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ABSTRACT

Background: PD-1 inhibitors have revolutionized cancer immunotherapy but present significant neurological safety concerns.
While clinical trials have documented neurological adverse events (nAEs), a comprehensive understanding of their patterns and
risk factors remains limited. This study systematically analyzed a decade of FAERS data to investigate PD-1 inhibitor-associated
neurotoxicities.

Methods: Using FAERS data (2014-2024), we conducted disproportionality analyses (ROR, IC, PRR) to assess PD-1 inhibitor—
nAE associations. Risk factors were evaluated using logistic regression; timing analyses used log-rank and Mann-Whitney U
tests, while group comparisons used Chi-square tests.

Results: Among 115,000 PD-1 inhibitor-associated adverse events, 7968 (6.93%) involved nAEs, showing an increasing
trend from 4.96% (Q4 2014) to 7.67% (Q1-Q2 2024). PD-1 inhibitors showed significant nAE signals (ROR: 1.21, 95% CI:
1.18-1.23), with cemiplimab showing the strongest association (ROR: 1.38, 95% CI: 1.18-1.62). The most common nAEs were
dizziness (N =942, 10.3%), encephalitis (N =435, 4.8%), and cerebrovascular accident (N =451, 4.9%). Risk factors included
age > 65years (OR: 1.10), female sex (OR: 1.04), skin cancer (OR: 1.36), and nervous system cancers (OR: 1.44). The median
onset time was 34 days (IQR: 12-104), with 63.8% occurring within 2 months and 59% resulting in severe outcomes.
Conclusion: This study reveals a spectrum of PD-1 inhibitor-related neurological toxicities, mainly involving central nerv-
ous system dysfunction, providing important insights into risk patterns and timing characteristics. These findings support
improved clinical monitoring practices and inform the development of personalized patient care strategies.

Abbreviations: AEs, adverse events; CNS, central nervous system; FAERS, FDA Adverse Event Reporting System; FDA, Food and Drug Administration; nAEs,
neurological adverse events; PD-1, programmed cell death protein 1; PT, preferred term; SOC, System Organ Classification.

Xiaofeng Hu, Xiaoli Wang, and Bufu Tang contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2026 The Author(s). CNS Neuroscience & Therapeutics published by John Wiley & Sons Ltd.

CNS Neuroscience & Therapeutics, 2026; 32:€70734 1 of 20
https://doi.org/10.1002/cns.70734


https://doi.org/10.1002/cns.70734
https://doi.org/10.1002/cns.70734
https://orcid.org/0000-0003-3525-4433
mailto:
https://orcid.org/0009-0008-2235-7111
mailto:
mailto:
https://orcid.org/0000-0002-0211-2888
mailto:18468198374@163.com
mailto:15168535107@163.com
mailto:guodandanna@hotmail.com
http://creativecommons.org/licenses/by/4.0/

1 | Introduction

Cancer immunotherapy, particularly immune checkpoint in-
hibitors (ICIs) such as programmed cell death protein 1 (PD-1)
inhibitors, has significantly advanced cancer treatment by en-
hancing the immune system's ability to target and eliminate
malignant cells [1]. PD-1 inhibitors function by blocking PD-1
on T cells from binding to PD-L1/PD-L2, which are frequently
overexpressed on tumor cells. This blockade prevents T-cell ex-
haustion and restores antitumor immune responses by reacti-
vating T-cell proliferation, cytokine production, and cytotoxic
function, thereby enhancing tumor cell recognition and elimi-
nation [2]. Currently, six PD-1 inhibitors, including nivolumab,
pembrolizumab, cemiplimab, dostarlimab, toripalimab, and
tislelizumab, have received United States Food and Drug
Administration (U.S. FDA) approval for cancer treatment [3-8].
These PD-1 inhibitors have demonstrated significant therapeu-
tic efficacy in multiple malignancies, including melanoma, non-
small-cell lung cancer (NSCLC), and hepatocellular carcinoma
(HCC), supported by robust clinical evidence and extensive
real-world experience [9, 10].

Despite their remarkable clinical benefits, PD-1 inhibitors
can lead to immune-related adverse events (irAEs) due to
enhanced immune system activation, presenting significant
challenges in clinical management. These irAEs commonly
affect the endocrine, pulmonary, gastrointestinal, and hepatic
systems. Less frequent but potentially life-threatening com-
plications include neurological, cardiovascular, and severe
pulmonary adverse events [11]. Neurological adverse events
(nAEs), though relatively uncommon, represent a particularly
concerning subset of irAEs. These neurological manifesta-
tions span from quality-of-life-impacting symptoms (such
as visual disturbances, neurogenic bladder, and headaches)
to severe, potentially fatal conditions (including myasthe-
nia gravis, encephalitis, and seizures) [12]. These symptoms
may be more common and severe in patients with different
clinical characteristics and indications, requiring immediate
intervention in severe cases. Additionally, while the onset
of symptoms is generally concentrated in the early stages of
treatment, variations in timing can occur based on individual
patient characteristics [13]. Therefore, implementing targeted
management strategies for high-risk patients, coupled with
a comprehensive understanding of onset patterns across dif-
ferent patient subgroups, may optimize therapeutic outcomes
and enhance treatment safety.

While clinical observations and reviews have documented the
neurological adverse events associated with PD-1 inhibitors,
most available evidence comes from clinical trials with limited
patient populations, and large-scale, long-term real-world data
are still needed [14-16]. Studies comparing the neurological
adverse event profiles among different PD-1 inhibitors (such as
nivolumab, pembrolizumab, and cemiplimab) remain limited.
Additionally, while factors such as age, gender, therapeutic in-
dications, and concomitant medications may influence the oc-
currence of these neurological adverse events, research on these
potential risk factors is still insufficient. These knowledge gaps
affect evidence-based clinical decision-making in risk predic-
tion and management of PD-1 inhibitor-related neurological
adverse events.

Given these knowledge gaps, a comprehensive pharmacovigilance
study using large real-world data is needed. The major purpose of
this study was to analyze data from the FAERS database ranging
from 2014 to 2024 to explore the relationship between neurologi-
cal adverse events and PD-1 inhibitors and examine their occur-
rence trends, clinical characteristics, and potential risk factors.
Using pharmacovigilance signal detection methods, we investi-
gated the associations between specific PD-1 inhibitors and neu-
rological adverse events, with additional analysis of patient-related
and treatment-related factors influencing event occurrence. This
systematic analysis sought to establish evidence-based guidance
for clinicians on risk assessment and management of PD-1 inhib-
itor-induced neurological adverse events for malignancy therapy.
These findings may enhance pharmacovigilance capabilities and
inform clinical decision-making, potentially contributing to im-
proved patient safety outcomes.

2 | Method
2.1 | Data Source

We conducted a retrospective pharmacovigilance analysis
using the FAERS database, a globally recognized, publicly
accessible repository for adverse event (AE) reports, with a
focus on PD-1 inhibitors. The FAERS database consolidates
voluntary reports from various sources, including healthcare
professionals, patients, pharmacists, and pharmaceutical
companies, supporting the FDA's postmarket surveillance of
drugs and biologics. The FAERS quarterly file package in-
cludes seven data files: DEMO (patient demographics and ad-
ministrative information), DRUG (drug information), REAC
(adverse event codes), OUTC (patient outcomes), RPSR (re-
port sources), THER (therapy start and end dates), and INDI
(indications for drug use). These files provide comprehensive
information on AEs, linked to PRIMARYID, CASEID, and
drug_seq [17]. The database is updated quarterly, with data
available at https://fis.fda.gov/extensions/FPD-QDE-FAERS/
FPD-QDE-FAERS.html.

AEs in the FAERS database were classified using Preferred
Term (PT) codes from the Medical Dictionary for Regulatory
Activities (MedDRA), a standardized terminology system for
clinical validation in the biopharmaceutical industry. MedDRA
standardizes data across the full regulatory procedure, from
preapproval and postapproval phases. It includes five hierarchi-
cal levels: System Organ Class (SOC), High-Level Group Term
(HLGT), High-Level Term (HLT), Preferred Term (PT), and
Lowest Level Term (LLT). The SOC categorizes terms by body
systems, while HLGT represents broader groupings of medical
conditions, and HLT provides more specific terms. PT is the core
unit, detailing specific medical events, and LLT offers even more
granular descriptions. MedDRA's multiaxial structure allows a
single PT to be linked to multiple SOCs, although each PT has
one primary SOC.

2.2 | Procedures

The present research analyzed data using the openly accessi-
ble FAERS dataset, spanning the years 2014-2024. The PD-1
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inhibitors investigated include nivolumab, pembrolizumab,
cemiplimab, toripalimab, tislelizumab, and dostarlimab.
Due to the lack of standardized drug nomenclature in the
FAERS database, instances involving PD-1 inhibitors were
identified using both brand and generic names. Neurological
adverse reactions were screened using the System Organ Class
(SOC) “Nervous System Disorders” and the primary SOC as
“yes,” including related conditions such as myasthenia gra-
vis and neurogenic bladder. AEs in the FAERS database are
classified using MedDRA terminology, with drugs catego-
rized as PS (primary suspect), SS (second suspect), C (concom-
itant), and I (interacting) [18-20]. For accuracy, we focused
on cases where the drug's role was marked as “PS.” Data ac-
curacy was ensured by following the FDA's methodology for
eliminating duplicate reports. We filtered duplicate cases by
keeping only the latest FDA-tracked records. When both case
numbers and FDA Document Tracking dates matched, the re-
port possessing the higher Individual Safety Report number
was retained. Duplicates identified by matching fields such as
age, sex, country, event date, adverse event, drug, and indi-
cation were excluded, ensuring only the most recent version
remained in the dataset. The complete procedure is depicted
in Figure 1.

2.3 | Disproportionality Analysis

In this investigation, we utilized disproportionality analysis,
also known as case versus noncase analysis, a popular tool
for signal discovery in pharmacovigilance [21]. We employed
three widely used disproportionality analysis methods—the
Reporting Odds Ratio (ROR), the Information Component (IC),
and the Proportional Reporting Ratio (PRR)—to evaluate the
correlation between PD-1 inhibitors and neurological adverse
reactions [22-25]. The following formulas were used to calcu-
late the ROR, IC, PRR, and their respective 95% confidence in-
tervals (CIs).

ROR = axd
bxc

95%CI = exp| In(ROR) +1.96 X l+l+l+l
a b ¢ d
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FIGURE1

| Flowchart illustrates the data processing and analysis workflow of this study.
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In this analysis, “a” denotes the number of nAEs reported with
PD-1 inhibitors, “b” denotes the number of other AEs reported
with PD-1 inhibitors, “c” denotes the number of nAEs associ-
ated with other drugs, and “d” denotes the number of other AEs
reported with other drugs. For signals related to PD-1 inhibitors
and overall nAEs, an ROR with a lower 95% CI greater than 1
is considered valid. However, for individual nAEs, the criteria
are more stringent: the signal is considered significantly associ-
ated with PD-1 inhibitors if there are three or more reports, the
lower bound of the 95% CI for the Information Component (IC)
is greater than zero, and the lower bound of the 95% CI for the
ROR exceeds one. Neurological disorder Preferred Terms (PTs)
that meet these criteria were classified as PD-1 inhibitor-related
nAEs [26].

2.4 | Descriptive Analysis

A descriptive analysis was conducted on the clinical character-
istics of reports related to PD-1 inhibitor-associated nAEs, in-
cluding sex, age, weight, submitter, indication, outcome, time
to onset, concomitant medications, co-reported AEs, PD-1 in-
hibitor type, and country. Outcomes were classified as severe
(including death, near death, and hospitalization) or nonsevere
(all other outcomes). Reporters were categorized as profession-
als (physicians, pharmacists, and other healthcare providers) or
nonprofessionals (consumers and attorneys). Time to onset was
determined by subtracting the onset time of the adverse event
from the start of treatment.

2.5 | Statistical Analysis

We summarized Categorical variables using counts and propor-
tions. The temporal patterns of onset across groups underwent
analysis via Log-rank testing and Mann-Whitney U procedures.
Group comparisons for outcomes employed chi-square analysis.
Logistic regression analysis was conducted to assess the impact
of each clinical characteristic on PD-1 inhibitor-induced nAEs,
with odds ratios (ORs) and corresponding 95% CIs calculated.
Missing values were excluded from analyses rather than being
imputed. Before all statistical analyses, the normality of con-
tinuous variables was assessed using the Shapiro-Wilk test for
samples <50 and the Kolmogorov-Smirnov test for larger sam-
ples (n>50) to enhance statistical robustness. Variables demon-
strating normal (Gaussian) distribution were analyzed using
parametric tests (independent samples t-test, one-way ANOVA),
while those failing normality assumptions were analyzed using
appropriate nonparametric alternatives (Mann-Whitney U test,
Kruskal-Wallis test). This approach ensured optimal statistical
methodology based on underlying data distribution characteris-
tics. A p-value of less than 0.05 was considered statistically sig-
nificant, with all tests being two-sided. The data analysis and
processing were performed by R Studio. Data visualization was
conducted with both R Studio and Python. The human anatomy
heatmap was generated using the online tool available at https://
smuonco.shinyapps.io/MOAHIT/. This research followed the
STROBE guidelines to ensure proper reporting [27]. Temporal
trend analysis was conducted using linear regression of quar-
terly aggregated neurological adverse event counts from 2014
to 2024. The model assessed the relationship between time

(quarters) and event frequency, with statistical significance
evaluated at p <0.05. Model diagnostics confirmed adherence to
regression assumptions.

2.6 | Data Management and Quality
Considerations

The FAERS database, as a voluntary spontaneous reporting sys-
tem, has inherent limitations that should be considered when in-
terpreting our findings. Data quality and completeness naturally
vary across reports, influenced by factors such as reporter type,
geographic location, and clinical context. Healthcare profes-
sionals typically provide more detailed clinical information, and
reporting patterns may differ across countries and healthcare
systems. Spontaneous reporting databases may reflect various
reporting tendencies, with some events receiving more attention
than others. These features are inherent to passive surveillance
systems and inform our choice of disproportionality methods,
which are designed for signal detection and hypothesis genera-
tion in pharmacovigilance research.

Missing data pose a notable challenge in FAERS analyses, with
varying degrees of incompleteness across different variables. In
our dataset, body weight information was missing in 70.0% of re-
ports, time to event onset in 61.3%, and age in 25.0%. Consistent
with the reporting patterns described above, the extent of in-
complete data was systematically related to reporter type and
geographic origin, with healthcare professionals providing
more complete information than consumers. Given the non-
random nature of missing data, we did not employ imputation
methods, as these assume data are missing at random and could
introduce bias when violated. Instead, we used complete-case
analysis, including only reports with complete information for
all required variables in each analysis. For example, analyses ex-
amining body weight-outcome relationships included only cases
with documented weight values, while time-to-event analyses
required complete onset time information. While this reduces
sample size, it preserves validity by avoiding biases from inap-
propriate imputation.

2.7 | Sensitivity Analyses and E-Value Calculation

To assess the robustness of our findings to potential unmea-
sured confounding, we conducted sensitivity analyses using
multivariable logistic regression and calculated E-values.
Adjusted reporting odds ratios (aRORs) and 95% confidence
intervals (CIs) were calculated using two models: Model 1
adjusted for reporter type (professional vs. unprofessional),
geographic region (United States vs. other countries), and con-
comitant medication use (monotherapy vs. polypharmacy);
Model 2 additionally adjusted for age (continuous variable),
sex (male vs. female), and body weight (continuous variable).
Complete-case analysis was employed for all regression mod-
els. E-values were calculated for both unadjusted reporting
odds ratios and adjusted reporting odds ratios to quantify the
minimum strength of association on the risk ratio scale that
an unmeasured confounder would need to have with both
PD-1 inhibitor exposure and neurological adverse events to
fully explain away the observed associations [28]. Under the
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rare outcome assumption (nAE incidence <10%), reporting
odds ratios and adjusted reporting odds ratios were treated
as approximations of risk ratios for E-value calculation
(E —value =RR + y/(RR X (RR —1))), where RR represents
the (adjusted) reporting odds ratio or its confidence limit. E-
values were computed for both point estimates and the lower
bounds of 95% confidence intervals, with the latter represent-
ing a more conservative assessment of robustness to unmea-
sured confounding [29].

3 | Results

3.1 | Neurological Adverse Events Among PD-1
Inhibitor Users: FAERS Database Reports From Q4
2014 to Q2 2024

Among 115,000 PD-1 inhibitor-associated AEs identified in
the FAERS database (Q4 2014-Q2 2024), 7968 cases (6.93%) in-
volved neurological adverse events (NAEs). The proportion of
NAESs showed an increasing trend from 4.96% (Q4 2014) to 7.67%
(Q1-Q2 2024), with annual cases in 2021-2023 reaching 1211,
1030, and 967 respectively, representing a substantial elevation
compared to 2015-2020 (Figure 2a). Within all PD-1 inhibitors,
nivolumab (n=4332) and pembrolizumab (n =3469) dominated
the NAE reports, together accounting for 97.9% of all cases, while
recently approved agents—toripalimab (N=35), tislelizumab
(N=11), and dostarlimab (IN=28)—showed markedly lower
frequencies, likely due to their limited postmarketing expo-
sure (Figure 2b). The United States (N=2655; 33.3%) and Japan
(N=1882;23.6%) contributed the highest numbers of NAE cases,
followed by France (N=672; 8.4%), Germany (N=429; 5.4%),
Britain (N=199; 2.5%), and China (N=191; 2.4%) (Figure 2c).
Overall, the proportions and growth trends of neurological ad-
verse reactions caused by PD-1 inhibitors of different types and
in different locations in various years suggest that this may be an
indispensable aspect of PD-1 inhibitor therapy.

3.2 | Descriptive Analysis of PD-1
Inhibitor-Induced Neurological Adverse Events

The clinical characteristics of individuals with PD-1 inhib-
itor-induced nAEs are displayed in the Table 1. Among all
adverse events reported with PD-1 inhibitors, male patients
(N=4307, 54.1%) significantly outnumbered female patients
(N=3052, 38.3%). In the pembrolizumab treatment group,
the gender distribution was balanced between male (N=1682,
48.5%) and female patients (N=1634, 47.1%). The patient co-
hort exhibited a median age of 67 years (IQR 58-74). In both
the general population and in specific PD-1 inhibitor groups,
the majority of patients were aged >65 (N=3462, 43.4%).
Patients had a median weight of 70kg (IQR 58-83), with the
majority of patients (N=1947, 24.4%) within the 50-100kg
range. Most cases were reported as serious (N=4703, 59%),
and the predominant portion of reports originated from
healthcare professionals (N=4698, 59%). For combination
therapy, additional platinum-based compounds were most fre-
quently administered (N =845, 10.6%), followed by additional
protein kinase inhibitors (N=579, 7.3%) and additional nat-
ural alkaloids and derivatives (549, 6.9%) (Table 1). In terms

of distribution by indication, lung cancer (N=2165, 27.2%),
skin cancer (N=1639, 20.6%), and kidneys and urinary tract
(N=1280, 16.1%) constituted the predominant categories
(Figure 4e,f). Comprehensive clinical characteristics flow
patterns were illustrated in Figure 2d via a Sankey diagram.

3.3 | Number and Signal Analysis of Neurological
Adverse Events for PD-1 Inhibitors

In this study, we identified 362 neurological adverse event
Preferred Terms (nPTs) induced by PD-1 inhibitors from the
FAERS database spanning Q4 2014 to Q2 2024 (Table S1).
Within the analyzed PD-1 inhibitors, nivolumab and pembroli-
zumab emerged as the predominant agents associated with
nPTs, accounting for an average of 98.1% of cases across the
top 50 most frequently reported PTs, whereas cemiplimab ac-
counted for 1.6%. The most common nPTs of PD-1 inhibitors
were peripheral neuropathy(N=978, 10.7%), dizziness (N=942,
10.3%), and myasthenia gravis (N=675, 7.4%) (Figure 3a).

Our signal analysis demonstrated that PD-1 inhibitors (ROR:
1.21, 95% CI: 1.18-1.23) were significantly associated with
nAEs. Stratified analysis of individual PD-1 inhibitors re-
vealed that nivolumab (ROR:1.20, 95% CI: 1.16-1.23), pem-
brolizumab (ROR: 1.23, 95% CI: 1.19-1.27), and cemiplimab
(ROR: 1.38, 95% CI: 1.18-1.62) were significantly associated
with nAEs, with cemiplimab exhibiting the strongest signal
(Figure 3b). To further investigate specific nPTs signals, we
adopted stricter criteria: both significant ROR and IC val-
ues. Figure 4d illustrates the IC 95% lower limit values for
three significant PD-1 inhibitors and the entire PD-1 class for
nPTs with ROR 95% lower limit values exceeding 1. For over-
all PD-1 inhibitors, we identified 69 positive signals (IC025
range:0.09-4.91). Among the top 10 strongest PT signals,
immune-mediated myasthenia gravis (IC025: 4.91, N=116)
and myasthenic syndrome (IC025: 3.03, N=104) emerged as
the most frequently reported nPTs associated with PD-1 inhib-
itors. Neuritis cranial(IC025:3.01) demonstrated a strong sig-
nal, despite its rare occurrence(N =9) (Figure 3c,d). Figure S1
illustrates the MedDRA hierarchical relationships of the top
10 nPTs most strongly associated with PD-1 inhibitors, with
their primary SOC being nervous system disorders. Among
specific PD-1 inhibitors, Nivolumab and Pembrolizumab
were associated with more PT signals, with 68 (IC025 range:
0.03-5.1) and 56 (IC025 range: 0.02-5.52) signals, respectively.
The strongest signals for nivolumab were immune-mediated
optic neuritis (IC025: 5.1) and immune-mediated myasthe-
nia gravis (IC025: 4.76), while pembrolizumab showed peak
signals in immune-mediated neurological disorder (IC025:
5.52) and immune-mediated myasthenia gravis (IC025: 5.13).
Compared to the aforementioned agents, cemiplimab exhib-
ited only 7 signals, with myasthenic syndrome yielding the
highest signal (IC025: 4.72) and hemiparesis the lowest (IC025:
0.44). Notably, myasthenic syndrome, encephalitis, myasthe-
nia gravis, and optic neuritis showed strong associations with
all three PD-1 inhibitors. Each PD-1 inhibitor demonstrated
unique neurological signals: meningoradiculitis associated
with nivolumab (IC025: 3.44), cranial neuritis related to pem-
brolizumab (IC025: 3.85), and polyneuropathy correlated with
cemiplimab (IC025: 0.71) (Figure 3d).
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TABLE1 | Clinical characteristics of Reports on nAEs Induced by PD-1 Inhibitors in the FAERS Database (Q4 2014-Q2 2024).

Clinical Nivolumab Pembrolizumab Cemiplimab
characteristics Overall (N=7968) (N=4332) (N=3469) (N=123) Others (N=44)
Gender
Male 4307 (54.1%) 2580 (59.6%) 1682 (48.5%) 44 (35.8%) 1(2.3%)
Female 3052 (38.3%) 1387 (32.0%) 1634 (47.1%) 25 (20.3%) 6 (13.6%)
Missing 609 (7.6%) 365 (8.4%) 153 (4.4%) 54 (43.9) 37 (84.1%)
Age
Median [IQR] 67 [58-74] 66 [58-73] 68 [58-75] 71 [59-78] 70 [53-73]
Mean (SD) 64 (14) 64 (13) 65 (16) 69 (12) 64 (14)
<45 438 (5.5%) 245 (5.7%) 192 (5.5%) 1(0.8%) 0 (0%)
45-65 2084 (26.1%) 1252 (28.9%) 815 (23.5%) 15 (12.2%) 2 (4.5%)
>65 3462 (43.4%) 1896 (43.8%) 1537 (44.3%) 26 (21.1%) 3(6.8%)
Missing 1984 (25.0%) 939 (21.6%) 925 (26.7%) 81 (65.9%) 39 (88.6%)
Weight (kg)
Median [IQR] 70 [58-83] 71 [59-85] 68 [57-80] 63 [61-88] 68 [62-75]
Mean (SD) 72 (21) 74 (21) 71 (20) 78 (30) 70 (15)
<50 231 (2.9%) 125 (2.9%) 105 (3.0%) 1(0.8%) 0 (0%)
50-100 1947 (24.4%) 1163 (26.8%) 777 (22.4%) 2 (1.6%) 5(11.4%)
>100 216 (2.7%) 142 (3.3%) 73 (2.1%) 1(0.8%) 0 (0%)
Missing 5574 (70.0%) 2902 (67.0%) 2514 (72.5%) 119 (96.8%) 39 (88.6%)
Time to onset (day)
Median [IQR] 34 [12-104] 39 [14-112] 26 [7-84] 52[19-112] 39 [1109]
Mean (SD) 97 (200) 104 (220) 81 (152) 123 (201) 86 (153)
Missing 4884 (61.3%) 2297 (53.0%) 2499 (72.0%) 66 (53.7%) 22 (50.0%)
Outcome
Serious 4703 (59.0%) 2739 (63.2%) 1866 (53.8%) 75 (61.0%) 23 (52.3%)
Not serious 2647 (33.2%) 1372 (31.7%) 1226 (35.3%) 33(26.8%) 16 (36.4%)
Missing 618 (7.8%) 221 (5.1%) 377 (10.9%) 15 (12.2%) 5(11.4%)
Submitter
Professional 4698 (59.0%) 2676 (61.8%) 1916 (55.2%) 85 (69.1%) 21 (47.7%)
Unprofessional 2061 (25.9%) 893 (20.6%) 1137 (32.8%) 23 (18.7%) 8 (18.2%)
Missing 1209 (15.1%) 763 (17.6%) 416 (12.0%) 15 (12.2%) 15 (34.1%)
Country
United States 2655 (33.3%) 1365 (31.5%) 1222 (35.2%) 54 (43.9%) 14 (31.8%)
Japan 1882 (23.6%) 857 (19.8%) 1015 (29.2%) 10 (8.1%) 0 (0%)
France 672 (8.4%) 417 (9.6%) 246 (7.1%) 8 (6.5%) 1(2.3%)
Germany 429 (5.4%) 303 (7.0%) 121 (3.5%) 2 (1.6%) 3(6.8%)
China 191 (2.4%) 121 (2.8%) 54 (1.6%) 0 (0%) 16 (36.4%)
Britain 199 (2.5%) 114 (2.6%) 83 (2.4%) 2 (1.6%) 0 (0%)
(Continues)
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TABLE1 | (Continued)

Clinical Nivolumab Pembrolizumab Cemiplimab

characteristics Overall (N=7968) (N=4332) (N=3469) (N=123) Others (N=44)
Others 1940 (24.4%) 1155 (26.7%) 728 (21.0%) 47 (38.3%) 10 (22.7%)

Additional drug
Platinum based 845 (10.6%) 211 (4.9%) 617 (17.8%) 6 (4.9%) 11 (25.0%)
compounds
Protein kinase 579 (7.3%) 123 (2.8%) 455 (13.1%) 1(0.8%) 0(0%)
inhibitor
Natural alkaloids 549 (6.9%) 122 (2.8%) 414 (11.9%) 3(2.4%) 10 (22.7%)
and derivatives
Metabolic 364 (4.6%) 111 (2.6%) 248 (7.1%) 3(2.4%) 2 (4.5%)
antagonists
Alkylating agents 112 (1.4%) 27 (0.6%) 85 (2.5%) 0(0%) 0(0%)
Antitumor 85 (1.1%) 11 (0.3%) 74 (2.1%) 0 (0%) 0 (0%)
antibiotics
Hormones and 44 (0.6%) 18 (0.4%) 24 (0.7%) 2(1.6%) 0(0%)
antihormones

Indication (Cancer)
Lung 2165 (27.2%) 1086 (25.1%) 1052 (30.3%) 20 (16.2%) 7(15.9%)
Skin 1639 (20.6%) 1103 (25.5%) 500 (14.4%) 36 (29.3%) 0 (0%)
Kidneys and 1280 (16.1%) 850 (19.6%) 427 (12.3%) 0 (0%) 3(6.8%)
urinary tract
Stomach and 596 (7.5%) 407 (9.4%) 184 (5.3%) 4 (3.3%) 1(2.3%)
intestine
Reproductive 448 (5.6%) 46 (1.1%) 379 (10.9%) 7 (5.7%) 16 (57.1%)
system
Breast 330 (4.1%) 14 (0.3%) 315 (9.1%) 0 (0%) 1(3.6%)
Lymph 114 (1.4%) 83 (1.9%) 28 (0.8%) 3 (2.4%) 0 (0%)
Mesothelium 105 (1.3%) 88 (2.0%) 17 (0.5%) 0(0%) 0 (0%)
Nervous system 93 (1.2%) 68 (1.6%) 21 (0.6%) 4 (3.3%) 0(0%)
Blood 25(0.3%) 20 (0.5%) 4(0.1%) 1(0.8%) 0 (0%)
Eyes 10 (0.1%) 8 (0.2%) 1(0.1%) 1(0.8%) 0 (0%)
Bone 9 (0.1%) 6 (0.1%) 3(0.1%) 0 (0%) 0 (0%)
Unspecified 682 (8.6%) 461 (10.6%) 166 (4.8%) 46 (37.4%) 9 (32.1%)
Others 65 (0.8%) 31 (0.7%) 33 (1.0%) 0(0%) 1(3.6%)
Missing 330 (4.1%) 8 (0.2%) 321 (9.2%) 1(0.8%) 0 (0%)

E-value analysis indicated robust resistance to potential unmea-
sured confounding (Table S2). For PD-1 inhibitors overall, an
unmeasured confounder would need to be associated with both
drug exposure and neurological adverse events by a risk ratio of
2.13-fold each to explain away the observed lower confidence
limit. Individual agents showed varying degrees of robustness:
pembrolizumab (E-value=3.08, lower CI=2.66), cemiplimab
(E-value =2.94, lower CI=2.17), and nivolumab (E-value = 2.10,
lower CI=1.99). These values suggest that moderately strong

unmeasured confounding would be required to fully account
for the observed associations.

3.4 | Sensitivity Analysis and Assessment
of Unmeasured Confounding

To assess the robustness of associations between PD-1 inhibitors
and neurological adverse events, we conducted multivariable
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FIGURE 3 | Analysis of neurological adverse events (nAESs) frequency and signal detection for PD-1 inhibitors. (a) Upper panel: Line chart of
frequency distribution for the top 50 most reported nAEs, ranked by occurrence. Lower panel: Stacked bar chart of proportional distribution across
PD-1 inhibitor types (nivolumab, pembrolizumab, cemiplimab, and others, including tislelizumab, dostarlimab, and toripalimab). (b) Forest plot of
Reporting Odds Ratios (ROR) with 95% confidence intervals for neurological adverse events by individual PD-1 inhibitors and overall PD-1 inhibitor
class. Diamond symbols indicate point estimates. (c) Stacked bar chart of case numbers for the top 10 strongest nAE signals associated with PD-1
inhibitors, stratified by the three inhibitors (nivolumab, pembrolizumab, cemiplimab) with significant associations. (d) Heatmap of IC025 values for
115 nAEs with significant ROR signals across three PD-1 inhibitors. Empty cells indicate < 3 cases or no reported events. Color intensity represents
signal strength: Deeper red indicates stronger positive signals, blue indicates nonsignificant negative values.
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FIGURE 4 |

Distribution of co-reported adverse events and indications, and their impact on nAEs induced by PD-1 inhibitors. (a) The bar chart

displays the co-reported adverse event rates in patients with nAEs induced by PD-1 inhibitors. (b) The proportion of occurrence of the top 30 most
frequent co-reported adverse events PTs among individuals with PD-1 inhibitor-induced nAEs. The different colors of the bars represent the dif-
ferent SOCs to which these PTs belong. (c) The bar chart displays the frequency and proportion of co-reported adverse events at the SOC level in
the population with PD-1 inhibitor-induced nAEs. The darker the color, the higher the frequency and proportion. (d) Logistic regression: Impact of
co-reported adverse events by System Organ Class (SOC) on PD-1 inhibitor-induced nAEs. (e) The organ heatmap shows the distribution of tumors
in different organs among patients with PD-1 inhibitor-induced nAEs. (f) The pie chart presents the distribution of indications (types of tumors)
in patients with PD-1 inhibitor-induced nAEs. (g) Logistic regression forest plot: The impact of different indications (types of tumors) on PD-1

inhibitor-induced nAEs.
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TABLE 2 | Sensitivity analysis: adjusted reporting odds ratios and e-values for neurological adverse events associated with PD-1 inhibitors.

Case number with nAEs

(Yes/No) E-value E-value
With PD-1 Without PD-1

Types of drug Model inhibitors inhibitors aROR (95% CI) (point) (Lower CI) p
Total PD-1 Model 12 3,512/56,718 477,918/12,133,509 1.22(1.18-1.26) 1.71 1.64 <0.001
inhibitors Model 2 1,006/13,360  102,163/1,775415  1.14 (1.07-1.22) 1.54 1.34 <0.001
Nivolumab Model 12 3,179/52,934 478,251/12,137,293 1.20 (1.15-1.24) 1.69 1.57 <0.001

Model 2° 935/12,562 102,234/1,776,213 1.13 (1.05-1.20) 1.51 1.28 <0.001
Pembrolizumab Model 1 263/2,716 481,167/12,187,511 1.53(1.35-1.74) 2.43 2.04 <0.001

Model 2° 69/767 103,100/1,788,008 1.35(1.05-1.73) 2.04 1.28 0.018
Cemiplimab Model 12 70/1,068 481,360/12,189,159 1.53(1.20-1.95) 2.43 1.69 <0.001

Model 2° 2/31 103,167/1,788,744 1.19 (0.28-5.01) NA NA 0.810

2Model 1: Adjusted for reporter type (professional vs. unprofessional), geographic region (United States vs. other countries), and concomitant medication use

(monotherapy vs. polypharmacy).

bModel 2: Adjusted for reporter type, geographic region, concomitant medication use, age (continuous variable), sex (male vs. female), and body weight (continuous

variable).

logistic regression controlling for measured confounders and
computed E-values to quantify vulnerability to unmeasured
confounding. The E-value represents the minimum strength of
association an unmeasured confounder would need with both
exposure and outcome to nullify an observed effect.

Sequential adjustment models were implemented (Table 2).
Model 1 adjusted for reporter type, geographic region, and
concomitant medication use. All associations remained sig-
nificant: aRORs ranged from 1.20 (95% CI: 1.15-1.24) for
nivolumab to 1.53 (95% CI: 1.35-1.74) for pembrolizumab,
with lower-bound E-values from 1.57 to 2.04. Model 2 added
patient age, sex, and body weight, yielding attenuated but
persistent associations for the overall PD-1 inhibitor class
(@aROR=1.14, 95% CI: 1.07-1.22), nivolumab (aROR=1.13,
95% CI: 1.05-1.20), and pembrolizumab (aROR=1.35, 95%
CI: 1.05-1.73). Cemiplimab could not be reliably estimated in
Model 2 due to limited complete-case data (n=33). The per-
sistence of associations across progressive adjustments, with
E-values indicating moderate to strong robustness to unmea-
sured confounding, supports the observed neurological safety
signals. While unmeasured confounding of substantial mag-
nitude cannot be excluded, the consistency of findings across
analytic models suggests these associations are unlikely to be
fully explained by uncontrolled bias.

3.5 | Influencing Factors for PD-1
Inhibitor-Induced pAEs

We analyzed co-reported adverse events as potential factors
affecting nAEs of PD-1 inhibitors. Among the 7968 PD-1 in-
hibitor-related nAEs, 78% were accompanied by other adverse
events, whereas 22% occurred in isolation (Figure 4a). At the
PT level, the most frequently co-reported AEs were malignant
neoplasm progression (N=973, 12.21%), fatigue (N=736,
9.24%), and nausea (N =522, 6.55%) (Figure 4b). Detailed fre-
quencies and case percentages of co-reported PT are presented

in Table S3. At the SOC level, besides nervous system disorders
(=2 cases), general disorders and administration site condi-
tions (N=2360, 29.62%), gastrointestinal disorders (N=1764,
22.14%), and musculoskeletal and connective tissue disor-
ders (N=1616, 20.28%) were the top 3 reported co-reported
AEs, appearing in over 20% of PD-1 inhibitors-induced nAes
(Figure 4c).

Using univariate logistic regression analysis, we found that most
co-reported SOCs were significant influencing factors for PD-1
inhibitor-related nAEs. For example, patients with eye dis-
orders had 3.95 (OR: 3.95 [3.61, 4.33], p<0.0001) times higher
odds of developing neurologic adverse events following PD-1
inhibitor treatment compared to those without eye disorders.
Similarly, patients with ear and labyrinth disorders or psychiat-
ric disorders had 3.66 (OR: 3.66 [3.02,4.43], p <0.0001) and 3.60
(OR:3.60 [3.29,3.93], p<0.0001) times higher odds, respectively.
In contrast, patients with hepatobiliary disorders had only 0.84
times the odds of developing nAEs compared to those without
this condition (Figure 4d).

We further evaluated the associations between patient clinical
characteristics (including sex, age, indications, and additional
therapy) and PD-1 inhibitor-associated nAEs. Stratified anal-
yses demonstrated distinct risk patterns for nAEs across dif-
ferent indications. Significantly elevated nAE risks were found
in patients with skin cancer (OR: 1.36 [1.29-1.43], p<0.0001),
kidneys and urinary tract cancer (OR: 1.26 [1.19-1.34],
p<0.0001), breast cancer (OR: 1.42 [1.27-1.59], p<0.0001),
mesothelium cancer (OR: 1.37 [1.12-1.67], p=0.0023), and
nervous system cancer (OR: 1.44 [1.16-1.79], p=0.00079).
Conversely, significantly reduced nAE risks were found
in patients with stomach and intestine cancer (OR: 0.82
[0.76-0.89], p <0.0001) and liver and gallbladder cancer (OR:
0.55 [0.44-0.69], p<0.0001) (Figure 4g). Female patients
demonstrated a marginally higher risk of nAEs compared
with male patients (OR: 1.04 [1.01-1.08], p=0.025). Compared
with patients aged 45-65years, those under 45years showed
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a lower risk of nAEs (OR: 0.88 [0.80-0.97], p=0.0081),
while patients over 65years exhibited a higher risk (OR: 1.10
[1.06-1.14], p<0.0001). Lower risks of nAEs were identified
in patients with body weight <50kg (OR: 0.76 [0.66, 0.86],
p<0.0001), reports from unprofessional submitters (OR: 0.86
[0.82,0.90], p <0.0001), cases from the United States (OR: 0.73
[0.70, 0.76], p <0.0001), nivolumab treatment (OR: 0.89 [0.86,
0.91], p<0.0001), and concurrent use of metabolic antago-
nists (OR: 0.89 [0.80, 0.99], p=0.030). Higher risks of nAEs
were observed in cases from Germany (OR: 1.26 [1.14-1.39],
p<0.0001), events occurring within 30 days of treatment initi-
ation (OR:1.13 [1.07-1.20], p <0.0001), and concurrent admin-
istration of antineoplastic agents, including alkylating agents
(OR: 1.42 [1.17-1.73], p=0.00043), natural alkaloids and de-
rivatives (OR: 1.48 [1.35-1.62], p<0.0001), antitumor antibi-
otics (OR: 1.46 [1.17-1.83], p=0.00099), and platinum-based
compounds (OR: 1.16 [1.08-1.25], p <0.0001) (Figure S2).

3.6 | Time to Onset Analysis for PD-1
Inhibitor-Induced nAEs

Most nAEs (63.8%) occurred within 2months of PD-1 in-
hibitor initiation, with a median onset time of 34days (IQR:
12-104days). A small proportion of cases (5.2%) developed
after 1year (Figure 5a). The median onset times of nAEs var-
ied significantly among PD-1 inhibitors (p<0.0001), ranging
from 26 days (IQR: 7-83.8) for pembrolizumab to 52days (IQR:
19-112) for cemiplimab(Figure 5b). Both age (p=0.020) and
body weight (p=0.0058) significantly influenced nAE onset
times. Patients aged <45years had earlier onset (median:
30.5days; IQR: 12-88days), while those with body weight 50—
100kg showed later onset (median: 42days; IQR: 19-127 days)
(Figure 5c,d). Unprofessional individuals showed significantly
earlier onset than professionals (31 vs. 40days; p=0.00014)
(Figure 5e). Significant associations with nAE onset were also
found in reproductive system cancer (p=0.038), concurrent use
of protein kinase inhibitors (p=0.014), and natural alkaloids
and derivatives (p =0.0056) (Figure 5f-h). Figure S3 exhibits the
group with no significant variation in the time to onset.

3.7 | Risk Factors Associated With Serious
Outcomes of PD-1 Inhibitor-Related nAEs

Among patients with documented outcomes who developed
PD-1 inhibitor-associated nAEs, 59% experienced serious out-
comes, underscoring the importance of identifying risk fac-
tors for patient management optimization. The proportion of
serious outcomes differed significantly between PD-1 inhib-
itors (p<0.0001), with cemiplimab showing the highest rate
(69.4%) and pembrolizumab the lowest (60.3%) (Figure 6a).
Advanced age was significantly associated with serious out-
comes (p<0.0001), and male patients demonstrated a higher
incidence of serious outcomes compared to females (p <0.0001)
(Figure 6b,c). Healthcare professional-reported cases demon-
strated a significantly higher proportion of serious outcomes
compared to unprofessional-reported cases (p<0.0001)
(Figure 6d). Several cancer indications were identified as risk
factors for serious outcomes from PD-1 inhibitor-induced nAEs:
skin cancer (p=0.029), lung cancer (p<0.0001), kidneys and

urinary tract cancer (p=0.014), liver and gallbladder cancer
(p=0.036), and nervous system cancer (p<0.0001). We identi-
fied multiple cancer types associated with an upper risk of seri-
ous PD-1 inhibitor-induced nAEs: skin cancer (p=0.029), lung
cancer (p <0.0001), kidneys and urinary tract cancer (p =0.014),
liver and gallbladder cancer (p=0.036), and nervous system
cancer (p<0.0001). Conversely, breast cancer (p<0.0001) and
gastrointestinal cancer (p =0.049) were associated with a lower
risk of serious outcomes (Figure 6e-k). Concurrent adminis-
tration of four chemotherapeutic classes was associated with a
lower risk of serious outcomes: alkylating agents (p=0.01), an-
titumor antibiotics (p =0.00081), natural alkaloids and deriva-
tives (p<0.0001), and platinum-based compounds (p <0.0001)
(Figure 61-0). Figure S4 shows the group with no significant
difference in serious outcomes.

3.8 | Temporal Trend Analysis

To further explore temporal trends in PD-1 inhibitor-associ-
ated neurological adverse events (nAEs), we performed linear
regression analysis using quarterly aggregated counts of nAEs
from 2014 to 2024. As shown in Figure S5, the regression model
demonstrated a statistically significant upward trend (8=9.72
cases per quarter, 95% CI: 4.23-15.22, p=0.001, R>=0.242), in-
dicating an average annual increase of approximately 39 nAE
cases throughout the study period. This temporal analysis con-
firms a genuine increase in nAE reporting patterns over the
decade-long observation period.

4 | Discussion

While previous studies have documented neurological adverse
reactions (nAEs) associated with PD-1 inhibitors, a large-scale,
systematic investigation of nAEs across the complete spectrum
of PD-1 inhibitors remains to be conducted. In this pharma-
covigilance study, we present the first comprehensive analysis
of PD-1 inhibitor-induced neurological adverse reactions via
real-world data from the FAERS database. Through rigorous
disproportionality analysis of the entire FAERS database, we
systematically identified PD-1 inhibitor-associated neurological
adverse events at both aggregate and subcategory levels, while
thoroughly examining their clinical manifestations and poten-
tial risk factors.

Following FDA approval of PD-1 inhibitors for multiple indi-
cations, including melanoma and non-small-cell lung cancer,
reports of immune-related adverse events (irAEs) have shown
a consistent upward trend. Notably, nAEs, although consti-
tuting only 6.93% of all PD-1 inhibitor-related irAEs in the
FAERS database, demonstrated a significant increase from
4.96% in 2014 to 7.67% in 2024. This substantial increase not
only reflects the growing recognition of neurological risks as-
sociated with PD-1 inhibitors but also emphasizes the absolute
necessity for enhanced surveillance and management strate-
gies in clinical settings. This observed trend can be attributed
to several key factors: the growing usage of PD-1 inhibitors in
conjunction with other drugs, enhanced adverse event report-
ing awareness, the expansion of indications for which PD-1
inhibitors are applicable, and the application of new types
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FIGURE 5 | Analysis of factors influencing onset time of PD-1 inhibitor-induced neurological adverse events (nAEs). (a) Histogram of onset
time distribution for PD-1 inhibitor-induced nAEs with cumulative incidence curve showing the proportion of events occurring over time (median
onset: 34days, IQR 12-154days). (b-h) Cumulative incidence curves comparing onset patterns across subgroups: (b) PD-1 inhibitor types (cemi-
plimab, nivolumab, pembrolizumab, overall PD-1 inhibitors), (c) age groups (45<AGE <65, AGE<45, AGE>65), (d) weight categories (<50kg,
50 <weight <100kg, >100kg), (e) reporter types (professional vs. nonprofessional), (f) reproductive system cancer status (with vs. without), (g) pro-
tein kinase inhibitor combination therapy (yes vs. no), and (h) natural alkaloids combination therapy (yes vs. no). Each panel displays median on-

set times with interquartile ranges and statistical test p-values (Wilcoxon test for two-group comparisons, Kruskal-Wallis test for multiple-group
comparisons).
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FIGURE 6 | Analysis of factors influencing serious outcomes of PD-1 inhibitor-induced neurological adverse events (nAEs). (a-0) Stacked bar
charts showing proportions of serious vs. nonserious outcomes across subgroups: (a) PD-1 inhibitor types (nivolumab, pembrolizumab, cemiplimab),
(b) age groups (AGE <45, 45<AGE <65, AGE > 65), (c) gender (female vs. male), (d) reporter types (professional vs. nonprofessional), () skin cancer,
(f) lung cancer, (g) breast cancer, (h) kidney and urinary tract cancer, (i) liver and gallbladder cancer, (j) nervous system cancer, (k) stomach and
intestine cancer, (1) alkylating agents combination, (m) antitumor antibiotics combination, (n) natural alkaloids and derivatives combination, and (o)
platinum-based compounds combination. Sample sizes and chi-square test p-values are shown for each comparison.

of PD-1 inhibitors [1, 30]. Moreover, as documented in Anna
Pous's case report, modifications in PD-1 inhibitors protocols
necessitated by the COVID-19 pandemic may have contrib-
uted to the upsurge of neurological adverse events [31]. In line
with previous research, our findings also demonstrated that
pembrolizumab had a higher proportion of nAEs (7.44%) com-
pared to other PD-1 inhibitors. This elevated incidence may
be attributed to pembrolizumab's dominant market position,

broader clinical application, and enhanced adverse event re-
porting due to greater familiarity among healthcare providers
[32]. This trend underscores the critical need for clinicians to
recognize the rising neurological risks associated with PD-1
inhibitors, particularly pembrolizumab, as their widespread
use could lead to more frequent and severe adverse events,
necessitating a reevaluation of safety protocols in clinical
practice.
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Among the neurological adverse events (nAEs) reported with
PD-1 inhibitors, peripheral neuropathy, dizziness, myasthenia
gravis, cerebrovascular accidents, and encephalitis were the
most frequent. Notably, myasthenia gravis and encephalitis
showed significant associations, highlighting the risk of seri-
ous neurological toxicity, consistent with prior findings [33].
Signal analysis identified immune-mediated myasthenia gravis
and myasthenic syndrome among the top 10 nAEs, with high
frequency and strong signal strength. These events, marked
by muscle weakness, align with previously reported neurolog-
ical toxicities [34]. Two key mechanisms may underlie these
events: hidden autoimmunity, where PD-1 blockade disrupts
immune tolerance, activating pre-existing autoimmune re-
sponses; and molecular mimicry, where structural similarities
between tumor antigens and neuromuscular junction proteins
trigger T-cell cross-reactivity and neuromuscular damage [35].
Myasthenic syndrome was strongly linked to pembrolizumab,
nivolumab, and cemiplimab, emphasizing the necessity for dil-
igent monitoring of muscle-related nAEs in patients receiving
these PD-1 inhibitors.

Our study found that neuritis cranial, meningoradiculitis,
encephalitis, and encephalitis brain stem were significantly
associated with PD-1 inhibitors, exhibiting strong signals.
These central nervous system (CNS)-related neurological
adverse events (nAEs), though serious, are mostly treatable.
One study reported that PD-1 inhibitor-induced encephalitis
responded well to immunosuppressive therapy, with most pa-
tients achieving good prognoses [36]. This underscores the im-
portance of early diagnosis and timely intervention to improve
outcomes. Additionally, we identified nAEs uniquely linked
to specific PD-1 inhibitors. Polyneuropathy in malignant dis-
ease and multiple cranial nerve palsies were associated only
with pembrolizumab, facial paralysis with cemiplimab, and
brachial plexopathy with nivolumab. While PD-1 inhibitors
share neurotoxicity risks, specific agents may have distinct
profiles. Existing literature views nAEs as a class effect, with
little research on drug-specific variations [37]. Further re-
search is required to confirm these connections and assess
whether differences arise from drug properties, immune mod-
ulation, or patient factors, aiding in targeted monitoring and
personalized treatment.

The observed heterogeneity in neurological adverse events
across different PD-1 inhibitors and cancer types reflects com-
plex molecular mechanisms involving tumor microenvironment
diversity and immune regulatory dysfunction. Recent advances
have demonstrated that tumor microenvironments exhibit pro-
found heterogeneity even within histologically similar subtypes,
characterized by distinct immune infiltration patterns, cyto-
kine networks, and antigen presentation capabilities [38, 39].
The differential nAE risks we observed among various cancer
types—with elevated rates in skin, kidney, and nervous sys-
tem malignancies—likely reflect these distinct inflammatory
landscapes that create varying propensities for cross-reactive
immune responses targeting neural antigens following PD-1
blockade. Central to understanding PD-1 inhibitor neurotoxicity
is the dysregulation of TNF-a signaling pathways, which oper-
ate at the crossroads of cellular survival and death through com-
plex networks involving MAPK, Akt, and NF-xB cascades [40].
When PD-1 blockade restores T-cell function, excessive TNF-o

production may trigger neuroinflammatory cascades that ulti-
mately manifest as encephalitis, myasthenia gravis, and cranial
nerve disorders documented in our analysis.

Macrophage polarization represents another pivotal mechanism
underlying PD-1 inhibitor neurotoxicity. The delicate balance
between pro-inflammatory M1 and anti-inflammatory M2
macrophage phenotypes becomes critically disrupted following
immune checkpoint inhibition [41], promoting sustained M1 ac-
tivation within the central nervous system. This dysregulated
macrophage activation contributes to the persistent nature of
neurological adverse events and accounts for the high rates of
serious outcomes (59%) observed in our cohort. The differential
capacity of specific PD-1 inhibitors to modulate these immune
regulatory networks may partially explain why cemiplimab
demonstrated the strongest neurotoxicity signal in our analysis
[42], suggesting the existence of drug-specific mechanisms that
extend beyond their shared PD-1 blocking activity.

In studies on factors influencing neurological adverse events
(nAEs) from PD-1 inhibitors, we found that age and female sexin-
creased nAE risk, while being underweight was associated with
a reduced risk. The role of age in neurological toxicity remains
debated. B. Fox's study found that patients over 80 were less likely
to develop adverse events than those aged 75-79, suggesting a de-
cline in immune reactivity [43]. However, Simone Rossi's study
showed that most elderly patients developed chronic nAEs with
poorer prognoses, emphasizing the need for long-term monitor-
ing [44]. Despite differences, our findings confirm that age is a
key risk factor requiring careful assessment in elderly patients.
Female patients had a slightly higher nAE risk, likely due to
stronger immune responses, influenced by higher IFN-« levels,
TLR7 expression, and estrogen-mediated immune modulation.
In contrast, testosterone’s immunosuppressive effects may lower
nAE incidence in males [45]. Interestingly, underweight patients
had a lower nAE risk, possibly due to reduced baseline immune
activation and lower inflammatory cytokine levels, limiting ex-
cessive immune responses that drive PD-1-related neurotoxicity
[46]. This underscores the necessity for clinicians to closely as-
sess patient demographics and tailor monitoring strategies ac-
cordingly, particularly for high-risk groups like elderly patients
and women, to enhance safety during PD-1 inhibitor therapy.
Given these identified risk factors, clinicians should prioritize
intensive neurological surveillance for vulnerable populations,
particularly patients over 65years, women, and those with skin,
kidney, urinary tract, or nervous system cancers. A proactive
monitoring approach involving baseline neurological evalua-
tion followed by structured assessments every 2weeks during
the initial treatment phase is warranted for these patients. Early
recognition of concerning symptoms—including progressive
muscle weakness, persistent severe headaches, unexplained
fever, or changes in mental status—should prompt immediate
neurological consultation to prevent progression to more severe
complications.

Our study found that cases reported by nonprofessionals were
less likely to involve neurological adverse events (nAEs),
likely due to underreporting or lack of awareness of neurolog-
ical symptoms. Additionally, we observed significant country-
specific differences in the incidence of nAEs. For instance, the
USA reported a lower incidence, while Germany had a higher
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incidence. A study by Katsuhara et al. found similar dis-
crepancies, with Japan showing a lower correlation between
SGLT2 inhibitors and acute renal failure, suggesting that re-
porting trends and prescription practices across countries af-
fect adverse event incidence [47]. The type of PD-1 inhibitor
also plays a role in nAE occurrence. Nivolumab was associ-
ated with a lower risk of neurological toxicity compared to
pembrolizumab, which is different from previous studies that
showed similar incidence rates of nAEs for both drugs [48].
This discrepancy is noteworthy and requires further attention.
In combination therapies, we found that platinum-based com-
pounds significantly increased the risk of nAEs, consistent
with prior reports of platinum-induced neurotoxicity [49, 50].
Additionally, antitumor antibiotics and alkylating agents also
increased the likelihood of nAEs when combined with PD-1
inhibitors, despite their individual neurotoxicity not being
significant in earlier studies [51-54]. This may be due to drug
interactions with PD-1 inhibitors, highlighting the need for
clinicians to carefully consider patient profiles and drug com-
binations to minimize neurological adverse events.

In this study, we observed that PD-1 inhibitor-associated neu-
rological adverse events (nAEs) exhibited distinct patterns
across different cancer types. We found that patients with
skin, kidney, urinary tract, breast, mesothelial, and nervous
system malignancies showed higher nAE incidence, whereas
those with gastrointestinal and hepatobiliary cancers demon-
strated lower rates. While previous studies have documented
cancer type-specific variations in immune-related adverse
events (irAEs) [11], our findings uniquely characterize the
differential patterns of PD-1 inhibitor-induced neurological
toxicity across various cancer types. These observations have
important clinical implications, suggesting the necessity for
cancer type-specific monitoring and management approaches.
A potential mechanistic explanation for these variations may
lie in the cancer type-specific immune microenvironment dif-
ferences, as demonstrated by Kennedy et al. [55]. Given these
cancer type-specific patterns, further research is needed to
explore the underlying mechanisms driving these variations,
particularly how different tumor microenvironments influ-
ence the development of PD-1 inhibitor-related neurological
toxicity.

Our analysis revealed that 78% of PD-1 inhibitor-associated
neurological adverse events (nAEs) co-occurred with other ad-
verse reactions, with most showing a positive correlation with
nAE development. We observed hypothyroidism align with
(an endocrine disorder) in approximately 3% of nAE cases,
while gastrointestinal manifestations (diarrhea and nausea)
occurred in over 6% of cases. These findings suggested mecha-
nistic associations between neurological, gastrointestinal, and
endocrine adverse events. These associations were previously
found by Barron et al., who demonstrated that gastrointesti-
nal and neurological manifestations represent predominant
chronic immune-related adverse events (irAEs) [56]. The un-
derlying mechanisms likely involve interactions between the
brain-gut axis and gut microbiota. Gut microbiota-derived
metabolites, particularly short-chain fatty acids (SCFAs), can
modulate brain function through neuroendocrine signaling
and immune regulation. Specifically, SCFAs such as butyrate
can activate T cells, leading to enhanced immune responses.

This altered immune function, combined with gut microbiota-
mediated modulation of blood-brain barrier permeability,
may enhance neurological toxicity during PD-1 inhibitor ther-
apy by affecting central nervous system immune responses
[57-59]. Future research should focus on understanding the
mechanisms behind PD-1 inhibitor-induced neurological
toxicity, exploring the role of gut microbiota and immune re-
sponses, and identifying biomarkers to predict these adverse
events and improve patient management.

The onset timing of PD-1 inhibitor-associated nAEs showed
notable differences from previous reports. While Fellner
et al. reported a median onset of 56 days for immunotherapy-
induced neurological adverse events (nAEs) [60], we observed
a considerably shorter median onset of 34days. Another
study reported 36days for peripheral neurological toxic-
ity [61], confirming the rapid occurrence of nAEs following
PD-1 inhibitor initiation and emphasizing the importance of
early monitoring. We also observed drug-specific differences:
pembrolizumab had the shortest median onset of 26days,
26days earlier than cemiplimab. Supporting this concern,
Charabi et al. reported a fatal case of longitudinal extensive
transverse myelitis developing within 3weeks of pembroli-
zumab initiation, emphasizing the critical need for vigilant
early-phase monitoring [62]. Additionally, we identified sev-
eral risk factors associated with earlier nAE onset, including
age <45years, body weight <50kg, reproductive system ma-
lignancies, and combination therapy with protein kinase in-
hibitors or natural alkaloids. These findings suggest the need
for intensified monitoring in high-risk populations. The dis-
tinct onset patterns observed across different PD-1 inhibitors
necessitate tailored surveillance strategies. Pembrolizumab's
rapid median onset of 26 days calls for heightened vigilance
during the first month of treatment, while cemiplimab's com-
bination of delayed onset and highest severity rate warrants
sustained monitoring throughout the initial treatment cycle.
Additionally, the accelerated onset patterns seen in skin can-
cer and nervous system cancer patients underscore the need
for more frequent neurological assessments in these popula-
tions during early treatment phases.

Among patients with PD-1 inhibitor-associated neurological
adverse events (nAEs), 64% experienced severe outcomes,
including death, life-threatening conditions, or prolonged
hospitalization. These findings align with Smith et al.'s obser-
vations [63], where among 58 nAE cases, only 46.6% achieved
complete remission, with the remainder experiencing fatal
outcomes or permanent neurological deficits. Among differ-
ent PD-1 inhibitors, cemiplimab showed the highest severity
rate (69.4%), while pembrolizumab demonstrated the lowest
(60.3%), indicating the need for drug-specific risk assessment.
Elderly patients demonstrated increased severity of nAEs, con-
sistent with previous reports of age-related elevation in treat-
ment discontinuation due to immune-related adverse events
[64]. Male patients exhibited significantly higher severity rates
than females, potentially attributable to sex-specific variations
in immune responses. Severity rates varied markedly by can-
cer type, with elevated rates in cutaneous, pulmonary, renal,
urological, hepatic, and neurological malignancies compared
to breast and gastrointestinal cancers. Galvez et al. attributed
these variations to tumor-specific immune microenvironment
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characteristics, including differential inflammatory cytokine
profiles and immune cell infiltration patterns [65]. Notably,
concurrent administration of alkylating agents and platinum-
based compounds was associated with reduced severity
rates, suggesting potential protective effects against PD-1
inhibitor-induced toxicities.

The geographic distribution of neurological adverse event re-
ports, with the United States and Japan contributing 56.9% of
cases, likely reflects differences in pharmacovigilance infra-
structure, clinical practice patterns, and regulatory reporting
requirements across healthcare systems. Countries with estab-
lished adverse event monitoring programs may show higher de-
tection rates for neurological manifestations, while differences
in reporting practices, healthcare provider experience, and
regulatory standards across regions contribute to varied data
collection. These international differences in pharmacovigi-
lance systems may affect the observed patterns of PD-1 inhib-
itor-associated neurological toxicity, highlighting the need for
standardized global surveillance approaches to improve risk
assessment across different populations and healthcare settings.

This study has several limitations that should be acknowledged
while considering its contributions to understanding PD-1 in-
hibitor safety profiles. As a pharmacovigilance study utilizing
the FDA Adverse Event Reporting System (FAERS) database,
our analysis leverages the strengths of large-scale real-world
data but is inherently based on voluntary reporting, which may
result in varying reporting rates across different healthcare set-
tings and geographic regions. Neurological adverse events with
subtle presentations might be underreported or attributed to
disease progression, while highly publicized cases may receive
increased reporting attention. Although disproportionality
analysis provided valuable signal detection capabilities for this
comprehensive safety assessment, it represents an exploratory
approach that identifies associations rather than establishing
definitive causal relationships between PD-1 inhibitors and
neurological adverse events. Our analysis was further limited by
incomplete data for certain variables, including patient weight
and onset timing, constraints in comprehensively controlling
potential confounding variables such as genetic polymorphisms
and prior therapeutic interventions, limited data on newer PD-1
inhibitors like cemiplimab, and incomplete patient-specific clin-
ical data that restricted our ability to develop predictive models
for identifying high-risk patient populations. While acknowl-
edging these inherent limitations of spontaneous reporting
systems, it is important to note that pharmacovigilance studies
remain essential for identifying potential safety signals, partic-
ularly for rare neurological events that may not be captured in
clinical trials due to limited sample sizes and follow-up periods.
Given these limitations, future prospective studies should col-
lect comprehensive clinical data to develop predictive models for
identifying high-risk patient populations, which would provide
important clinical guidance for patient monitoring and manage-
ment. Biomarker studies and mechanistic investigations are also
needed to better understand the pathophysiology of PD-1 inhibi-
tor-induced neurotoxicity and identify susceptible patient popu-
lations. Future research should prioritize mechanistic studies to
understand the pathophysiology of PD-1 inhibitor neurotoxicity,
develop validated biomarkers for early detection, and establish
evidence-based clinical guidelines for neurological monitoring

and management in immunotherapy patients. Despite these
limitations, this study provides important safety signals that
warrant clinical attention and represents one of the largest sys-
tematic evaluations of PD-1 inhibitor-associated neurological
complications to date, offering valuable insights for clinical
practice and regulatory decision-making.

5 | Conclusions

In conclusion, a pharmacovigilance analysis of nAEs associ-
ated with PD-1 inhibitors via the FAERS database from 2014
to 2024 revealed significant trends and risk factors. The study
demonstrated an increasing proportion of nAE reports, with
nivolumab and pembrolizumab being most frequently reported,
and cemiplimab exhibiting the strongest signal. Signal analysis
identified central nervous system (CNS) events and myasthenia
gravis as the most notable nAE signals. Furthermore, nivolumab
showed a stronger signal for encephalitis, while pembroli-
zumab had a notable association with peripheral neuropathy.
Cemiplimab's strongest signal was linked to myasthenia gravis.
Risk factors encompassed patient demographics and treatment
characteristics: elderly patients, females, and those with spe-
cific cancers (skin, kidney, urinary tract) were more susceptible.
Combination therapies with platinum-based compounds, anti-
tumor antibiotics, and alkylating agents further increased nAE
risks. Notably, PD-1 inhibitor-specific variations were observed:
pembrolizumab showed the shortest nAE onset time, particu-
larly in younger, lower-weight patients. Serious outcome rates
differed among inhibitors, with cemiplimab highest and pem-
brolizumab lowest, with elderly and male patients experiencing
higher rates. Based on these findings, we recommend enhanced
neurological surveillance for high-risk populations, including
elderly patients, females, and those with skin, kidney/urinary
tract, or nervous system cancers, with baseline assessment and
regular monitoring during the first 2months. Drug-specific
monitoring strategies are necessary: pembrolizumab requires
more frequent early surveillance due to its rapid onset and risk
of peripheral neuropathy; nivolumab necessitates ongoing mon-
itoring for encephalitis throughout treatment; and cemiplimab
warrants closer surveillance given its higher severity rate and
association with myasthenic syndromes. Clinicians should eval-
uate progressive muscle weakness, severe headaches, altered
mental status, or visual disturbances promptly and refer for im-
mediate neurological consultation. When patients develop eye,
ear, psychiatric, or endocrine disorders during treatment, clini-
cians should carefully monitor for neurological symptoms, as
these events often co-occur and may reflect systemic neurotox-
icity. Future research should prioritize developing validated risk
stratification tools, identifying biomarkers for early detection,
and establishing standardized management protocols through
collaboration between oncologists and neurologists. The study
underscores the critical need for comprehensive risk manage-
ment and highlights the importance of future research to vali-
date findings and explore underlying mechanisms.

Acknowledgments

We are very grateful to the FAERS database for providing publicly avail-
able data for research.

CNS Neuroscience & Therapeutics, 2026

17 of 20



Funding

This work was supported by grants from the National Natural Science
Foundation of China (No. 82302332 and 82472696).

Ethics Statement

The authors have nothing to report.

Consent

All of the authors are aware of and agree to the content of the paper and
their being listed as co-authors of the paper.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The datasets used in this study are accessible through the FDA Adverse
Event Reporting System (FAERS), and any data analyzed during the
study can be obtained from the corresponding author upon reasonable
request.

References

1.J. Wei, W. Li, P. Zhang, F. Guo, and M. Liu, “Current Trends in
Sensitizing Immune Checkpoint Inhibitors for Cancer Treatment,”
Molecular Cancer 23, no. 1 (2024): 279, https://doi.org/10.1186/s12943-
024-02179-5.

2. A. Ribas and J. D. Wolchok, “Cancer Immunotherapy Using Check-
point Blockade,” Science 359, no. 6382 (2018): 1350-1355, https://doi.
org/10.1126/science.aar4060.

3. A. Sezer, S. Kilickap, M. Giimdis, et al., “Cemiplimab Monotherapy for
First-Line Treatment of Advanced Non-Small-Cell Lung Cancer With
PD-L1 of at Least 50%: A Multicentre, Open-Label, Global, Phase 3,
Randomised, Controlled Trial,” Lancet 397, no. 10274 (2021): 592-604,
https://doi.org/10.1016/S0140-6736(21)00228-2.

4. P. Sharma, M. Retz, A. Siefker-Radtke, et al., “Nivolumab in Meta-
static Urothelial Carcinoma After Platinum Therapy (CheckMate 275):
A Multicentre, Single-Arm, Phase 2 Trial,” Lancet Oncology 18, no. 3
(2017): 312-322, https://doi.org/10.1016/S1470-2045(17)30065-7.

5. M. S.Kim and V. Prasad, “Pembrolizumab for All,” Journal of Cancer
Research and Clinical Oncology 149, no. 3 (2023): 1357-1360, https://doi.
org/10.1007/s00432-022-04412-4.

6. H. Q. Mai, Q. Y. Chen, D. Chen, et al., “Toripalimab Plus Chemother-
apy for Recurrent or Metastatic Nasopharyngeal Carcinoma: The JUPI-
TER-02 Randomized Clinical Trial,” Journal of the American Medical
Association 330, no. 20 (2023): 1961-1970, https://doi.org/10.1001/jama.
2023.20181.

7. A. Markham, “Dostarlimab: First Approval,” Drugs 81, no. 10 (2021):
1213-1219, https://doi.org/10.1007/s40265-021-01539-5.

8.8S. C. Wei, C. R. Duffy, and J. P. Allison, “Fundamental Mechanisms
of Immune Checkpoint Blockade Therapy,” Cancer Discovery 8, no. 9
(2018): 1069-1086, https://doi.org/10.1158/2159-8290.CD-18-0367.

9. B. Karine, L. Mortier, O. Dereure, et al., “The Efficacy and Safety
of First-Line Metastatic Melanoma Treatment With Ipilimumab +
Nivolumab Versus Nivolumab in a Real-World Setting,” British Journal
of Dermatology 192, no. 6 (2025): 1096-1105, https://doi.org/10.1093/
bjd/ljae470.

10. H. Léna, L. Greillier, C. Cropet, et al., “Nivolumab Plus Ipilimumab
Versus Carboplatin-Based Doublet as First-Line Treatment for Patients
With Advanced Non-Small-Cell Lung Cancer Aged >70 Years or With

an ECOG Performance Status of 2 (GFPC 08-2015 ENERGY): A Ran-
domised, Open-Label, Phase 3 Study,” Lancet Respiratory Medicine 13,
no. 2 (2025): 141-152, https://doi.org/10.1016/S2213-2600(24)00264-9.

11.Y. Wang, S. Zhou, F. Yang, et al., “Treatment-Related Adverse Events
of PD-1 and PD-L1 Inhibitors in Clinical Trials: A Systematic Review
and Meta-Analysis,” JAMA Oncology 5, no. 7 (2019): 1008-1019, https://
doi.org/10.1001/jamaoncol.2019.0393.

12. E. Fonseca, J. M. Cabrera-Maqueda, R. Ruiz-Garcia, et al., “Neu-
rological Adverse Events Related to Immune-Checkpoint Inhibitors
in Spain: A Retrospective Cohort Study,” Lancet Neurology 22, no. 12
(2023): 1150-1159, https://doi.org/10.1016/S1474-4422(23)00335-6.

13.T. Gu, A. Jiang, C. Zhou, et al., “Adverse Reactions Associated With
Immune Checkpoint Inhibitors and Bevacizumab: A Pharmacovigi-
lance Analysis,” International Journal of Cancer 152, no. 3 (2023): 480-
495, https://doi.org/10.1002/ijc.34332.

14. C. Perrinjaquet, N. Desbaillets, and A. F. Hottinger, “Neurotoxicity
Associated With Cancer Immunotherapy: Immune Checkpoint Inhibi-
tors and Chimeric Antigen Receptor T-Cell Therapy,” Current Opinion
in Neurology 32, no. 3 (2019): 500-510, https://doi.org/10.1097/WCO.
0000000000000686.

15. P. Roth, S. Winklhofer, A. M. S. Miiller, et al., “Neurological Com-
plications of Cancer Immunotherapy,” Cancer Treatment Reviews 97
(2021): 102189, https://doi.org/10.1016/j.ctrv.2021.102189.

16. A. Farina, M. Villagran-Garcia, and J. Honnorat, “Neurological Ad-
verse Events of Immune Checkpoint Inhibitors: An Update of Clinical
Presentations, Diagnosis, and Management,” Revue Neurologique 179,
no. 5(2023): 506-515, https://doi.org/10.1016/j.neurol.2023.03.003.

17.J. Shen, R. Hu, A. Lin, et al., “Characterization of Second Primary
Malignancies Post CAR T-Cell Therapy: Real-World Insights From the
Two Global Pharmacovigilance Databases of FAERS and VigiBase,”
EClinicalMedicine 73 (2024): 102684, https://doi.org/10.1016/j.eclinm.
2024.102684.

18. A. Kumar, “The Newly Available FAERS Public Dashboard: Im-
plications for Health Care Professionals,” Hospital Pharmacy 54, no. 2
(2019): 75-77, https://doi.org/10.1177/0018578718795271.

19. E. Raschi, C. Piccinni, E. Poluzzi, G. Marchesini, and F. De Ponti,
“The Association of Pancreatitis With Antidiabetic Drug Use: Gain-
ing Insight Through the FDA Pharmacovigilance Database,” Acta
Diabetologica 50, no. 4 (2013): 569-577, https://doi.org/10.1007/s0059
2-011-0340-7.

20.D. Guo, B. Tang, P. Luo, et al., “A Real-World Pharmacovigilance
Study and Pharmacological Analysis of Sulfasalazine Based on the FDA
Adverse Event Reporting System (FAERS) Database,” Expert Opinion on
Drug Safety (2025): 1-9, https://doi.org/10.1080/14740338.2025.2488241.

21.7J. S. Almenoff, E. N. Pattishall, T. G. Gibbs, W. DuMouchel, S. J. W.
Evans, and N. Yuen, “Novel Statistical Tools for Monitoring the Safety
of Marketed Drugs,” Clinical Pharmacology & Therapeutics 82, no. 2
(2007): 157-166, https://doi.org/10.1038/sj.clpt.6100258.

22.A. Bate and S. J. W. Evans, “Quantitative Signal Detection Using
Spontaneous ADR Reporting,” Pharmacoepidemiology and Drug 18, no.
6 (2009): 427-436, https://doi.org/10.1002/pds.1742.

23.K.J. Rothman, S. Lanes, and S. T. Sacks, “The Reporting Odds Ratio
and Its Advantages Over the Proportional Reporting Ratio,” Pharma-
coepidemiology and Drug 13, no. 8 (2004): 519-523, https://doi.org/10.
1002/pds.1001.

24. A. Bate, M. Lindquist, I. R. Edwards, et al., “A Bayesian Neural Net-
work Method for Adverse Drug Reaction Signal Generation,” European
Journal of Clinical Pharmacology 54, no. 4 (1998): 315-321, https://doi.
0rg/10.1007/s002280050466.

25.B. Tang, Y. Yu, J. Wan, et al., “Immune Checkpoint Inhibitor-
Induced Vitiligo: A Large-Scale Real World Pharmacovigilance Study,”

18 of 20

CNS Neuroscience & Therapeutics, 2026


https://doi.org/10.1186/s12943-024-02179-5
https://doi.org/10.1186/s12943-024-02179-5
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1016/S0140-6736(21)00228-2
https://doi.org/10.1016/S1470-2045(17)30065-7
https://doi.org/10.1007/s00432-022-04412-4
https://doi.org/10.1007/s00432-022-04412-4
https://doi.org/10.1001/jama.2023.20181
https://doi.org/10.1001/jama.2023.20181
https://doi.org/10.1007/s40265-021-01539-5
https://doi.org/10.1158/2159-8290.CD-18-0367
https://doi.org/10.1093/bjd/ljae470
https://doi.org/10.1093/bjd/ljae470
https://doi.org/10.1016/S2213-2600(24)00264-9
https://doi.org/10.1001/jamaoncol.2019.0393
https://doi.org/10.1001/jamaoncol.2019.0393
https://doi.org/10.1016/S1474-4422(23)00335-6
https://doi.org/10.1002/ijc.34332
https://doi.org/10.1097/WCO.0000000000000686
https://doi.org/10.1097/WCO.0000000000000686
https://doi.org/10.1016/j.ctrv.2021.102189
https://doi.org/10.1016/j.neurol.2023.03.003
https://doi.org/10.1016/j.eclinm.2024.102684
https://doi.org/10.1016/j.eclinm.2024.102684
https://doi.org/10.1177/0018578718795271
https://doi.org/10.1007/s00592-011-0340-7
https://doi.org/10.1007/s00592-011-0340-7
https://doi.org/10.1080/14740338.2025.2488241
https://doi.org/10.1038/sj.clpt.6100258
https://doi.org/10.1002/pds.1742
https://doi.org/10.1002/pds.1001
https://doi.org/10.1002/pds.1001
https://doi.org/10.1007/s002280050466
https://doi.org/10.1007/s002280050466

International Journal of Cancer 158 (2026): 738-751, https://doi.org/10.
1002/ijc.70159.

26. C. Zhou, S. Peng, A. Lin, et al., “Psychiatric Disorders Associated With
Immune Checkpoint Inhibitors: A Pharmacovigilance Analysis of the
FDA Adverse Event Reporting System (FAERS) Database,” EClinicalMed-
icine 59 (2023): 101967, https://doi.org/10.1016/j.eclinm.2023.101967.

27.E. Von Elm, D. G. Altman, M. Egger, S. J. Pocock, P. C. Getzsche,
and J. P. Vandenbroucke, “The Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) Statement: Guidelines for Re-
porting Observational Studies,” Lancet 370, no. 9596 (2007): 1453-1457,
https://doi.org/10.1016/S0140-6736(07)61602-X.

28.T. J. VanderWeele and P. Ding, “Sensitivity Analysis in Observa-
tional Research: Introducing the E-Value,” Annals of Internal Medicine
167, no. 4 (2017): 268-274, https://doi.org/10.7326/M16-2607.

29. M. B. Mathur, P. Ding, C. A. Riddell, and T. J. VanderWeele, “Web
Site and R Package for Computing E-Values,” Epidemiology 29, no. 5
(2018): e45-e47, https://doi.org/10.1097/EDE.0000000000000864.

30. C. L. Pan and F. C. Chen, “Patent Trend and Competitive Analysis
of Cancer Immunotherapy in the United States,” Human Vaccines & Im-
munotherapeutics 13, no. 11 (2017): 2583-2593, https://doi.org/10.1080/
21645515.2017.1361074.

31. A. Pous, C. Izquierdo, M. Cucurull, et al., “Immune-Checkpoint
Inhibitors for Lung Cancer Patients Amid the COVID-19 Pandemic:
A Case Report of Severe Meningoencephalitis After Switching to an
Extended-Interval Higher Flat-Dose Nivolumab Regimen,” Transla-
tional Lung Cancer Research 10, no. 4 (2021): 1917-1923, https://doi.org/
10.21037/tler-20-1315.

32. R. Kester, S. Zalani, S. Ebbinghaus, and E. Rubin, “The Utilization
of the Accelerated Approval Pathway in Oncology: A Case Study of
Pembrolizumab,” Drugs 84, no. 12 (2024): 1579-1601, https://doi.org/10.
1007/s40265-024-02111-7.

33.S. Shi, J. A. Jaoube, R. Kanwar, et al., “Neurological Adverse Effects
due to Programmed Death 1 (PD-1) Inhibitors,” Journal of Neuro-Oncology
148, no. 2 (2020): 291-297, https://doi.org/10.1007/s11060-020-03514-8.

34. B. Kiaei, M. Chaudhry, S. Banerjee, et al., “Spontaneous Develop-
ment of Myasthenia Gravis and Myositis Following Treatment With
Pembrolizumab: A Case Report,” BMC Neurology 24, no. 1 (2024): 184,
https://doi.org/10.1186/s12883-024-03684-2.

35. H. Yu, X. Wang, Y. Pan, and H. Li, “Myasthenia Gravis due to Anti-
PD-1 Treatment for an Advanced Colon Cancer Patient: A Case Report
and Literature Review,” Journal of Neurology 271, no. 8 (2024): 5326-
5332, https://doi.org/10.1007/s00415-024-12494-y.

36. M. W. Buckley, A. Balaji Warner, J. Brahmer, et al., “Immune-Related
Encephalitis After Immune Checkpoint Inhibitor Therapy,” Oncologist
30, no. 1 (2025): oyael86, https://doi.org/10.1093/oncolo/oyael86.

37.R. Gao, W. Liang, J. Chen, M. Yang, X. Yu, and X. Wang, “Compari-
sons of Adverse Events Associated With Immune Checkpoint Inhibitors
in the Treatment of Non-Small Cell Lung Cancer: A Real-World Dispro-
portionality Analysis Based on the FDA Adverse Event Reporting Sys-
tem,” BMC Cancer 25, no. 1 (2025): 216, https://doi.org/10.1186/s1288
5-025-13614-1.

38.Z. Gao, A. Jiang, Z. Li, et al., “Heterogeneity of Intratumoral Micro-
biota Within the Tumor Microenvironment and Relationship to Tumor
Development,” Med Research 1, no. 1 (2025): 32-61, https://doi.org/10.
1002/mdr2.70006.

39. H. Zhang, G. Zhang, P. Xu, et al., “Optimized Dynamic Network
Biomarker Deciphers a High-Resolution Heterogeneity Within Thy-
roid Cancer Molecular Subtypes,” Med Research 1, no. 1 (2025): 10-31,
https://doi.org/10.1002/mdr2.70004.

40. S. M. Manohar, “At the Crossroads of TNF « Signaling and Cancer,”
Current Molecular Pharmacology 17 (2024): e060923220758, https://doi.
0rg/10.2174/1874467217666230908111754.

41. E. Abdollahi, T. P. Johnston, Z. Ghaneifar, et al., “Immunomodulatory
Therapeutic Effects of Curcumin on M1/M2 Macro- Phage Polarization
in Inflammatory Diseases,” Current Molecular Pharmacology 16, no. 1
(2023): 2-14, https://doi.org/10.2174/1874467215666220324114624.

42.]. Singh, S. Lugman, and A. Meena, “Carvacrol as a Prospective
Regulator of Cancer Targets/Signalling Pathways,” Current Molecular
Pharmacology 16, no. 5 (2023): e050722206644, https://doi.org/10.2174/
1874467215666220705142954.

43. B. Fox, M. De Toro Carmena, R. Alvarez Alvarez, et al., “Efficacy
and Safety of Immune Checkpoint Inhibitor Immunotherapy in Elderly
Cancer Patients,” Clinical and Translational Oncology 22, no. 4 (2020):
555-562, https://doi.org/10.1007/s12094-019-02161-4.

44.S. Rossi, A. Farina, A. Malvaso, et al., “Clinical Course of Neuro-
logic Adverse Events Associated With Immune Checkpoint Inhibitors:
Focus on Chronic Toxicities,” Neurology: Neuroimmunology & Neu-
roinflammation 11, no. 6 (2024): e200314, https://doi.org/10.1212/NXI.
0000000000200314.

45.S. L. Klein and R. Morgan, “The Impact of Sex and Gender on Im-
munotherapy Outcomes,” Biology of Sex Differences 11, no. 1 (2020): 24,
https://doi.org/10.1186/s13293-020-00301-y.

46. K. Kaur, D. Jun, E. Grodstein, et al., “Outcomes of Underweight,
Overweight, and Obese Pediatric Kidney Transplant Recipients,” Pedi-
atric Nephrology 33, no. 12 (2018): 2353-2362, https://doi.org/10.1007/
s00467-018-4038-8.

47.Y. Katsuhara and S. Ikeda, “Correlations Between SGLT-2 Inhibitors
and Acute Renal Failure by Signal Detection Using FAERS: Stratified
Analysis for Reporting Country and Concomitant Drugs,” Clinical Drug
Investigation 41, no. 3 (2021): 235-243, https://doi.org/10.1007/s40261-
021-01006-9.

48. C. Astaras, R. De Micheli, B. Moura, T. Hundsberger, and A. F. Hot-
tinger, “Neurological Adverse Events Associated With Immune Check-
point Inhibitors: Diagnosis and Management,” Current Neurology and
Neuroscience Reports 18, no. 1 (2018): 3, https://doi.org/10.1007/s1191
0-018-0810-1.

49. G. Feng, X. Zhou, J. Chen, D. Li, and L. Chen, “Platinum Drugs-
Related Safety Profile: The Latest Five-Year Analysis From FDA Ad-
verse Event Reporting System Data,” Frontiers in Oncology 12 (2023):
1012093, https://doi.org/10.3389/fonc.2022.1012093.

50. V. Gristina, A. Galvano, L. Castellana, et al., “Is There Any Room
for PD-1 Inhibitors in Combination With Platinum-Based Chemother-
apy as Frontline Treatment of Extensive-Stage Small Cell Lung Cancer?
A Systematic Review and Meta-Analysis With Indirect Comparisons
Among Subgroups and Landmark Survival Analyses,” Therapeutic Ad-
vances in Medical Oncology 13 (2021): 17588359211018018, https://doi.
org/10.1177/17588359211018018.

51. A. Bisht, D. Avinash, K. K. Sahu, P. Patel, G. Das Gupta, and B. D.
Kurmi, “A Comprehensive Review on Doxorubicin: Mechanisms, Tox-
icity, Clinical Trials, Combination Therapies and Nanoformulations
in Breast Cancer,” Drug Delivery and Translational Research 15, no. 1
(2025): 102-133, https://doi.org/10.1007/s13346-024-01648-0.

52. A. Pugazhendhi, T. N. J. I. Edison, B. K. Velmurugan, J. A. Jacob,
and I. Karuppusamy, “Toxicity of Doxorubicin (Dox) to Different Exper-
imental Organ Systems,” Life Sciences 200 (2018): 26-30, https://doi.org/
10.1016/j.1fs.2018.03.023.

53. W.J. P. Hwu and D. E. Mozdziesz, “Molecular Basis for Thymidine
Modulation of the Efficacy and Toxicity of Alkylating Agents,” Phar-
macology & Therapeutics 76, no. 1-3 (1997): 101-116, https://doi.org/10.
1016/S0163-7258(97)00087-9.

54.V. H. Mark, R. N. Kjellberg, R. G. Ojemann, and A. H. Soloway,
“Treatment of Malignant Brain Tumors With Alkylating Agents: Thio-
TEPA (Triethylene Thiophosphoramide): Its Differential Concentration
and Toxicity After Arterial Infusion,” Neurology 10, no. 8 (1960): 772,
https://doi.org/10.1212/WNL.10.8.772.

CNS Neuroscience & Therapeutics, 2026

19 of 20


https://doi.org/10.1002/ijc.70159
https://doi.org/10.1002/ijc.70159
https://doi.org/10.1016/j.eclinm.2023.101967
https://doi.org/10.1016/S0140-6736(07)61602-X
https://doi.org/10.7326/M16-2607
https://doi.org/10.1097/EDE.0000000000000864
https://doi.org/10.1080/21645515.2017.1361074
https://doi.org/10.1080/21645515.2017.1361074
https://doi.org/10.21037/tlcr-20-1315
https://doi.org/10.21037/tlcr-20-1315
https://doi.org/10.1007/s40265-024-02111-7
https://doi.org/10.1007/s40265-024-02111-7
https://doi.org/10.1007/s11060-020-03514-8
https://doi.org/10.1186/s12883-024-03684-2
https://doi.org/10.1007/s00415-024-12494-y
https://doi.org/10.1093/oncolo/oyae186
https://doi.org/10.1186/s12885-025-13614-1
https://doi.org/10.1186/s12885-025-13614-1
https://doi.org/10.1002/mdr2.70006
https://doi.org/10.1002/mdr2.70006
https://doi.org/10.1002/mdr2.70004
https://doi.org/10.2174/1874467217666230908111754
https://doi.org/10.2174/1874467217666230908111754
https://doi.org/10.2174/1874467215666220324114624
https://doi.org/10.2174/1874467215666220705142954
https://doi.org/10.2174/1874467215666220705142954
https://doi.org/10.1007/s12094-019-02161-4
https://doi.org/10.1212/NXI.0000000000200314
https://doi.org/10.1212/NXI.0000000000200314
https://doi.org/10.1186/s13293-020-00301-y
https://doi.org/10.1007/s00467-018-4038-8
https://doi.org/10.1007/s00467-018-4038-8
https://doi.org/10.1007/s40261-021-01006-9
https://doi.org/10.1007/s40261-021-01006-9
https://doi.org/10.1007/s11910-018-0810-1
https://doi.org/10.1007/s11910-018-0810-1
https://doi.org/10.3389/fonc.2022.1012093
https://doi.org/10.1177/17588359211018018
https://doi.org/10.1177/17588359211018018
https://doi.org/10.1007/s13346-024-01648-0
https://doi.org/10.1016/j.lfs.2018.03.023
https://doi.org/10.1016/j.lfs.2018.03.023
https://doi.org/10.1016/S0163-7258(97)00087-9
https://doi.org/10.1016/S0163-7258(97)00087-9
https://doi.org/10.1212/WNL.10.8.772

55. L. B. Kennedy and A. K. S. Salama, “A Review of Cancer Immuno-
therapy Toxicity,” CA: A Cancer J Clinicians 70, no. 2 (2020): 86-104,
https://doi.org/10.3322/caac.21596.

56. C. C. Barron, I. Stefanova, Y. Cha, et al., “Chronic Immune-Related
Adverse Events in Patients With Cancer Receiving Immune Checkpoint
Inhibitors: A Systematic Review,” Journal for Immunotherapy of Cancer
11, no. 8 (2023): €006500, https://doi.org/10.1136/jitc-2022-006500.

57. H. Zhang, Y. Hong, T. Wu, et al., “Role of Gut Microbiota in Regulat-
ing Immune Checkpoint Inhibitor Therapy for Glioblastoma,” Frontiers
in Immunology 15 (2024): 1401967, https://doi.org/10.3389/fimmu.2024.
1401967.

58.J. Mazuryk, K. Klepacka, W. Kutner, and P. S. Sharma, “Glyphosate:
Impact on the Microbiota-Gut-Brain Axis and the Immune-Nervous
System, and Clinical Cases of Multiorgan Toxicity,” Ecotoxicology and
Environmental Safety 271 (2024): 115965, https://doi.org/10.1016/j.eco-
env.2024.115965.

59.S. B. Chidambaram, M. M. Essa, A. G. Rathipriya, et al., “Gut Dys-
biosis, Defective Autophagy and Altered Immune Responses in Neu-
rodegenerative Diseases: Tales of a Vicious Cycle,” Pharmacology &
Therapeutics 231 (2022): 107988, https://doi.org/10.1016/j.pharmthera.
2021.107988.

60. A. Fellner, C. Makranz, M. Lotem, et al., “Neurologic Complications
of Immune Checkpoint Inhibitors,” Journal of Neuro-Oncology 137, no.
3 (2018): 601-609, https://doi.org/10.1007/s11060-018-2752-5.

61. L. Diamanti, A. Picca, P. Bini, et al., “Characterization and Man-
agement of Neurological Adverse Events During Immune-Checkpoint
Inhibitors Treatment: An Italian Multicentric Experience,” Neurologi-
cal Sciences 43, no. 3 (2022): 2031-2041, https://doi.org/10.1007/s1007
2-021-05561-z.

62.S. Charabi, L. Engell-Noerregaard, A. C. Nilsson, and C. Stendr,
“Case Report: Longitudinal Extensive Transverse Myelitis With Novel
Autoantibodies Following Two Rounds of Pembrolizumab,” Frontiers in
Neurology 12 (2021): 655283, https://doi.org/10.3389/fneur.2021.655283.

63.J. L. Smith, A. M. Menzies, J. V. Cohen, et al., “Neurological Adverse
Effects Associated With Anti-PD1 Antibodies Alone or in Combina-
tion With Ipilimumab: A Multicenter Case Series,” Melanoma Research
32, no. 6 (2022): 451-459, https://doi.org/10.1097/CMR.0000000000
000825.

64. C. A. Nebhan, A. Cortellini, W. Ma, et al., “Clinical Outcomes and
Toxic Effects of Single-Agent Immune Checkpoint Inhibitors Among
Patients Aged 80Years or Older With Cancer: A Multicenter Interna-
tional Cohort Study,” JAMA Oncology 7, no. 12 (2021): 1856-1861,
https://doi.org/10.1001/jamaoncol.2021.4960.

65. K. J. Hiam-Galvez, B. M. Allen, and M. H. Spitzer, “Systemic Immu-
nity in Cancer,” Nature Reviews Cancer 21, no. 6 (2021): 345-359, https://
doi.org/10.1038/541568-021-00347-z.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Sankey diagram show-
ing the hierarchical relationships of the top 10 nAEs (based on signal
strength with overall PD-1 inhibitors) through MedDRA levels—from
Preferred Terms (PT, the most specific level describing individual med-
ical concepts), to High Level Terms (HLT, grouping related PTs), to
High Level Group Terms (HLGT, broader grouping of related terms),
and finally to System Organ Class (SOC, the highest level represent-
ing physiological systems). Figure S2: Logistic Regression Forest Plot:
Shows the impact of different clinical features and concomitant medica-
tions on PD-1 inhibitor-induced nAEs. Includes clinical features such
as gender, age, weight, and various concomitant medications. Figure
S3: Analysis of factors influencing the onset time of PD-1 inhibitor-in-
duced neurological adverse events (nAEs) showing no significant dif-
ferences. (a-m) Cumulative incidence curves comparing onset patterns
across subgroups with nonsignificant differences: (a) alkylating agents

combination therapy, (b) antitumor antibiotics combination therapy, (c)
breast cancer status, (d) liver and gallbladder cancer status, (¢) hormones
and antihormones combination therapy, (f) kidney and urinary tract
cancer status, (g) lung cancer status, (h) lymph cancer status, (i) meta-
bolic antagonists combination therapy, (j) mesothelioma cancer status,
(k) nervous system cancer status, (1) gender, and (m) outcome severity
(serious vs. nonserious). Each panel displays median onset times with
interquartile ranges and Wilcoxon test p-values showing no statistically
significant differences between groups. Figure S4: Analysis of factors
influencing serious outcomes of PD-1 inhibitor-induced neurological
adverse events (nAEs) showing no significant differences. (a-f) Stacked
bar charts showing proportions of serious versus nonserious outcomes
across subgroups with nonsignificant differences: (a) hormones and
antihormones combination therapy, (b) lymph cancer status, (c) met-
abolic antagonists combination therapy, (d) weight categories (< 50kg,
50 <weight <100kg, >100kg), () protein kinase inhibitor combination
therapy, and (f) mesothelioma cancer status. Sample sizes and chi-
square test p-values are shown for each comparison, demonstrating no
statistically significant differences between groups. Figure S5: Linear
regression analysis of neurological adverse events (nAEs) temporal
trend for PD-1 inhibitors from Q4 2014 to Q2 2024. Scatter plot show-
ing quarterly counts of neurological adverse events (blue crosses) with
fitted linear regression line (red). The regression demonstrates a sig-
nificant upward trend in nAE reporting over the 10-year study period
(B=9.72 cases per quarter, 95% CI: 4.23-15.22, p=0.001, R>=0.242).
Table S1: The number of occurrences of each PT-level neurological ad-
verse event for each PD-1 inhibitor. Table S2: E-values Assessing ro-
bustness to unmeasured confounding for primary associations between
PD-1 inhibitors and neurological adverse events. Table S3: The propor-
tion and number of PT-level co-reported adverse events among patients
with PD-1 inhibitor-induced neurological adverse reactions.
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