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ABSTRACT

Background. Immune checkpoint inhibitors (ICIs) have been associated with acute kidney injury (AKI). However, the
occurrence rate of ICI-related AKI has not been systematically examined. Additionally, exposure to proton pump
inhibitors (PPIs) and non-steroidal anti-inflammatory drugs (NSAIDs) were considered as risk factors for AKI, but with
inconclusive results in ICI-related AKI. Our aim was to analyse the occurrence rate of all-cause AKI and ICI-related AKI
and the occurrence rates of severe AKI and dialysis-requiring AKI, and to determine whether exposure to PPIs and
NSAIDs poses a risk for all-cause and ICI-related AKI.

Methods. This study population was adult ICI recipients. A systematic review was conducted by searching MEDLINE,
Embase and PubMed through October 2023. We included prospective trials and observational studies that reported any
of the following outcomes: the occurrence rate of all-cause or ICI-related AKI, the relationship between PPI or NSAID
exposure and AKI development or the mortality rate in the AKI or non-AKI group. Proportional meta-analysis and
pairwise meta-analysis were performed. The evidence certainty was assessed using the Grading of Recommendations
Assessment, Development and Evaluation framework.

Results. A total of 120 studies comprising 46 417 patients were included. The occurrence rates of all-cause AKI were 7.4%
(14.6% from retrospective studies and 1.2% from prospective clinical trials). The occurrence rate of ICI-related AKI was
3.2%. The use of PPIs was associated with an odds ratio (OR) of 1.77 [95% confidence interval (CI) 1.43-2.18] for all-cause
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AKI and an OR of 2.42 (95% CI 1.96-2.97) for ICI-related AKI. The use of NSAIDs was associated with an OR of 1.77 (95% CI
1.10-2.83) for all-cause AKI and an OR of 2.57 (95% CI 1.68-3.93) for ICI-related AKI.

Conclusions. Our analysis revealed that approximately 1 in 13 adult ICI recipients may experience all-cause AKI, while 1
in 33 adult ICI recipients may experience ICI-related AKI. Exposure to PPIs and NSAIDs was associated with an increased
OR risk for AKI in the current meta-analysis.

GRAPHICAL ABSTRACT

All-cause and immune checkpoint inhibitor-associated acute kidney

Clinical |- o . e e pep e .
Ki;nr::(; injury in immune checkpoint inhibitors users: a meta-analysis of

STt occurrence rate, risk factors, and mortality

Immune checkpoint inhibitors (ICls) are associated with acute kidney injury (AKI). However, influence of proton-pump inhibitors
(PPI) and/ or non-steroidal anti-inflammatory drugs (NSAID) exposure on ICls-related AKI risk lacks examination.

Methods Results
Multi-database review 120 studies, from 2016-2023, with a total of 46,417 patients
PubMed, MEDLINE, CNKI, EMBASE were included in this analysis

Occurrence rates of all-cause AKI: 7.4%
* 14.6% from retrospective studies
* 1.2% from prospective clinical trials

Studies with adult cancer patients

on ICls and one of:

* AKI

¢ AKI and ICI-AKI and exposure to
NSAID and PPI

* Mortality of AKl vs. non-AKI

Occurrence rate of ICls-related AKI: 3.2%

1. Meta-analyses of proportions:

all-cause AKI, ICI-AKI occurrence rate Use of PPIs  Use of NSAIDs m
2. Pairwise meta-analysis:
association between PP, NSAID All-cause AKI OR:1.77 OR:1.77 .

ICl-related AKI OR: 2.42 OR: 2.57 -

exposure and AKI development

Conclusion: Approximately 1 in 13 adult ICIs recipients may experience all-cause Chen, J-J., et al.
Clinical Kidney Journal (2023)

hyyang01@gmail.com
@CKlJsocial

AKI. PPIs and NSAIDs exposure was associated with an increased odds ratio for
all-cause and ICls-related AKI.

Keywords: acute kidney injury, immune checkpoint inhibitors, immune-related adverse events, mortality, proton pump
inhibitors

KEY LEARNING POINTS

What was known:

e The use of immune checkpoint inhibitors (ICIs) might entail a risk for both all-cause AKI and ICI-related AKI. Yet, the oc-
currence rates of all-cause AKI or ICI-related AKI and the influence of non-steroidal anti-inflammatory drug (NSAID)/proton
pump inhibitor (PPI) exposure on ICI-related AKI risk lack systematic examination.

This study adds:

e Approximately 1in 13 and 1 in 33 adult ICI recipients may experience all-cause AKI and ICI-related AKI, respectively. The
occurrence rates for severe all-cause AKI and severe ICI-related AKI were 1.8% and 1.2%, respectively. PPI or NSAID exposure
was associated with an increased odds ratio for both all-cause and ICI-related AKI in the current study.

Potential impact:

¢ Identifying all-cause and ICI-related AKI is crucial. Further prospective studies with histopathology examination are needed
to further explore the true incidence. It is advisable for adult ICI recipients to avoid unnecessary PPI or NSAID exposure.

INTRODUCTION advanced-stage malignancies, following their initial approval
for metastatic melanoma [1, 2]. Three major types of ICIs are
focused on different pathways. These include anti-PD-1 anti-
bodies (such as nivolumab, pembrolizumab and cemiplimab),

Over the past 2 decades, immune checkpoint inhibitors
(ICIs) have seen increasing utilization in the treatment of
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used for the treatment of non-small-cell lung cancer, head and
neck cancer, renal cell carcinoma, lymphoma and colon can-
cer. Additionally, anti-CTLA-4 antibodies (ipilimumab) are em-
ployed in the treatment of colon cancer, renal cell carcinoma and
melanoma. Lastly, anti-PD-L1 antibodies (such as atezolizumab,
avelumab and durvalumab) are utilized for non-small-cell lung
cancer, bladder cancer and breast cancer [3]. However, the en-
hancement of anti-cancer immune responses through the in-
hibition of negative immunologic regulation pathways has re-
sulted in unique systemic side effects known as immune-related
adverse events (irAEs). Renal irAEs have become a topic of in-
terest among nephrologists and oncologists due to the growing
prescription of ICIs in recent years [3, 4]. The primary pathologi-
cal finding in ICI-related acute kidney injury (AKI) is acute tubu-
lointerstitial nephritis (ATIN), although other conditions such
as glomerulonephritis or thrombotic microangiopathy have also
been reported [3, 4].

Previous publications have demonstrated that the occur-
rence rate of all-cause AKI in cancer patients treated with ICIs is
relatively low in prospective clinical studies [5, 6], compared with
a higher rate reported in real-world evidence [7]. When com-
pared with traditional standard therapy, the combination of PD-
1 inhibitors or PD-L1 inhibitors with chemotherapy appears to
pose a higher risk for all-cause AKI in ICI recipients [8]. Addition-
ally, the use of proton pump inhibitors (PPIs) and non-steroidal
anti-inflammatory drugs (NSAIDs) may be associated with an
increased risk of all-cause AKI or tubulointerstitial nephritis in
the general population [7]. However, published meta-analyses
have primarily concentrated on discussions related to all-cause
AKI, leaving ICI-related AKI relatively unexplored in a system-
atic manner. This gap in research can be attributed to the lack
of a definitive definition for ICI-related AKI. Furthermore, the in-
tricate mechanisms underlying AKI present a challenge in dif-
ferentiating ICI-related AKI from AKI caused by other disease-
associated factors. Furthermore, the impact of PPI and NSAID
exposure on both all-cause AKI and ICI-related AKI in cancer pa-
tients treated with ICIs remains inconclusive. Additionally, the
occurrence rates of severe AKI and dialysis-requiring AKI have
not been studied.

The primary objective of this study was to separately analyse
the occurrence rates of all-cause AKI and ICI-related AKIin adult
ICI recipients, to assess the occurrence rates of severe AKI and
dialysis-requiring AKI.

MATERIALS AND METHODS
Literature search strategy

This meta-analysis was performed in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guidelines [9]. The protocol was registered with
PROSPERO (CRD42022335237). Two independent reviewers (J.J.C.
and TH.L) conducted a comprehensive systematic review
and searched for articles published until 10 October 2023 in
PubMed, MEDLINE, China National Knowledge Infrastructure
(CNKI) and Embase. Detailed search strategies are provided in
Supplementary Table S1. Review articles were not included in
the present analysis, however, the references were screened
for relevant studies. There were no limitations on language or
article type.

Study eligibility criteria

The titles and abstracts of the studies extracted from the search
were independently examined by two reviewers (J.J.C. and T.H.L.)

Immune checkpoint inhibitor-related AKI | 3

and articles were excluded duringinitial screening if the titles or
abstracts indicated that they were clearly irrelevant to the ob-
jective of the current study. The full texts of the relevant articles
were reviewed to determine whether the studies were eligible
for inclusion.

Studies that enrolled adult patients with malignancies re-
ceiving ICIs were included. The other inclusion criteria were
that the study reported at least one of the following outcomes
of interest: the occurrence rate of AKI with various defini-
tions [either guideline-based AKI criteria such as the Acute Kid-
ney Injury Network (AKIN), Kidney Disease: Improving Global
Outcomes (KDIGO), Common Terminology Criteria for Adverse
Events (CTCAE) or predefined AKI criteria by individual studies]
or ICI-related AKI; all-cause AKI and ICI-related AKI with a record
of exposure to PPIs or NSAIDs; and the mortality rates of all-
cause AKI or ICI-related AKI versus a non-AKI group.

A third reviewer (G.K.) was consulted in order to reach an
agreement through consensus in case of any disagreement re-
garding eligibility. Studies were excluded if they were duplicate
cohorts or had insufficient information about the outcomes.

Data extraction and outcome measurement

Two investigators (J.J.C. and T.H.L.) independently extracted the
outcomes of interest and characteristics information of the in-
cluded studies. The outcomes of interest were the occurrence
rates of all-cause AKI and ICI-related AKI, the occurrence rate
of severe AKI and dialysis-requiring AKI, the association be-
tween potential risk factors (exposure to PPIs and NSAIDs) and
the development of all-cause or ICI-related AKI. Severe AKI in
this study was defined based on stage 2-3 AKI according to the
KDIGO and AKIN criteria, or as at least grade 3 according to the
CTCAE criteria. For studies that reported elevated serum cre-
atinine levels according to CTCAE criteria (staging determined
by either the upper normal limit or baseline creatinine level)
and did not separately report the number of patients whose
stages were determined by baseline creatinine, we considered
these studies as having no relevant outcomes. The secondary
outcomes aimed to examine the association between the occur-
rence of AKI in the context of ICI treatment and death.

The present study also extracted relevant variables includ-
ing the mean age, sex, most common and second most common
types of malignancy, AKI definition, ICI-related AKI definition,
classification of ICIs and the locations and countries in which
the study was performed. Disagreements about data extraction
between the two authors (J.J.C. and T.H.L.) were resolved through
discussion with a third author (G.K.).

Data synthesis and analysis

To pool the all-cause AKI occurrence rate and the ICI-related
AKI occurrence rate, we employed a random effects model with
the inverse variance method in meta-analyses of proportions.
We used the restricted maximum likelihood method to esti-
mate between-study variance (r?) and used the Hartung-Knapp
procedure to construct confidence intervals (CIs). We conducted
subgroup analyses to explore the potential sources of hetero-
geneity in AKI occurrence rate by dividing the studies accord-
ing to the study design (retrospective cohort studies or prospec-
tive clinical trials), the major malignancy type in each study
(melanoma, lung cancer, renal cell carcinoma, urothelial carci-
noma, others or not reported), the AKI definition (KDIGO, AKIN,
CTACE and other criteria), study location (single centre, multi-
centre, not reported), mean age (>65 or <65 years old) and sam-
ple size (<400 or >400).
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To examine the relationship between exposure to PPIs or
NSAIDs and the development of AKI, and to examine the out-
come impact of AKI, the number of patients with exposure, the
number of all-cause AKI and ICI-related AKIin the drug exposure
and non-exposure groups and the number of mortalities were
extracted and pooled odds ratios (ORs) were used to estimate
overall effects. In this study we used a random effects model
for pooling estimated effects and the Hartung-Knapp method
for constructing Cls. The restricted maximum likelihood method
was applied to assess between-study variance. Sensitivity anal-
ysis was conducted to examine the relationship between drug
exposure and the development of AKI, utilizing methods such
as multivariate meta-regression (detailed methodology provided
in Supplementary Document 1) in considering drug interaction.
In addition, we applied the trim-and-fill method [10, 11] and
conducted a limited meta-analysis [12] to account for potential
publication bias in the studies included in this analysis, as they
were predominantly based on published cohort studies. These
approaches were utilized to adjust the results regarding drug
exposure and the development of AKI.

The binary outcome analysis was conducted using the
metabin function and the pooled occurrence rate was analysed
using the metaprop function in the R package meta (version
4.18-2; R Foundation for Statistical Computing, Vienna, Austria)
[13]. Subgroup analysis in the pooled AKI occurrence rate was
conducted using the update.meta function. Heterogeneity was
examined using the I index (I? < 25%, 25-50% or >50%, indicat-
ing mild, moderate and high heterogeneity, respectively). Small
study bias was assessed by the arcsine test [14]. The trim-and-fill
method was conducted using the Trimfill function in the meta
package and limited meta-analysis by the limitmeta function in
the metasens package.

We also accessed the quality of evidence regarding PPI and
NSAID exposure and the development of AKI by the Grading
of Recommendations Assessment, Development and Evaluation
(GRADE) methodology [15]. The certainty of evidence regarding
AKI as a prognosticator in ICI recipients was assessed by an
adapted GRADE framework [16].

Risk of bias assessment

For pooled all-cause AKI and ICI-related AKI occurrence rate, the
Hoy risk of bias tool was used [17, 18]. This tool consists of 10
items (Supplementary Document 2) that are ranked as 1 (yes) or
0 (no). The summed scores range from 8 to 10, with a score of 6-7
indicating moderate risk of bias and a score <6 indicating a high
risk of bias. For the prognostic impact of AKI, the Quality In Prog-
nosis Studies tool was used for risk of bias assessment [19]. For
PPI and NSAID exposure, we used the Newcastle-Ottawa scale
(NOS), which allocates a maximum of 9 points for three major
domains: quality of the selection, comparability and outcome of
the study populations [20]. Scores ranging from 7 to 9, from 4 to 6
and <4 indicate low, moderate and high risk of bias, respectively.
The quality of the enrolled studies was assessed independently
by two authors (J.J.C. and T.H.L.). Disagreements between the two
investigators were resolved through consensus with a third au-
thor (G.K.).

RESULTS
Search results and study characteristics

A flowchart of the literature search is provided in Supplementary
Fig. S1. The electronic database search identified 353 potentially

Table 1: Summary characteristics of the enrolled studies.

Enrolled studies, N 120
Enrolled participants, N 46 417
Study design, n
Retrospective cohort study 42
Retrospective matched cohort study 4
Prospective clinical trial 73
Prospective observational study 1
Basic demographics?
Age (years), mean 64.2
Female, % 37.9
Country, n
Multiple countries 33
Single country 87
Location, n®
Multicentre 67
Single centre 53
Studies with a single cancer type, n/participants, n
Lung cancer 20/4992
Melanoma 8/4071
Urothelial cell carcinoma 13/2290
Renal cell carcinoma 11/1927
Breast cancer 5/554
Lymphoma 4/231
Head and neck squamous cell carcinoma 3/203
Skin squamous cell carcinoma 1/131
Multiple myeloma 3/101
Colorectal cancer 2/107
Anal cancer 1/94
Pancreatic cancer 1/91
Merkel cell carcinoma 1/88
Basal Cell carcinoma 1/84
Gastric cancer 1/28
Hepatocellular carcinoma 1/28
Ovarian cancer 1/26
Cervical cancer 1/16

Studies with mixed cancer types, n

Major type: lung cancer

Major type: melanoma

Major type: renal cell carcinoma

Major type: breast cancer

Major type: gastric and oesophageal cancer

Major type: lymphoma

Major type: mesothelioma

Major type: urothelial cell carcinoma

Major type: other®

Major type: unknown primary advanced cancer
Cancer type not reported, n

-
)}

NNNRPR PR PP RWN

@Mean values were derived from available studies.

YOne study did not report the information regarding study location.

¢Other type: one study primarily encompassed a mix of lung, breast and head-
neck cases, while another study enrolled individuals with unresectable solid
tumours.

eligible studies from PubMed, 972 from Embase, 179 from CNKI,
314 from MEDLINE. After removing duplicate articles, the re-
maining articles were screened. After screening the titles and
abstracts, the full texts of 170 studies were reviewed to assess
their eligibility. After excluding 50 studies for various reasons
[no outcome of interest (n = 35), duplication cohort (n = 6), ad-
verse report system cohort without event number (n = 2), biopsy
cohort (n = 7)] (Supplementary Table S2), 120 studies comprising
46 594 patients were included for analysis [21-140].

Detailed characteristics of the enrolled studies are presented
in Supplementary Table S3 and summarized in Table 1. The most
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common study design was a prospective clinical trial (73 of the Sy oot Tolal o Eeeis. SRR
120 studies) and 4 were matched case-control in design [25, 28, Study Design = Prospeative clinical trial
30, 92]. The most commonly used all-cause AKI criteria (77 of %%3;2}1;7

120) in the enrolled studies was the CTCAE AKI definition, fol- At 201 (Chackiels 003, 017,057,062
lowed by KDIGO criteria (31 of 120), other predefined criteria in 3 Sener 201

studies and AKIN criteria in 2 studies. Seven of the 120 enrolled éi:%?i

studies did not report the AKI definition. It should be noted that Tradean, 2021

the outcome of ICI-related AKI was reported in less than half EEE;%}}}\

of the enrolled studies (29 of 120). For ICI-related AKI, 14 of 29 Pouies. 2020

Rao, 2022

relevant studies were determined by nephrologists or oncolo- Hortar 2078 08
gists (Supplementary Tables S3 and S4). Other studies defined Kurota, 2031

Overman, 2017

IClI-related AKI either following the American Society of Clini- Matoos, 2019

Massard, 2016
cal Oncology clinical guidelines [5], using an acute interstitial P
Basak, 2022

nephritis prediction model [141] with probability >90%, or by its Stemberg, 2019

. . Dummer, 2023
own predefined criteria. Aliges, 2023

3000 00 [00:12] 1.0%

1435 |

P A NL AL NANU S S a s AR SN SO

w32

H
2
g
@

E;f::::cgggw 2020
ldberg,
Occurrence rate of all-cause AKI and ICI-related AKI l;::&lr;o:: a1
ratgon,
Calabro, 2018

Three of the four matched case-control studies [25, 28, 30] and e
one of the retrospective studies reported ICI-related AKI [41] and zsj::%a;;;ﬂ;; 5
were therefore excluded. Thus, by including 116 studies with Malthen 2313
44 158 patients, the pooled all-cause AKI occurrence rate was Plorighic il
7.4% (95% CI 5.8-9.0) with high heterogeneity [I> = 98% (95% L?:%’i:g.;.g;;g
CI 98-98)] (Fig. 1). The occurrence rate from retrospective stud- Toricad, 2022
Taylor, 2022

ies was significantly higher than from prospective clinical trials Pitecss
(14.6% versus 1.2%; P for subgroup difference <.01). Yo 05

Brastianos, 2021

By including 25 retrospective cohort studies with 21 568 pa- Carlo, 222

Yu, 2021
Cesne, 2019

tients, the pooled ICI-related AKI occurrence rate was 3.2% (95% Rodipues, 2023
Patel, 2020

CI 2.2-4.3) with high heterogeneity [I*> = 93% (95% CI 90-94)] zZrean, 219
(Fig. 2). One outlier study [41] was noted. S

Subgroup analysis was performed and the enrolled studies Ol 2022

Rizvi, 2016

were divided into different groups according to AKI definition Ross. 2022 o 121 oz o
and major malignancy type. There was a significant subgroup Rose 2t i . lrnme oo
all-cause AKI and ICI-related AKI occurrence rate difference be- it s o s S LB ELe1E
tween the studies with different major cancer types and AKI def-

initions (Supplementary Figs. S2 and S3). Sample size and study R

location difference also resulted in all-cause AKI occurrence prociafevotd
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heterogenelty, Dang, 2022 3 78 @ 3.8 [0.8108] 09%
Seas 2001 5o i RN oam
Abgelréhwm, 2021 72 : :
. . .. Heppt 2015 I
Occurrence rates of severe AKI and dialysis-requiring Yo, 2022 1 tete
&i, 2022 114 1615
AKI gzl::cr;\;gc:ze 2021 0 134
Lou, 2023
Trevi: , 2022
The occurrence rates of severe all-cause AKI and severe ICI- Mushiog, 2015
Liu, 2022

related AKI were 1.79% (95% CI 1.36-2.11; pooled occurrence Alman, 2016

Qin, 2022

rate: 3.82% from retrospective cohort studies and 0.37% from Koo, 2001
prospective clinical trials) and 1.21% (95% CI 0.60-1.82), respec- é’w'&fﬁé‘z{fﬁ .
tively (Fig. 3, Supplementary Figs. S4 and S5). The occurrence 352?22!7&5.'“5819
rates for dialysis-requiring all-cause AKI and dialysis-requiring oA
ICIs-related AKI were 0.15% (95% CI 0.07-0.22) and 0.05% (95% CI %S;”g%;’;y. am
0.01-0.08), respectively (Fig. 3, Supplementary Figs. S6 and S7). fﬁf&;ﬁ??éza
Patel, 2021
EI:‘?D’,;:\??%?Z’MZ
Exposure to PPIs and NSAIDs and the development taon 2020
of all-cause AKI and ICI-related AKI Fedsiom 202
Manohar, 2018

Random effect

58
7.5 [36133] 09%

17.4 [14.4:208] 09%
2

5 [13.4:22.2)
17.8 [13.3,232]  09%
182 [169,207] 0.9%
203 [147:27.0) 08%
249 [23.1:267) 0.9%
_— : .1; 38.6]

i; 30.7]

Thirteen studies with 8555 patients were included to analyse the :
relationship between PPI exposure and all-cause AKI develop- Rty effects mocel s T4 I35 000 1000%

Heteroganeity: I° = 88% [98%; 98%]
ment. The OR of all-cause AKI was 77% higher for those exposed Temisr s e £ <00 PR eV e

to PPIs versus those unexposed [OR 1.77 (95% CI 1.43-2.18)] with
low heterogeneity [I? = 22% (95% CI 0-59)] (Fig. 4A). Eleven stud-
ies with 8214 patients were included to analyse the relationship
between NSAID exposure and all-cause AKI development. The
OR of all-cause AKI was 77% higher for those exposed to NSAIDs
versus those unexposed [OR 1.77 (95% CI 1.10-2.83)] with high
heterogeneity [I? = 80% (95% CI 66-89)] (Fig. 4B).

Figure 1: Forest plot of pooled occurrence rate of all-cause AKI.
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Events per 100

Study Events Total observations Events 95%-Cl Weight
Ji, 2022 6 1615 04 [0.1; 08] 4.7%
Sorah, 2021 14 1766 0.8 [04; 1.3] 47%
Guven, 2023 2 282 & 0.8 [0.1; 28] 44%
Seethapathy, 2020 5 599 = i 0.8 [03; 1.9] 45%
Hoffman-Censitsm, 2020 2 214 §&— 09 [0.1; 3.3] 42%
Garcoa, 2023 23 1914 1.2 [0.8; 1.8] 4.6%
Patel, 2021 3 177 — 1.7 [04; 49] 3.8%
Isik, 2021 37 2143 1.7 [1.2; 24] 4.6%
Seylanova, 2021 28 1170 = 24 [16; 34] 4.5%
Abdelrahim, 2021 47 1664 = 28 [21; 3.7] 45%
Seethapathy, 2019 30 1016 = 3.0 [20; 42] 44%
Irwin, 2020 29 910 =+ 3.2 [21; 45] 43%
Stein, 2020 8 239 —++— 33 [15 6.5] 3.5%
Lumlertgul, 2023 37 1037 3.6 [25 49] 43%
Espi, 2021 13 362 —— 37 [20; 6.2] 37%
Meraz-Munoz, 2020 12 309 —=— 39 [20; 6.7] 3.6%
Yu, 2022 68 1616 = 4.2 [33; 53] 4.4%
Knox, 2023 19 449 —— 42 [26; 6.5] 3.8%
Garcia-Carro, 2022 34 759 —_— 45 [3.1; 6.2] 4.1%
Liu, 2022 14 305 ——— 46 [25; 7.6] 3.4%
Koks, 2021 32 676 3 47 [33; 6.6] 4.0%
Qin, 2022 31 551 - 56 [3.9; 79 38%
Lou, 2023 92 1448 . = 6.4 [52; 7.7] 42%
Kanbay, 2023 18 235 —a— 7.7 [46;11.8] 2.6%
Shimamura, 2021 27 152 —_— 17.8 [12.0;24.8] 1.3%
Random effects model 21568 <> 3.2 [2.2; 4.3] 100.0%

Heterogeneity: 1 = 93% [90%; 94%] f ‘
0 5

I I I ]
10 15 20 25

ICls related AKI occurrence rate

Figure 2: Forest plot of pooled occurrence rate of ICI-related AKI.

Outcome Enrolled Study
(number of event/participants) Number
All-cause severe AKI (694/23779) 89
All-cause D-AKI (37/13180) 29
ICls-related Severe AKI (114/7841) 12
ICls-related D-AKI (4/7334) 1"

Estimated Outcome

Events per 100

Occurrence rate Observation 95%-ClI

—— 1.79 [1.36; 2.21]
0.15 [0.07; 0.22]

1.21 [0.60; 1.82]
0.05 [0.01; 0.08]

0 05 1 15 2 25 3

Figure 3: Forest plot of pooled occurrence rate of severe and dialysis-requiring AKI. D-AKI; dialysis requiring acute kidney injury.

The OR of ICI-related AKI was 142% higher for those exposed
to PPIs versus those unexposed [OR 2.42 (95% CI 1.96-2.97)] with
low heterogeneity [I> = 14% (95% CI 0-54)] (Fig. 5A). The OR of ICI-
related AKI was 157% higher for those exposed to NSAIDs versus
those unexposed [OR 2.57 (95% CI 1.68-3.93)] with moderate het-
erogeneity [I? = 43% (95% CI 0-73)] (Fig. 5B).

Sensitivity analysis

Multivariate meta-regression analysis was conducted to assess
the relationship between the use of PPIs or NSAIDs and the
development of all-cause AKI and ICIs-related AKI, while ac-
counting for potential correlations within the two drug ex-
posure groups (Supplementary Document 1). The results of
the multivariate meta-regression analysis indicated that PPIs
and NSAIDs were associated with increased odds of AKI com-
pared with the non-exposure group (Supplementary Table S5).
Moreover, the trim-and-fill method and limited meta-analysis
further supported these findings, demonstrating that expo-
sure to PPIs or NSAIDs was associated with an increased ad-

justed OR for both all-cause and ICI-related AKI development
when considering potential publication bias (Supplementary
Table S5).

AKI and mortality

In eight studies with 6435 patients, development of AKI had an
OR of 1.77 (95% CI 1.06-2.94) for mortality in adult ICI recipients
with a heterogeneity of I? = 73% (95% CI 45-87) compared with
non-AKI patients (Supplementary Fig. S8).

Risk of bias in enrolled studies

We assessed funnel plot asymmetry using the arcsine test for
PPIs as a risk factor for all-cause AKI and ICI-related AKI, ob-
taining P-values of .49 and .23, respectively. For NSAIDs, the
P-values were .38 for all-cause AKI and .55 for ICI-related AKI
(Supplementary Fig. S9). Reporting bias may still exist in the en-
rolled retrospective cohort studies even though the result of the
asymmetry examination was not statistically significant and we
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(A)
PPl-exp non-exp

Author,Year AKI Total N AKI Total N Odds Ratio OR 95% CI Weight%
Giglio, 2022 9 36 16 53 — 0.77 [0.30; 2.00] 4.3
Lumlertgul, 2023 68 342 119 695 - 1.20 [0.86; 1.67] 16.5
Qin, 2022 59 480 6 71 —T 1.52 [0.63; 3.66] 49
Koks, 2021 43 243 53 433 e 1.54 [1.00; 2.39] 12.8
Seethapathy, 2019 58 607 24 409 —— 1.69 [1.03; 2.78] 1.2
Meraz-Munoz, 2020 9 35 45 274 - 1.76 [0.77; 4.01] 5.5
Stein, 2020 20 86 21 153 —F— 1.90 [0.97; 3.76] 7.3
Seethapathy, 2020 18 210 18 389 s 1.93 [0.98; 3.80] 74
Kanbay, 2023 39 224 1 11 : 2.11 [0.26; 16.95] 1.0
Guven, 2023 30 127 15 125 —— 2.27 [1.15; 4.46] 74
Liu, 2022 30 284 1 21 T 2.36 [0.31; 18.23] 11
Abdelrahim, 2021 22 266 50 1366 —E— 2.37 [1.41; 3.99] 10.5
Ji, 2022 97 1058 17 557 i— i 3.21 [1.89; 5.43] 10.3
Random effects model 3998 4557 < 1.77 [1.43; 2.18] 100.0
Heterogeneity: 1% = 22% [0%; 59%] f I T

02 05 1 5 10 20

(B)
NSAID-exp non-exp

Author,Year AKI Total N AKI Total N Odds Ratio OR 95% CI Weight%
Kanbay, 2023 10 80 30 155 o 0.60 [0.27; 1.29] 9.1
Meraz-Munoz, 2020 2 15 52 294 : 0.72 [0.16; 3.27] 4.9
Seethapathy, 2019 26 358 56 658 —il— 0.84 [0.52;1.37] 11.0
Koks, 2021 1" 64 85 612 — 1.29 [0.65; 2.56] 9.7
Seethapathy, 2020 8 103 28 49 O e 1.41 [0.62;3.18] 8.8
Lumlertgul, 2023 18 72 169 965 T— 1.57 [0.90; 2.74] 10.5
Stein, 2020 4 12 37 227 ——+%———— 257 [0.74; 8.97] 6.1
Qin, 2022 51 330 14 221 - 2.70 [1.46;5.01] 10.1
Liu, 2022 23 159 8 146 ———  2.92 [1.26;6.75] 8.6
Abdelrahim, 2021 1" 101 61 1531 ——— 2.95 [1.50; 5.79] 9.7
Ji, 2022 84 590 30 1025 : —=+— 5.51 [3.58; 8.47] 1.4
Random effects model 1884 6330 e o 1.77 [1.10; 2.83] 100.0
Heterogeneity: 12 = 80% [66%; 89%] y ) !

0.15 05 1 4 9

Figure 4: Forest plot of exposure of (A) PPIs or (B) NSAIDs and the risk of all-cause AKI. The upper middle column shows the AKI event number and total number of
participants (total N) in the PPI exposure group (PPI-exp) and PPI non-exposure group (non-exp). The lower middle column shows the AKI event number and total
number of participants (total N) in the NSAID exposure group (NSAID-exp) and NSAID non-exposure group (non-exp).

conducted further trim-and-fill and limited meta-analysis to ex-
amine the robustness of this result (Supplementary Table S5).

The risk of bias was assessed within the 116 studies in-
cluded in the analysis of all-cause AKI. Among these stud-
ies, 43 (37.1%) were classified as having a low risk of bias,
while 70 and 3 were categorized as having a moderate and
high risk of bias, respectively (Supplementary Table S6). For
pooled ICI-related AKI, all studies had moderate risk except one,
[73] which was ranked as a high risk of bias (Supplementary
Table S7). In the analysis of PPI/NSAID exposure and all-cause
AKI development, 12 of 13 studies had a low risk of bias
(Supplementary Table S8). Similarly, 7 of 12 studies analysing
PPI/NSAID exposure and ICI-related AKI development had a low
risk of bias (Supplementary Table S9). The risk of bias within
eight studies analysing mortality in ICIs recipients with AKI was
also provided (Supplementary Table S10).

Quality of evidence assessment

The certainty of the evidence of the relationship between PPI
and NSAID exposure and AKI development was assessed and
is presented in Supplementary Tables S11 and S12. The overall
certainty of evidence was low to very low, owing to the nature
of observational studies, and the risk of bias was detected in
the study limitation domain. The studies included in our anal-

ysis were directly relevant to our research question. Therefore,
we believe there is no risk associated with the indirectness do-
main. When examining the relationship between PPI and NSAID
exposure and AKI development, we analysed data from >2000
participants. Consequently, we considered the risk of impreci-
sion to be low. The studies examining the association between
NSAID exposure and all-cause AKI exhibited high heterogene-
ity, raising concerns about inconsistency. The certainty of the
evidence assessment of the relationship between AKI develop-
ment and mortality is provided in Supplementary Table S13.

DISCUSSION

This study revealed four key findings: the occurrence rate of all-
cause AKI in real-world studies is 14.6%,; the occurrence rate of
ICI-related AKI is 3.2%; severe all-cause AKI occurs at a rate of
1.8%, while severe ICI-related AKI occurs at a rate of 1.2%; and
PPI or NSAID exposure is associated with an increased OR of both
all-cause AKI and ICI-related AKI.

According to the findings of this meta-analysis, the overall
pooled occurrence rate of all-cause AKI was 7.4%. Interestingly,
a higher occurrence rate of 14.6% was observed when consider-
ing real-world evidence. Large cohort studies reported the occur-
rence rate of AKI in patients with malignancy ranged from 9.3
to 20.2% [142-144]. Carlos et al. [145] mentioned this relatively
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(A) PPl-exp non-exp
Author,Year AKI Total N AKI Total N
Seethapathy, 2020 1 210 4 389
Liu, 2022 13 284 1 21
Qin, 2022 28 480 3 71
Shimamura, 2021 14 66 13 86
Lou, 2023 84 1236 8 182
Espi, 2021 8 160 5 192
Seethapathy, 2019 23 607 7 409
Cortazar, 2020 75 167 63 247
Lumlertgul, 2023 20 342 17 695
Gupta, 2021 208 323 221 535
Gerard, 2022 52 146 115 689
Yu, 2022 65 186 3 62
Random effects model 4207 3578

Heterogeneity: 12 = 14% [0%; 54%)

(B)

NSAID-exp non-exp
Author,Year AKI Total N AKI Total N
Seethapathy, 2020 1 103 4 496
Seethapathy, 2019 13 358 17 658
Shimamura, 2021 11 50 16 102
Lumlertgul, 2023 4 72 33 965
Espi, 2021 3 47 10 305
Qin, 2022 24 330 7 221
Gerard, 2022 6 15 161 820
Lou, 2023 70 758 22 660
Liu, 2022 12 159 2 146
Yu, 2022 56 125 12 123
Random effects model 2017 4496

Heterogeneity: /2 = 43% [0%; 73%]

Odds Ratio OR 95% Cl Weight%
0.46 [0.05; 4.15] 0.6

—— 0.96 [0.12; 7.71] 0.7
e 1.40 [0.42; 4.74] 2.0

— 1.51 [0.66; 3.48] 4.2
T 1.59 [0.75; 3.33] 5.3

— 1.97 [0.63; 6.14] 23
—— 2.26 [0.96; 5.32) 4.0

—— 2.38 [1.57; 3.62] 16.9

—— 2.48 [1.28; 4.79] 6.8

= 2.57 [1.93; 3.42) 36.2

= 2.76 [1.86; 4.09] 19.0

} ———— 10.56 [3.19; 35.02] 2.1

; 1 I<> ‘ 2.42 [1.96; 2.97]  100.0

0.1 051 2 10

Odds Ratio OR 95% Cl Weight%
: 1.21 [0.13; 10.90] 2.9

—— 1.42 [0.68; 2.96] 13.2
i 1.52 [0.64; 3.57] 1.4
— 1.66 [0.57; 4.83] 8.8
— 2.01 [0.53; 7.59] 6.6
- 240 [1.01; 5.67] 11.3

— 2.73 [0.96; 7.78] 9.0
— 2.95 [1.81; 4.82] 17.5
——#%—— 588 [1.29; 26.73] 5.4
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Figure 5: Forest plot of exposure of (A) PPIs or (B) NSIADs and the risk of ICI-related AKI. The upper middle column shows the AKI event number and total number
of participants (total N) in the PPI exposure group (PPI-exp) and PPI non-exposure group (non-exp). The lower middle column shows the AKI event number and total
number of participants (total N) in the NSAID exposure group (NSAID-exp) and NSAID non-exposure group (non-exp).

higher rate of AKI occurrence in real-world data than in con-
trolled studies. This discrepancy may be explained by the inclu-
sion of a more complex and critically ill patient population, as
well as a higher frequency of exposure to potential nephrotoxic
agents in real-world settings. The CTCAE AKI definition might
also underestimate the occurrence of mild AKI. Overall, the oc-
currence rate of AKI in ICI recipients varies across studies, likely
due to heterogeneity in patient populations.

Animal models have demonstrated a protective role of PD-
L1in AKI [146] and nephrotoxic agent exposure [147]. One study
demonstrated an enrichment of T cells originating from kidney-
infiltrating T cells in the urine of ICI-related nephritis patients
[148]. The possible mechanism of an increased risk of ICI-related
AKIwith exposure to nephrotoxic agent is that ICI therapy might
disrupt the established immune tolerance of T cells primed to-
ward PPIs [4, 145]. Although a limited number of studies have in-
vestigated the relationship between drug exposure and AKI de-
velopment compared with those examining AKIin ICI recipients,
reporting bias should be considered. Despite conducting sensi-
tivity analyses accounting for drug interactions and publication
bias, the findings consistently suggest that PPIs and NSAIDs are
associated with an increased OR for AKI. However, caution is ad-
vised when interpreting these results.

The present study has several strengths. First, we conducted
an updated systematic review and meta-analysis to assess the

occurrence rate of all-cause AKI and may be the first to evaluate
the occurrence rate of ICI-related AKI. Second, we investigated
the relationship between PPI and NSAID exposure and the risk of
both all-cause AKI and ICI-related AKI development. Lastly, we
conducted sensitivity analyses to further examine the associa-
tion between drug exposure and AKI development.

The present study has several limitations. First, our analy-
sis was conducted using published aggregate data rather than
individual patient-level data, which could potentially provide
more informative insights. Specifically, for small-scale studies,
particularly trials, with limited event occurrences and partici-
pant numbers, accurately estimating the true occurrence rate
can be challenging. Moreover, while we identified study design,
primary cancer type and sample size as potential heterogene-
ity sources, the lack of detailed baseline data and traditional
AKI risk factors, like proteinuria and diabetes mellitus, under-
scores that significant heterogeneity, not addressed in our anal-
ysis, remains a primary limitation. Second, it is important to
note the absence of universally accepted criteria for ICI-related
AKI. The answer of whether to perform a biopsy in patients
with suspected ICI-related AKI remains unclear and may be im-
practical in routine clinical care. Additionally, further large-scale
prospective cohorts may be necessary to comprehensively as-
sess the incidence rate and histopathological features of this
condition. The assessment of whether the development of AKI is
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associated with a long-term risk of chronic kidney disease or
end-stage renal disease in adult recipients of ICIs is important;
however, this aspect could not be evaluated in the current study.
Third, the exposure to PPIs and NSAIDs relied on retrospective
cohort or health record studies, with uncertainty regarding con-
current or prior usage. Fourth, we only included published stud-
ies in our analysis, which may result in our search for clinical
trials being less comprehensive. The aggregated occurrence rate
of dialysis-requiring AKI is calculated based on rare events, and
numerous studies have not differentiated this outcome from se-
vere AKI. Furthermore, in frail cancer patients, factors such as
mortality and the initiation of palliative care could obfuscate
accurate estimation of the incidence of dialysis-requiring AKI
in this demographic. The aforementioned dilemma extends to
analysis of the association between AKI development and mor-
tality, wherein the influence of other underlying disease factors
may overshadow the impact of AKIL

CONCLUSION

In conclusion, our study found a 14.6% occurrence rate of all-
cause AKI in real-world cases, with approximately 1 in 33 adult
ICI recipients at risk for ICI-related AKI. Further research is
needed to explore the role of PPIs and NSAIDs as risk factors
and understand their underlying mechanisms. It is advisable to
limit unnecessary use of these medications. Large prospective
studies, including renal pathology assessments, are warranted
to determine the true incidence and histopathological features
of ICI-related AKI.
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