identified (Figure 5). The consistency results
are presented in eTable 7 in the Supplement (http:/
links.lww.com/HC9/A156), using node split analysis to
assess whether direct and indirect evidence was
consistent. There were no significant differences
between the different treatments. This indicated that
the consistency model was acceptable. According to
the funnel plot, there was no significant publication bias
among the included studies. In addition, the potential
scale reduction factor was limited to 1, indicating a good
degree of model convergence.

DISCUSSION

This systematic review and network meta-analysis of
hepatotoxicity in adults receiving ICI therapy included
data from 106 clinical trials (n=64,782 patients with
tumors who were randomized to 17 different treatment
regimens, Supplement eTable 8, http://links.lww.com/
HC9/A156). This study is the first to comprehensively
investigate adverse liver events in patients receiving ICI
therapy; these AEs manifest as abnormal liver function
indicators, such as the abnormal elevation of ALT, AST,
ALP, GGT, and bilirubin levels, and are divided into all-
grade, grades 3-5, and lethal hepatotoxicity (grade 5). At
the same time, we also explored the effect of different
treatment regimens and different doses of ICls on the risk
of hepatic AEs in patients with tumors of various systems.

It is worth mentioning that we divided adverse liver
events into treatment-related hepatotoxicity and
immune-related hepatotoxicity, as TRAEs can warn
clinicians about the risk of hepatotoxicity associated
with various treatment options to better identify and
prevent the occurrence of hepatotoxicity in advance.
The mechanism of immune-related hepatotoxicity is
different from that of other hepatotoxicities. It has to be
isolated for analysis, and steroid therapy needs to be
started early to alleviate the progression of toxicity.
Furthermore, clinicians can distinguish between TRAEs
and ILICI by whether initiating steroid therapy is
effective or not.

Key findings and comparison with other
studies

In ICI therapy, extensive activation of T cells, coupled
with the depletion of regulatory T cells, leads to attacks
on various organ systems and a series of AEs known as

irAEs.l'91 Of the hepatotoxicities of ICls, a substantial
proportion of patients present with a cholestatic injury
(60%), whereas 30% have a hepatocellular injury and
10% have a mixed injury.2%) Previous meta-analyses
have investigated the risk of hepatotoxicity associated
with ICls, but these studies have focused on single
cancers or single ICls.[2'-24] Furthermore, these studies
did not explicitly examine the risk of hepatotoxicity with
different ICI regimens, which might vary according to
the cancer type or dose.

Studies have shown that patients treated with PD-1/
PD-L1 inhibitors alone have a higher risk of increased
hepatotoxicity incidence than those treated with
chemotherapy.25-28] Similar to that in our study, all
other regimens showed a significantly higher risk of
treatment-related hepatic AEs than the chemotherapy
arm (except placebo). Among treatment-related liver
AEs, PD-L1 inhibitors+TTD+chemotherapy significantly
increased the risk of all-grade ALT and AST elevations
compared with other treatment regimens. The incidence
of treatment-related grade 3-5 ALT elevation for PD-L1
inhibitors+CTLA-4 inhibitors was significantly higher
than that in the other treatment groups. The risk of
treatment-related grade 3-5 ALT elevation in the PD-L1
inhibitor+CTLA-4 inhibitor group was significantly higher
than that in the other treatment groups. Concerning
ILICI, the risk of ALT and AST elevation with PD-1
inhibitors+TTD was significantly higher than that in the
other treatment groups (including the dual-ICI regimen).
One reason for this might be the different mechanisms
of ICls, chemotherapy, and targeted therapy. Conven-
tional chemotherapeutics and TTD induce hepatotox-
icity by damaging the hepatocytes.??) Another reason
could be the synergistic effects of ICI therapy and
chemotherapy. Chemotherapy has been reported to
enhance PD-L1 expression, thereby enhancing the
antitumor activity of ICls in combination with immuno-
therapy and chemotherapy.[30:31]

In addition, studies on lung cancer and other solid
tumors have shown that the combined use of ICls has
a higher risk of toxicity than monotherapy.[32:33 Chang
et all®*¥ showed that in melanoma immunotherapy,
nivolumab (1 mg/kg, g3w) combined with ipilimumab
(3 mg, q3w) has the highest risk of serious irAEs
compared with ipilimumab, pembrolizumab, or nivolu-
mab alone. Facchinetti and colleagues found that
irAEs that occurred when PD-1/PD-L1 ICls were
added to chemotherapy had a smaller effect on overall
toxicity and were only slightly increased in the
experimental group (OR: 2.89, 95% CI, 1.13-7.38;
p=0.03). Furthermore, there was no significant differ-
ence in grade 3—4 AEs (OR: 1.08, 95% ClI, 0.86-1.36;
p=0.51). Serious irAEs were observed in only a
minority of patients.’®! In addition, PD-1 inhibitors
combined with CTLA-4 inhibitors triggered more irAEs
than PD-1 alone (55%—60% vs. 10%—20% high-grade
events).[36:37 This is similar to the results of our study;
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however, in our meta-analysis, we included several
large studies discussing liver AEs involving a variety of
different tumor types. We found a higher risk of
treatment-related all-grade ALT elevation with combi-
nation therapy (PD-1 inhibitors+chemotherapy, PD-1
inhibitors+CTLA-4, PD-1 inhibitors+TTD) compared
with PD-1 inhibitors. Compared with PD-L1 inhibitors,
combination therapy (PD-L1 inhibitors+chemotherapy,
PD-L1 inhibitors+CTLA-4 inhibitors+chemotherapy,
PD-L1 inhibitors+TTD, PD-L1 inhibitors+TTD+chemo-
therapy) had a higher risk of treatment-related all-
grade ALT elevation. A possible explanation is that
although both anti-CLTA-4 and anti-PD-1 drugs
restore antitumor immunity, they do so in different
ways. CTLA-4 inhibitors have an early regulatory role
in immune responses in lymphoid organs. In contrast,
PD-1 inhibitors play a late regulatory role in T-cell
activation in peripheral tissues. When drugs with

different mechanisms are combined, the incidence of
common AEs increases. 38

Similarly, among immune-mediated hepatic AEs,
PD-1 combination therapy (PD-1 inhibitors+CTLA-4
inhibitors, PD-1 inhibitors+TTD) significantly increased
the risk of elevated ALT, AST, GGT, and bilirubin levels
compared with PD-1 inhibitors. However, there was no
significant difference in the risk of grade 3-5 AEs. This
result suggests that although the ILICI caused by the
combination therapy increases, the possibility of
rechallenge is also greater. These toxic effects remain
a major challenge in clinical care and a barrier to the
development of more aggressive combinations. Our
study provides more details on the toxicity of ICls for
clinicians choosing treatment options. Clinicians need
to obtain an accurate medical history, assess liver
status before administering combined immunotherapy,
and then conduct appropriate follow-up tests of liver
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function. It is noteworthy that our meta-analysis found
that the hepatotoxicity of dual-IClI therapy (PD-1
inhibitors+CTLA-4 inhibitors and PD-L1 inhibitors
+CTLA-4 inhibitors) was not greater than that of ICls
combined with TTD therapy or chemotherapy. Patients
who do not respond to monotherapy or have poor liver
function can thus be prioritized.

Fatal liver AEs

In the 64,782 treated patients, 40 liver-related fatal
events were reported. The results of our study showed
that PD-1 inhibitors+TTD+chemotherapy had the high-
est risk of fatal liver AEs, but there was no significant
difference compared with the other regimens. The
incidence of fatal hepatic AEs was significantly higher
in the CTLA-4 inhibitor+chemotherapy, PD-1 inhibitor
+chemotherapy, PD-1 inhibitor+CTLA-4 inhibitor, and
PD-1 inhibitor+CTLA-4 inhibitor+chemotherapy groups
than in the placebo group. The most common fatal AE
associated with PD-1 inhibitors is pulmonary toxicity,
and ipilimumab has significant dose-dependent lethal
toxicity.[*¥! This suggests that the lethal risk of immune-
related hepatotoxicity might be dose related.

Subgroups according to cancer type

Previous studies have shown that the incidence of irAEs
varies among patients with different solid tumors.“
Similarly, our results showed that compared with
patients with other tumors, the highest incidence of
ALT elevation was associated with skin cancer
(10.39%), head and neck cancer (9.90%), respiratory
system cancer (9.56%), and urogenital system cancer
(8.20%). To date, the mechanism underlying this result
has not been well elucidated. However, some studies
have reported high PD-1 expression in melanoma (skin
cancer).*'l When PD-1/PD-L1 inhibitors block the
binding of these receptors to their ligands, the inhibitory
signal is strongly suppressed, and the host antitumor
response is more likely to be effectively enhanced.[*2
Simultaneously, normal liver tissue cells are attacked
more, leading to an increased risk of hepatotoxicity in
cancer patients.[2%! Therefore, our findings suggest that
the incidence of immune-mediated liver dysfunction is
related to the tumor type and provide a basis for
clinicians to choose appropriate treatment options for
patients with advanced tumors.

Dose-dependent analysis
Previous studies have shown that clinical factors, such

as dose, weight, and exposure, can be used to predict
an increased risk of ILICI.[2843] Previous studies have

shown that the incidence of hepatotoxicity in patients
receiving high-dose ipilimumab (16%) is higher than
that in patients receiving low-dose ipilimumab (4.5%).144
Zhao et al*5! comprehensively reviewed the safety of
AEs across body weight groups and predicted expo-
sure quartiles; they showed that neither body weight
nor exposure was associated with AEs. Similar to the
results of our study, there was no significant difference
in the risk of ALT elevation between nivolumab at
3 mg/kg (q2w) and 240 mg (g2w). Ipilimumab at
10 mg/kg (q3w) has a greater risk of hepatotoxicity
than other regimens [ipilimumab 3 mg/kg (q3w);
ipilimumab 1 mg/kg (q6w)]. Therefore, low-dose ICI
monotherapy is initially recommended to avoid irAEs
in patients with preexisting autoimmune disease,
those undergoing radiotherapy, and those who are
active smokers.

Limitations

To the best of our knowledge, this is the largest and
most comprehensive study to compare the risk of
hepatic AEs with ICl-based therapy. Overall, relatively
little heterogeneity was observed in this meta-analysis.
In addition, we provide data concerning the incidence
and risk of hepatotoxicity after administering ICls
combined with conventional cancer therapy. As the
diagnosis of elevated ALT and AST levels is based on
liver function tests, no subjective factors are likely to
have affected the results.

However, our meta-analysis had some limitations,
mainly because our results covered treatment-related
AEs, including those caused by chemotherapy, TTD,
and ICls. This may confuse clinicians between TRAEs
and ILICI. Despite this, clinicians should be vigilant of all
types of AEs caused by ICls. Second, we analyzed
different ICI categories rather than individual ICls and
specific doses, which might have led to differences in
the study results. Similarly, different chemotherapeutic
or targeted agents with different rates of hepatic AEs
were defined as one class, which might be a source of
heterogeneity. Nonetheless, it is not feasible to differ-
entiate treatment regimens based on individual drugs
and specific doses because of the limited number of
samples.

CONCLUSIONS

The findings of this network meta-analysis showed that
among patients with cancer, ICl-based therapy is
associated with a higher risk of hepatotoxicity than
chemotherapy. ICI combination therapy was associated
with a higher risk of hepatotoxicity than IClI monother-
apy. The toxicity of dual ICIs was not higher than that of
ICls combined with chemotherapy and TTD. These
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findings might have important implications for the
individualized treatment of patients with cancer. In
conclusion, enhanced surveillance is essential for early
identification and intervention.
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