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Background: Understanding the risk relationship between statin use and immune-
related adverse events (irAEs) in patients undergoing immune checkpoint inhibitors
(ICls) therapy is crucial for optimizing oncological management.

Objective: This study aimed to investigate whether the use of statins increases
the risk of irAEs in patients receiving ICI therapy.

Methods: This study primarily utilized data from FAERS database. Multivariable
logistic regression was the principal method of analysis, and the Benjamini-
Hochberg procedure was employed to adjust for multiple hypothesis testing.

Results: In a group of 145,214 patients undergoing ICI therapy, 9,339 reported
using statin medications. Multivariable analysis indicated an increased risk of irAEs
among statin users (OR 1.199, 95% ClI: 1.141-1.261; FDR p < 0.001) in comparison
to those not using statins. Notably, increased risks were observed particularly in
patients diagnosed with lung, pancreatic, and renal cancers. The link between
statin usage and increased irAEs risk remained consistent across various
ICls treatments.

Conclusions: Statin medication usage is linked to an elevated probability of
experiencing irAEs in patients enrolled in ICl therapy. In cancer patients receiving
immune checkpoint inhibitors, careful consideration of statin use is essential to
avoid potentially increased irAEs risk. These findings provide critical guidance for
clinicians in developing treatment strategies that balance therapeutic efficacy
and safety in oncological management.
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1 Introduction

Recent advancements in oncology have been characterized by
the introduction of immune checkpoint inhibitors (ICIs) that
targeting Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4),
Programmed Death-1 (PD-1) and Programmed Death-Ligand 1
(PD-L1) (1). These therapies have transformed the management of
various malignancies such as melanoma (2, 3), non-small cell lung
carcinoma (NSCLC) (4, 5), and kidney cancer (6) by enhancing T-
cell-mediated tumor immunity. The expanding indications for these
therapies reflect both increasing clinical experience and a
broadening therapeutic impact (7, 8).

Nevertheless, the systemic stimulation of the immune system
through ICIs might trigger immune-related adverse events (irAEs)
that affect a range of organs, including the skin, gastrointestinal
system, hepatic tissue, endocrine systems, and respiratory tract 9,
10). These events range from mild rashes and fatigue to severe,
potentially life-threatening conditions such as hepatitis, colitis, and
myocarditis (11). irAEs can manifest within days of initiating
treatment or as late as one-year post-treatment. The median
onset time for irAEs typically spans from 2 to 16 weeks following
the commencement of therapy (12). The incidence of irAEs ranges
from 54% to 76% (12), signifying that more than half of the patients
treated with ICIs encounter at least one adverse reaction. The
pathophysiological mechanisms underlying irAEs, though
influenced by factors such as genetic predisposition, microbiome
composition, and the use of concurrent medications, remain
incompletely understood (13, 14). Effective management of irAEs
is essential to maintain therapeutic efficacy and preserve the quality
of life for patients.

In the complex clinical landscape, about 47% of cancer patients
present with comorbid conditions, particularly cardiovascular
diseases (15, 16). Notably, the prevalence of hyperlipidemia—a
critical risk factor for atherosclerosis—is high among elderly
cancer patients. Both the malignancy itself and the treatments for
cancer can disrupt lipid metabolism, thereby increasing
cardiovascular risk (17). While studies have investigated the
potential of statins to enhance the efficacy of ICIs, research into
their relationship with the risk of irAEs remains scant. This gap
underscores the need for comprehensive studies to explore how
statins might modulate the immune response in the context of
ICI therapy.

To this end, we utilize records from the Food and Drug
Administration (FDA) Adverse Event Reporting System (FAERS)
to examine the link between statin use and irAEs among patients
undergoing therapy with ICIs. The FAERS database, which
aggregates post-marketing adverse drug reaction data from
healthcare providers, patients, and manufacturers, serves as a
valuable source of real-world evidence for understanding drug
safety (18). Our systematic evaluation of FAERS data aims to
clarify the relationship between statins and irAEs, thereby
facilitating the development of personalized treatment strategies.
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2 Methods
2.1 Data repositories

This study utilized information from the FAERS database, an
open-access resource managed by the FDA. The database compiles
detailed records of negative reactions and medication mishaps.
FAERS is a critical component of the FDA’s system for
monitoring the safety of pharmaceuticals and biological
treatments after they reach the market. The specific dataset used
for our analysis is available at https://fis.fda.gov/sense/app/
95239e26-e0be-42d9-a960-9a5f7f1c25¢ee/sheet/7a47a261-d58b-
4203-a8aa-6d3021737452/state/analysis. Access to this data
supports transparency and enhances research efforts
in pharmacovigilance.

2.2 Data acquisition and filtering

In this retrospective analysis, we retrieved records of adverse
events (AEs) concerning ICIs from the FAERS database. The
dataset includes records starting from the FDA approval date of
each drug through December 30, 2023. The ICIs examined in this
study comprise PD-1 inhibitors such as Nivolumab and
Pembrolizumab, PD-L1 inhibitors like Durvalumab and
Atezolizumab, CTLA-4 inhibitors including Ipilimumab,
Lymphocyte Activation Gene-3 (LAG-3) inhibitors such as
Relatlimab, and bispecific PD-1/LAG-3 inhibitors like
Nivolumab/Relatlimab-Rmbw. Treatment regimens were
categorized based on their composition, including monotherapy
and various combinations such as dual immunotherapy and
chemotherapy with immunotherapy. Patients were categorized as
statin recipients if they used any statin medications during
treatment, such as atorvastatin, simvastatin, rosuvastatin,
lovastatin, pravastatin, or other statins like fluvastatin and
pitavastatin. irAEs were identified according to terminology from
peer-reviewed guidelines (19), with affected patients classified into
the irAE group. The classification of AEs was based on the primary
system organ classes outlined in the Medical Dictionary for
Regulatory Activities (20). The detailed study process is outlined
in Figure 1.

2.3 Statistical analysis

To evaluate the link between statin usage and irAEs,
multivariable logistic regression was utilized, incorporating
adjustments for potential confounders such as age, gender,
specific ICIs type, and therapeutic modalities. To control for the
risk of false discoveries in multiple comparisons, the Benjamini-
Hochberg method was applied using the “p.adjust” function from
R’s “stats” package. The analyses were executed using two-tailed
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Tebotelimab
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Flow chart showing the analysis process of the study. FDA, Food and Drug Administration; ICI, Immune checkpoint inhibitor.

tests, with a threshold for statistical significance set at a false
discovery rate (FDR) adjusted p-value (FDR p) under 0.05.
Information processing and analysis were carried out using
R software, version 4.3.3. Analysis stratification included tumor
type, adverse reaction type, and organ-specific irAEs to deeply
explore the nuanced effects of various statin medications and
different classes of ICIs. This layered approach facilitated a robust
examination of the interactions between statins and ICIs, enhancing
our understanding of their potentially varied effects on patient
outcomes within oncological settings.

3 Results
3.1 Initial patient characteristics

In a comprehensive cohort comprising 145,214 patients treated
with ICIs, 9,339 individuals (6.4%) reported using statins at
baseline, as illustrated in Table 1. Within this subgroup, the
distribution was predominantly male (69.3%) compared to female
(30.4%), with 0.3% of cases unspecified. The median age for statin
users was higher at 69.2 years, compared to 64.0 years for non-users,
suggesting that statin users were generally older. Age stratification
revealed that 30.7% of statin users were aged between 18 and 65
years, 46.1% between 65 and 75 years, and 23.2% were over 75 years.
In contrast, non-users presented with 49.4% in the 18-65 age group,
33.2% in the 65-75 age group, and 17.4% in the over 75 age group.
The most common treatment strategy across the entire population
was the use of PD-1 antagonists, followed by PD-L1 blockade agents
and CTLA-4 blocking antibodies. The largest volume of adverse
event reports originated from the United States and Japan,
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indicating a higher reporting rate or possibly a greater use of
these therapies in these nations, as shown in Table 1.

3.2 Association between statin usage and
irAEs in oncology patients undergoing
ICI therapy

In this retrospective cohort study, we evaluated the correlation
between statin administration and irAEs within patients treated with
ICIs. After controlling for confounders, statin users demonstrated a
significantly increased risk of irAEs, with an adjusted odds ratio (OR)
of 1.199 (95% confidence interval [CI], 1.141 to 1.261) and an FDR p of
less than 0.001. Our study population included patients from 24
distinct cancer types, each represented by a minimum of 200 cases.
Stratified analyses by cancer type indicated elevated risks of irAEs in
individuals with lung, pancreatic, and renal cancers, with respective
ORs of 1.29 (95% CI: 1.172-1.419; FDR p < 0.001), 3.685 (95% CI: 2.71-
5.012; FDR p < 0.001), and 1.229 (95% CI: 1.073-1.409; FDR p =
0.024) (Figure 2).

Our cohort included 36,055 lung cancer patients, representing
one-fourth of the study population. To determine whether the
significant increase in irAEs observed in the overall cohort was
driven disproportionately by the large subset of lung cancer
patients, we conducted an additional multivariate logistic
regression analysis excluding those with lung cancer. Even with
their exclusion, the link between statin use and a heightened risk of
irAEs remained statistically significant, with an OR of 1.183 (95%
CI: 1.115-1.255; FDR p < 0.001). This suggests that the observed
increase in irAEs is not solely attributable to the lung cancer
subgroup but is consistent across the broader population.
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TABLE 1 Baseline feature. Additionally, we performed a sub-analysis focusing on specific
irAEs, revealing increased risks of anemia (OR 1.394, 95% CI: 1.238-
1.570; FDR p < 0.001), arthralgia (OR 1.333, 95% CI: 1.135-1.565; FDR
p = 0.003), colitis (OR 1.426, 95% CI: 1.274-1.595; FDR p < 0.001),

Characteristics With Without
Statin Statin

n=9339  n=135875 pneumonitis (OR 1.292, 95% CI: 1.144-1.460; FDR p = 0.001),
Sex Female 2838 51067 (37.6%) <001 polyneuropathy (OR 1.728, 95% CI: 1.151-2.593; FDR p = 0.044),
(30.4%) pruritus (OR 1.343, 95% CI: 1.159-1.557; FDR p = 0.001), and
Male 6473 82148 (60.5%) thrombocytopenia (OR 1.308, 95% CI: 1.116-1.533; FDR p = 0.006)
(69.3%) among statin users compared to non-users (Figure 3). Conversely, the
Not 28 (03%) 2660 (2%) risks for Stevens-Johnson syndrome and thyroiditis were lower in statin
Specified users, with ORs of 0.268 (95% CI: 0.133-0.539; FDR p = 0.002) and
0.633 (95% CI: 0.45-0.891; FDR p = 0.044), respectively (Figure 3).
Age(SD) 69.2 (8.6) 64.0 (12.6) <.001 T ; .
We categorized irAEs into 13 Systemic organ groups and conducted
Age Group 18- 2870 67088 (49.4%) <001 subgroup analyses for organ-specific irAE risks. Among patients treated
65 30.7%
years (07%) with ICIs and using statins, significant increases in the risk of irAEs were
65- 4306 45173 (33.2%) observed for several systems: the blood and lymphatic system (OR 1.26,
75 years | (46.1%) 95% CI: 1.148-1.382; FDR p < 0.001), gastrointestinal system (OR 1377,
>75 years | 2163 23614 (17.4%) 95% CI: 1.246-1.522; FDR p < 0.001), musculoskeletal and connective
(23.2%) tissue (OR 1.246, 95% CI: 1.105-1.406; FDR p = 0.001), nervous system
Treatment PD1 5313 89129 (65.6%) <.001 (OR 1.728, 95% CI: 1.151-2.593; FDR p = 0.023), and the respiratory
strategy inhibitor (56.9%) thoracic and mediastinal systems (OR 1.278, 95% CI: 1.132-1.441; FDR
PD- 2195 26185 (19.3%) p < 0.001) (Figure 4).
L1 (23.5%)
inhibitor
CTLA- 1764 20057 (14.8%) 3.3 Association of different statins
4 inhibitor | (18.9%) with irAEs
LAG- 48 (0.5%) 296 (0.2%)
3 inhibitor The seven commonly used statin medications were included in
PD-1/ 19 (0.2%) 208 (0.2%) this study, which aimed to evaluate the connection between
LAG- individual statins and the risk of irAEs in the broader population.
3 inhibitor We found that atorvastatin (OR 1.139, 95% CI: 1.06 to 1.223; FDR
Country United 3260 34013 (25%) <.001 p = 0.006), rosuvastatin (OR 1.344, 95% CI: 1.214 to 1.488; FDR p <
States (34.9%) 0.001), and simvastatin (OR 1.272, 95% CI: 1.155 to 1.401; FDR p <
Japan 666 (7.1%) 31103 (22.9%) 0.001) were linked with an augmented risk of irAEs (Figure 5A). In
contrast, fluvastatin, lovastatin, pitavastatin, and pravastatin did not
France 853 (9.1%) | 14270 (10.5%)
show significant associations. Further analysis using propensity
I:Ot e 687 (7.4%) | 10015 (7.4%) score matching confirmed these associations for six of the statins
pectie but revealed that pravastatin showed a diminished risk of irAEs
Germany 716 (7.7%) 7465 (5.5%) (FDR p= 0.02) (Figure 5B).
Canada 681 (73%) | 4112 (3%) Rosuvastatin and pravastatin were categorized as hydrophilic
statins, whereas the other five statins were classified as lipophilic.
China 13 (0.1%) 4307 (3.2%) ) o .
Their associations with irAEs were analyzed separately. The results
U'nited 493 (5.3%) | 3217 (2.4%) indicated that both lipophilic (OR 1.19; 95% CI: 1.123 to 1.26; FDR
Kingdom p < 0.001) and hydrophilic statins (OR 1.212; 95% CI: 1.104 to 1.33;
Italy 178 (1.9%) 3519 (2.6%) FDR p = 0.001) (Figure 5A) were linked to an increased risk of
Spain 357 38%) | 2577 (19%) irAEs, with significant differences maintained even after applying
propensity score matching (Figure 5B).
Other 1435 21277 (15.7%)
Country (15.4%) L .
o v . Jo154 (07%) o 3.4 Association between statin use and
irAEs es 7% <. . . . .
(23.9%) irAEs with different ICls regimens
N 7104 107721 (79.3%
¢ (76.1%) ( ) Previous studies have suggested variability in the toxicity profiles of

different ICIs, but these differences are not yet fully elucidated (1, 21).
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(irAE/Total) (irAE/Total)
Cancer type with statin without statin OR(95%Cl) FDRp
Pan-Cancer 2235/9339 28154/135875 : . 1.199 (1.141-1.261) <0.001
Brain Neoplasm 8/64 64/641 }-—f—‘—i 1.294 (0.57-2.938) 0.905
Breast Cancer 34/142 1086/4420 r—:&—i 1.056 (0.707-1.576) 0.998
Cervical Cancer 5/18 195/831 F e { 1.446 (0.488-4.284) 0.905
Cholangiocarcinoma 4/40 153/872 F -4 : | 0.418 (0.143-1.224) 0.397
Colorectal Cancer 28/168 339/2286 k—F 1.153(0.747-1.78)  0.905
Endometrial Cancer 27/136 543/2602 I-=+=l 1.021 (0.66-1.577)  0.998
Gastric Cancer 12/118 506/3923 I=¢={=i 0.779 (0.423-1.435) 0.905
Head And Neck Cancer 15/180 504/3649 P’—i: 0.554 (0.321-0.955) 0.179
Liver Cancer 44/285 709/5717 i1+| 1.283 (0.918-1.791) 0.461
Lung Cancer 636/2396 7269/33659 : . 1.29(1.172-1.419) <0.001
Lymphoma 16/63 163/915 e 1.557 (0.839-2.89) 0.467
Melanoma 507/1744 7006/24079 PI){ 1.028 (0.921-1.146) 0.997
Mesothelioma 39/149 283/1462 :—0—‘ 1.465 (0.988-2.17) 0.262
Metastatic tumors 46/190 662/2762 |=+=( 1.023 (0.719-1.454) 0.998
Neuroendocrine tumors  4/20 69/359 : < { 1.219 (0.382-3.891) 0.998
Oesophageal Cancer  20/129 388/2658 P—JI—O—d 1.243 (0.754-2.05)  0.905
Ovarian Cancer 18/114 219/1219 I'—Q-'-{—l 0.828 (0.484-1.418) 0.905
Pancreatic Cancer 97/298 215/1752 1 )=.=-| 3.685 (2.71-5.012) <0.001
Prostate Cancer 38/214 213/1083 |—§~:—4 0.876 (0.595-1.289) 0.905
Renal Cancer 308/1276 3037/14568 :i.l 1.229 (1.073-1.409) 0.024
Sarcoma 15/65 116/893 : p—— 2.273(1.186-4.356) 0.085
Skin Cancer 7/65 110/754 Vﬁ&—:—l 0.677 (0.298-1.537) 0.905
Thyroid Cancer 4/17 61/315 : & { 1.25(0.374-4.172)  0.998
Urothelial Cancer 95/463 803/4831 H—q 1.237 (0.97-1.577) 0.344
3 2 a1 o 1 2
Log2(OR 95%Cl)
FIGURE 2

Forest plot illustrating the relationship between statin use and irAEs across various cancer types in patients undergoing ICls. Red signifies elevated risk among
individuals treated with statins, whereas blue denotes increased risk among those not treated with statins. Circles indicate an FDRp < 0.05, suggesting
statistically significant findings; diamonds indicate an FDRp > 0.05, indicating findings that are not statistically significant.

Our purpose was to assess the association between statin consumption
and irAEs across various ICIs treatment regimens. The treatment
approaches in our study encompassed antagonists targeting PD-1,
PD-L1, CTLA-4, LAG-3, and the combination of PD-1/LAG-3. Due
to the limited sample sizes for LAG-3 blockade and PD-1/LAG-3
blockade therapies, we were unable to perform subgroup analyses for
these groups. The associations between statin use and irAEs in patients
receiving PD-1 blockers, PD-L1 blockers, and CTLA-4 blockers are
as follows.

3.4.1 Association of statin use with irAEs in PD-1
inhibitor therapy

Among 93,613 patients who had been prescribed PD-1 blockade
therapy, 5,302 had a history of using statin medications. Our study
found that the overall risk of irAEs was higher in statin users relative to
non-users (OR 1.22, 95% CI: 1.142-1.304; FDR p < 0.001). Subgroup
analysis revealed more pronounced risks for patients with lung cancer
(OR 1418, 95% CI: 1.255-1.601; FDR p < 0.001) (Figure 6).

Moreover, the analysis revealed varying increased risks for different
types of adverse reactions in statin users, including anemia (OR 1.473,
95% CI: 1.256-1.728; FDR p < 0.001), arthralgia (OR 1.385, 95% CI:
1.144-1.678; FDR p = 0.013), myositis (OR 1.436, 95% CI: 1.112-1.855;
FDR p = 0.046), pancreatitis (OR 1.649, 95% CI: 1.175-2.314; FDR p =
0.043), pneumonitis (OR 1.264, 95% CI: 1.069-1.495; FDR p = 0.046),
and pruritus (OR 1,515, 95% CI: 1.264-1.814; FDR p < 0.001) (Figure 7).
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3.4.2 Association of statin use with irAEs in PD-L1
inhibitor therapy

Among 28,380 patients prescribed PD-L1 blockade therapy,
including 2,195 identified as statin users, the study showed that
compared to non-users, those with statin use exhibited an increased
risk of irAEs (OR 1298, 95% CI: 1.165-1.446; FDR p < 0.001). This
association was particularly pronounced in pancreatic carcinoma, where
a significantly elevated risk was observed (OR 5.543, 95% CI: 3.436-
8.945; FDR p < 0.001) (Figure 8).

Additionally, the risk of specific adverse reactions, including anemia,
colitis, and thrombocytopenia, was also higher among statin users, with
ORs of 1.461 (95% CI: 1.179-1.81; FDR p = 0.008), 2.471 (95% CI: 1.919-
3.182; FDR p < 0.001), and 1.72 (95% CI: 1.319-2.242; FDR p = 0.001),
respectively (Figure 9).

3.4.3 Association of statin use with irAEs in CTLA-
4 inhibitor therapy

In the cohort treated with CTLA-4 inhibitors, an analysis revealed a
nonsignificant trend toward an enhanced risk of irAEs among patients
using statins compared to their non-statin-using counterparts.
Nevertheless, a notable exception was identified in the subgroup of
patients with pancreatic cancer, where statin use was significantly
associated with a greater risk of irAEs (OR 4.867, 95%CI: 2.918-8.117;
FDR p<0.001), as detailed in Supplementary Figure 1. Across various
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(irAE/Total) (irAE/Total)
irAEs with statin without statin OR(95%Cl) FDRp
Adrenalitis 2/9339 34/135875 , =l { 0.865 (0.206-3.639) 1.0
Anaemia 319/9339 3317/135875 : ® 1.394 (1.238-1.57) <0.001
Arthralgia 168/9339 1989/135875 : .i 1.333(1.135-1.565) 0.003
Arthritis 52/9339 683/135875 } }0 4 1.115 (0.838-1.484) 0.931
Blepharitis 2/9339 16/135875 I : < { 2.444 (0.541-11.034) 0.649
Colitis 363/9339 3642/135875 : [S] 1.426 (1.274-1.595) <0.001
Conjunctivitis 13/9339 172/135875 )fllro—4 1.182 (0.668-2.09) 1.0
Dermatomyositis 3/9339 129/135875 !:4:1 0.323(0.102-1.017) 0.151
Encephalitis 37/9339 576/135875 R 0.937 (0.67-1.311) 1.0
Enteritis 25/9339 353/135875 r‘=l§2l 1.03 (0.683-1.553) 1.0
Gastritis 25/9339 396/135875 - I’ | 1.041 (0.691-1.568) 1.0
Glomerulonephritis 3/9339 70/135875 & : { 0.636 (0.199-2.035) 0.931
Hepatitis 88/9339 1375/135875 b‘z{ 0.956 (0.768-1.19) 1.0
Hypophysitis 103/9339 1392/135875 y{o»i 1.082 (0.882-1.328) 0.931
Meningitis 6/9339 263/135875 e : 0.387 (0.172-0.873) 0.083
Myocarditis 125/9339 1519/135875 %I‘i 1.092 (0.907-1.314) 0.834
Myositis 102/9339 1007/135875 :},‘,4 1.303 (1.06-1.602) 0.054
Neutropenia 130/9339 1901/135875 }m?n{ 1.031 (0.859-1.238) 1.0
Pancreatitis 60/9339 685/135875 1 & 1.392 (1.064-1.821) 0.064
Pericarditis 24/9339 236/135875 —eo— 1.586 (1.035-2.429) 0.11
Pleurisy 6/9339 107/135875 e 4 0.852 (0.373-1.949) 1.0
Pneumonitis 299/9339 3309/135875 : 1.292 (1.144-1.46) 0.001
Polyneuropathy 27/9339 230/135875 : —&— 1.728 (1.151-2.593) 0.044
Pruritus 202/9339 2127/135875 : 1.343 (1.159-1.557) 0.001
Psoriasis 26/9339 347/135875 F :Q» i 1.109 (0.742-1.658) 1.0
Rash 251/9339 4087/135875 Wl 0.873 (0.766-0.995) 0.125
Johnsif‘s’iﬂzmme 8/9339 440/135875 [ = : 0.268 (0.133-0.539) 0.002
Thrombocytopenia  174/9339 2028/135875 : ‘ 1.308 (1.116-1.533) 0.006
Thyroiditis 35/9339 813/135875 Q) : 0.633 (0.45-0.891)  0.044
Uveitis 22/9339 396/135875 oot 0.886 (0.574-1.367) 1.0
Vasculitis 6/9339 144/135875 Ii’glrfi 0.638 (0.281-1.45) 0.709
Vitiligo 9/9339 343/135875 [ | : 0.465 (0.239-0.905)  0.083
3 2 a1 o 1 2 3
Log2(OR 95%Cl)
FIGURE 3

Forest plot illustrating the connection between statin use and different irAEs in patients undergoing ICls. The icons and color coding utilized in this

figure adhere to the same conventions established in Figure 1.

irAEs, no other significant differences were detected
(Supplementary Figure 2).

5 Discussion

ICIs have emerged as a pivotal component of contemporary
oncological therapeutics, but their use can trigger irAEs, affecting
multiple organs and potentially limiting the efficacy of ICIs. Given
that cancer and cardiovascular diseases often coexist, patients
undergoing ICI therapy may also require statins to manage
cardiovascular health. However, the relationship between statin
use and the development of irAEs remains unclear. Further
investigation into this potential association is essential for
optimizing the safety and efficacy of ICIs in clinical practice.

In our analysis using the FAERS database, we observed that
patients prescribed statins during ICI therapy exhibited a
heightened risk of irAEs compared to those not prescribed
statins. This inclination has been noted by previous researchers as

Frontiers in Immunology

well. Drobni et al. (22), observed that among patients prescribed
statins, 45.3% (389 out of 858 patients) experienced irAEs,
compared to 41.8% (789 out of 1889 patients) among those not
prescribed statins. However, this difference was not significant
statistically (P = 0.087).

Several mechanisms have been suggested to explain the
relationship between the statin treatment and the heightened risk
of irAEs. Statins work by inhibiting the enzyme HMG-CoA
reductase, thereby reducing endogenous cholesterol synthesis.
This inhibition leads to a compensatory increase in the expression
of low-density lipoprotein receptors in the liver, thereby enhancing
the clearance of lipoproteins and achieving a lipid-lowering effect
(23). Zhou W. et al. (24) demonstrate that in cancer cells with
specific genetic mutations (e.g., ARID1A), statins modulate the
mevalonate pathway to induce inflammasome formation,
subsequently triggering pyroptosis. This process releases
immunostimulatory molecules like IL-1f, enhancing T cell
infiltration and activity within the tumor microenvironment.
Additionally, research by Xia et al. (25) has revealed that statins
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(irAE/Total) (irAE/Total)
socC with statin without statin OR(95%Cl) FDRp

Blood And

Lymphatic System 533/9339 6331/135875

1.26 (1.148-1.382) <0.001

o

Cardiac 148/9339 1735/135875 e 1.155(0.974-1.37)  0.229
1
Endocrine 132/9339 2150/135875 [ 0:< 0.897 (0.749-1.073)  0.397
1
Eye 24/9339 436/135875 [ 0: ! 0.876 (0.578-1.327) 0.621
1
Gastrointestinal 459/9339 4895/135875 : & 1.377 (1.246-1.522) <0.001
1
Hepatobiliary 88/9339 1375/135875 F 0: | 0.956 (0.768-1.19)  0.742
infeclions.and 58/9339  1025/135875 - 0.864 (0.661-1.128) 0.397
Infestations — 7(’ : . . .
1
Musculoskeletal And
Connective Tiesua  302/9339 3572/135875 :).q 1.246 (1.105-1.406) 0.001
1
Nervous System 27/9339 230/135875 1 (=] { 1.728(1.151-2.593) 0.023
1
1
Renal And Urinary 3/9339 70/135875 | S 1 i 0.636 (0.199-2.035) 0.568
1
Respiratory Thoracic I g
And Mediastinal 304/9339 3410/135875 : =X 1.278 (1.132-1.441) <0.001
Skin And 1
Subcutaneous Tissue  451/9339 6804/135875 W:‘ 0.947 (0.858-1.045) 0.397
Vascular 6/9339 144/135875 5 * { { 0.638 (0.281-1.45)  0.397
T T T T
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FIGURE 4
Forest plot illustrating the link between statin use and organ-specific irAEs in patients undergoing ICls. The icons and color coding utilized in this
figure adhere to the same conventions established in Figure 1. SOC, system organ classes.

A (irAE/Total) (irAE/Total)
Classification with statin without statin OR(95%CI) FDRp
All Statins 2235/9339  28154/135875 : O 1.199 (1.141-1.261) <0.001
Atorvastatin 1028/4444  29361/140770 : (<] 1.139 (1.06-1.223)  0.006
Fluvastatin 10/36 30379/145178 ' : % { 1.625(0.782-3.378) 0.58
Lovastatin 22/121 30367/145093 © : | 0.84 (0.528-1.336)  0.999
Pitavastatin 20/82 30369/145132 ; [ { 1.182(0.712-1.961) 0.989
Pravastatin 88/513 30301/144701 I 3 Q: 0.764 (0.607-0.963) 0.412
Rosuvastatin 522/1974 29867/143240 : E<X 1.344 (1.214-1.488) <0.001
Simvastatin 570/2268 29819/142946 : <X 1.272 (1.155-1.401) <0.001
Hydrophilic Statins ~ 609/2483 29780/142731 : <3 1.212(1.104-1.33)  0.001
Lipophilic Statins ~ 1643/6905  28746/138309 : O 1.19(1.123-1.26)  <0.001
1 0 1
Log2(OR 95%Cl)
B (irAE/Total) (irAE/Total)
Classification with statin without statin OR(95%CI) FDRp
Al Statins 2235/9339 1976/9339 1.172 (1.094-1.256) <0.001
Atorvastatin 1028/4444 937/4444 1.126 (1.019-1.245)  0.021
Fluvastatin 10/36 12/36 | 0.769 (0.281-2.104) 0.798
Lovastatin 22/121 25/121 0.84 (0.528-1.336)  0.745
Pitavastatin 20/82 14/82 4 1.567(0.729-3.366) 0.335
Pravastatin 88/513 119/513 0.686 (0.504-0.933)  0.02
Rosuvastatin 522/1974 396/1974 1.432 (1.235-1.662) <0.001
Simvastatin 570/2268 484/2268 1.237 (1.078-1.420) <0.001
Hydrophilic Statins ~ 609/2483 520/2483 1.227 (1.074-1.401) 0.003
Lipophilic Statins ~ 1643/6905 1452/6905 1.173 (1.082-1.270) <0.001
2 1

Log2(OR 95%Cl)

FIGURE 5

(A) Forest plot depicting the association between individual statins and irAEs in ICI-treated patients. (B) Forest plot depicting the association between
individual statins and irAEs in ICI-treated patients after propensity score matching. The icons and color coding utilized in this figure adhere to the
same conventions established in Figure 1.
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(irAE/Total) (irAE/Total)

Cancer type with statin without statin OR(95%Cl) FDRp
Pan-Cancer 1253/5302 17968/88311 :. 1.22 (1.142-1.304) <0.001
Brain Neoplasm 6/52 51/498 Pﬂ—i 1.193 (0.467-3.052) 0.999
Breast Cancer 21/69 768/2727 —o— 1.217 (0.714-2.076) 0.881
Cervical Cancer 2/5 131/548 ; : © { 1.656 (0.261-10.496) 0.933
Cholangiocarcinoma 1/12 55/411 I & : { 0.589 (0.072-4.812) 0.933
Colorectal Cancer 15/80 209/1432 )===0=4 1.253 (0.694-2.262) 0.881
Endometrial Cancer 25/127 526/2483 }—+—4 0.976 (0.622-1.532) 0.999
Gastric Cancer 12/95 446/3526 }‘—*—4 1.03 (0.554-1.915)  0.999
Head And Neck Cancer 14/128 452/3196 R L 0.69 (0.39-1.221) 0.687
Liver Cancer 8/95 157/1312 ii‘*lt*i 0.682 (0.322-1.446) 0.843
Lung Cancer 397/1412 4785/22104 1 . 1.418 (1.255-1.601) <0.001
Lymphoma 7127 92/564 §~:——0:—1' 1.947 (0.77-4.924) 0.683
Melanoma 263/983 3821/14389 }‘I'( 1.048 (0.903-1.215) 0.932
Mesothelioma 20/89 195/1049 r===.'=k 1.291 (0.763-2.186) 0.843
Metastatic tumors 26/101 458/1897 };4—4 1.04 (0.654-1.655) 0.999
Oesophageal Cancer 17/95 338/2289 F%—Q—-{ 1.487 (0.86-2.574) 0.683
Ovarian Cancer 6/46 90/490 }=—Q=JI=| 0.574 (0.231-1.422) 0.691
Pancreatic Cancer 4/45 72/504 )—Q—‘:g( 0.496 (0.168-1.47) 0.687
Prostate Cancer 16/92 96/523 —e— 0.914 (0.508-1.646) 0.999

Renal Cancer 224/938 2233/11085 :iﬁ 1.255 (1.071-1.472) 0.05
Sarcoma 9/43 68/600 :H—4 2.224 (0.973-5.087) 0.349

Skin Cancer 6/42 67/426 ql—q 0.913 (0.366-2.281) 0.999
Thyroid Cancer 1/10 43/223 ; < : { 0.377 (0.046-3.111) 0.843
Urothelial Cancer 42/200 400/2722 . . . . :-=O=II . . 1.44 (1.003-2.069) 0.349

4 3 2 1 0 1 2 3
Log2(OR 95%Cl)
FIGURE 6

Forest plot illustrating the relationship between statin use and irAEs across various cancer types in patients undergoing PD-1 blockade drugs. The
icons and color coding utilized in this figure adhere to the same conventions established in Figure 1.

block the HMG-CoA reductase enzyme, which is a key component
of the mevalonate pathway, thereby impacting the downstream
production of geranylgeranyl diphosphate (GGPP). This affects the
pre-translational modification of proteins in antigen-presenting
cells, specifically inhibiting the geranylgeranylation of small
GTPases such as Rab5. This inhibition disrupts the maturation of
endocytic bodies within cells, extending the retention time of
antigens and enhancing their presentation as well as T-cell
activation. These findings underscore the dual utility of statins
not only as cholesterol-lowering drugs but also as adjuvants in
cancer immunotherapy. Research by Cantini and others further
confirms the feasibility of using statins as adjuvants in clinical
settings (26).

On the other hand, Ma et al. (27) demonstrated that high
cholesterol levels in the tumor microenvironment significantly
promote CD8+ T-cell exhaustion by upregulating regulatory
receptors like PD-1, thereby weakening immune functionality.
Furthermore, Zhou W. et al. (24) found that simvastatin, a
cholesterol-lowering agent, reduces intratumoral cholesterol,
alleviates CD8+ T-cell exhaustion, and restores or enhances T-cell
functionality. Another study’s findings suggest that statins mediate
the suppression of PD-LI in lung cancer and melanoma cells by
involving the phosphorylation and activation of B-catenin-S552 via
AKT-S473 (28). Moreover, it has been proposed by researchers that
statins modulate the inflamed tumor microenvironment (TME) and
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potentiate anti-PD-1 immunotherapy in NSCLC by
transcriptionally repressing PD-L1 and promoting ferroptosis (29).

In summary, the heightened risk of irAEs linked to statin use
may stem from excessive T-cell activation. This activation partly
occurs in part by inhibiting the mevalonate pathway, which not
only enhances T-cell presentation but also their infiltration.
Additionally, the downregulation of inhibitory signals such as
PD-1 through the cholesterol pathway can further enhance T-cell
functionality. While activated T-cells may augment the anti-tumor
efficacy of ICIs (30), they might also attack normal tissue cells,
leading to an increase in irAEs, as shown in Figure 10.

Our findings indicate that individuals on statin therapy
experience a higher risk of irAEs compared to non-users, with
several potential mechanisms identified in the literature to explain
this observation. We further sought to understand if there are
differences among the seven commercially available statins. Among
the most widely used statins—atorvastatin, rosuvastatin, and
simvastatin—our findings relate to a higher risk of irAEs. No
significant effects were observed with fluvastatin, lovastatin,
pitavastatin, and pravastatin; however, due to their less frequent
usage, these results may not be representative and warrant further
validation with larger sample sizes. Interestingly, after propensity
score matching, a lower risk of irAEs was observed in users of
pravastatin. Although only 513 patients used this drug and its
mechanism is not yet clearly defined, this suggests that pravastatin
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(irAE/Total) (irAE/Total)

irAEs with statin without statin OR(95%Cl) FDRp

Adrenalitis 2/5302 23/88311 I 1 & 4 1.447 (0.337-6.223) 1.0
Anaemia 174/5302 2055/88311 : . 1.473 (1.256-1.728) <0.001
Arthralgia 118/5302 1463/88311 : '{ 1.385(1.144-1.678) 0.013
Arthritis 33/5302 449/88311 F :0 { 1.227 (0.858-1.755) 0.635

Blepharitis 1/5302 13/88311 I : <> { 1.424(0.18-11.231) 1.0
Colitis 140/5302 1951/88311 ﬁ‘-{ 1.164 (0.976-1.388) 0.376
Conjunctivitis 9/5302 115/88311 t—{*O—{ 1.424 (0.718-2.825) 0.635
Dermatomyositis 2/5302 90/88311 §:.=:=q 0.376 (0.092-1.53) 0.552

Encephalitis 21/5302 343/88311 . 1.018 (0.652-1.588) 1.0
Enteritis 17/5302 215/88311 }‘zll—4=~§ 1.295 (0.786-2.135) 0.635
Gastritis 19/5302 249/88311 I : R 1.376 (0.857-2.208) 0.559
Glomerulonephritis 1/5302 48/88311 5 & : 4 0.368 (0.05-2.685) 0.635
Hepatitis 60/5302 887/88311 b"zl 1.159 (0.889-1.512) 0.635
Hypophysitis 49/5302 685/88311 »:0 4 1.174 (0.874-1.577) 0.635
Meningitis 4/5302 158/88311 X»:Q:::i 0.474 (0.175-1.285) 0.522

Myocarditis 73/5302 1016/88311 iJIQ-—i 1.111 (0.873-1.414) 0.72
Myositis 66/5302 690/88311 :}"t 1.436 (1.112-1.855) 0.046
Neutropenia 60/5302 1318/88311 H:-{ 0.875(0.672-1.139) 0.635
Pancreatitis 38/5302 410/88311 I ' 4 1.649 (1.175-2.314) 0.043

Pericarditis 9/5302 151/88311 |¥{'O—I 1.112 (0.564-2.191) 1.0
Pleurisy 2/5302 75/88311 , H:*‘ 0.454 (0.111-1.857) 0.635
Pneumonitis 154/5302 2041/88311 : 1.264 (1.069-1.495) 0.046

Polyneuropathy 15/5302 151/88311 'r:-ozq’ 1.731 (1.01-2.966) 0.23
Pruritus 135/5302 1412/88311 : . 1.515 (1.264-1.814) <0.001

Psoriasis 17/5302 263/88311 I F - 1.067 (0.651-1.75) 1.0

Rash 166/5302 2696/88311 )*i 0.978 (0.833-1.149) 1.0
Johnsit:‘éi:‘]zmme 8/5302 330/88311 *>—i : 0.4 (0.198-0.808)  0.069
Thrombocytopenia 87/5302 1370/88311 }:H 1.176 (0.943-1.467) 0.522
Thyroiditis 22/5302 546/88311 e 0.66 (0.43-1.015) 0.263

Uveitis 12/5302 272/88311 P—Q—:fi 0.779 (0.435-1.394) 0.72
Vasculitis 4/5302 102/88311 P—Qﬂlii 0.728 (0.267-1.988) 0.927
Vitiligo 5/5302 247/88311 I © {: 0.395 (0.162-0.961) 0.228
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FIGURE 7

Forest plot illustrating the connection between statin use and different irAEs among patients undergoing PD-1 blockade drugs. The icons and color
coding utilized in this figure adhere to the same conventions established in Figure 1.

may be preferable for patients at heightened risk of irAEs
undergoing both statin therapy and ICIs. Further studies are
necessary to substantiate this hypothesis.

The differences in lipophilicity or hydrophilicity among statins
may influence their pharmacokinetics and tissue selectivity.
Compared to other statins, pravastatin and rosuvastatin exhibit
lower lipophilicity and greater hydrophilicity. Previous research
suggests that lipophilic statins, known for their non-selective
diffusion into extraparenchymal tissues such as skeletal muscle,
are more frequently associated with adverse drug reactions (31).
However, the latest meta-analysis shows no difference in safety
between lipophilic and hydrophilic statins (32). In our findings,
both lipophilic and hydrophilic statins were associated with an
increased risk of irAEs, showing no significant distinction between
the two groups.

Interestingly, while statins are connected to an elevated risk of
conditions such as anemia, arthralgia, colitis, pneumonitis, pruritus
and thrombocytopenia, they appear to reduce the risk of developing
Stevens-Johnson syndrome and thyroiditis. These observations
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suggest that the effects of statins on the immune system are
complex and may vary depending on the specific immune
pathways involved. Moreover, their associations with different ICI
treatments also vary. Anemia, arthralgia, pneumonitis, and pruritus
seem to be more strongly linked with PD-1 inhibitor regimens,
while anti-PD-L1 regimens are more strongly linked with anemia,
colitis, and thrombocytopenia. Hepatic impairment and muscle-
related symptoms are the most commonly mentioned adverse
reactions to statin use (33). Our results show that statins do not
increase immune-mediated hepatitis risk, but they do increase the
risk associated with the musculoskeletal system.

Comparing the toxicity profiles of PD-1, PD-L1, and CTLA-4
blockade therapies when combined with statins poses significant
challenges. PD-L1 and CTLA-4 blocking antibodies are used much
less frequently than PD-1 blockers, and they vary in FDA-approved
indications and the types of tumors they target (34). At present, we
are unable to differentiate the adverse event profiles of anti-PD-1,
anti-PD-L1, and anti-CTLA-4 therapies, and our findings offer only
preliminary insights and potential directions, indicating the need
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(irAE/Total) (irAE/Total)

Cancer type with statin without statin OR(95%Cl) FDRp
Pan-Cancer 469/2195 4483/26185 :. 1.298 (1.165-1.446) <0.001
Breast Cancer 12/69 293/1573 k ‘I { 0.933 (0.488-1.78) 1.0
Cervical Cancer 3/11 40/209 1 -3 { 2.637(0.602-11.556) 0.719
Cholangiocarcinoma 2/24 91/393 F 3 : { 0.298 (0.067-1.317) 0.64
Colorectal Cancer 5/56 60/487 F s g : { 0.668 (0.246-1.813) 1.0
Liver Cancer 34/169 499/3981 : —— 1.739 (1.175-2.573) 0.055
Lung Cancer 154/618 1769/8687 :§0~ 1.294 (1.069-1.568) 0.061
Lymphoma 8/32 45/247 , : L 2 { 1.601 (0.652-3.932) 0.804
Melanoma 13/66 61/279 :0 { 1.124 (0.533-2.373) 1.0
Metastatic tumors 17/68 108/565 , : S 4 { 1.442 (0.78-2.665) 0.719
Ovarian Cancer 11/59 109/626 k :0 { 1.124 (0.552-2.287) 1.0
Pancreatic Cancer 51/137 69/666 [} k . { 5.543 (3.436-8.945) <0.001
Prostate Cancer 13/69 44/264 : S 4 { 1.267 (0.624-2.571) 1.0
Renal Cancer 8/81 90/705 b © : i 0.785 (0.363-1.698) 1.0
Urothelial Cancer 44/225 333/1776 k :0 { 1.107 (0.773-1.584) 1.0
4 3 2 a1 o 1 2 3
Log2(OR 95%ClI)

FIGURE 8
Forest plot illustrating the relationship between statin use and irAEs across various cancer types in patients undergoing PD-L1 blockade drugs. The
icons and color coding utilized in this figure adhere to the same conventions established in Figure 1

(irAE/Total) (irAE/Total)

irAEs with statin without statin OR(95%Cl) FDRp
'
Anaemia 103/2195 789/26185 : i. 1.461 (1.179-1.81) 0.008
Arthralgia 20/2195 242/26185 I k i 1.109 (0.698-1.763) 1.0
Arthritis 10/2195 81/26185 lﬁ{‘k 1.366 (0.703-2.654) 0.954
Colitis 78/2195 369/26185 : !.- 2.471 (1.919-3.182) <0.001
Conjunctivitis 1/2195 16/26185 » { 1.031 (0.133-7.961) 1.0
Dermatomyositis 1/2195 25/26185 , L 2 : { 0.393 (0.053-2.914) 0.954
Encephalitis 4/2195 141/26185 I & { 0.358 (0.132-0.972) 0.246
Enteritis 1/2195 50/26185 I < : { 0.275 (0.038-2.008) 0.762
Gastritis 3/2195 44/26185 I 0: { 0.883 (0.271-2.879) 1.0
Glomerulonephritis 1/2195 8/26185 ; leo 1.367 (0.17-10.996) 1.0
Hepatitis 16/2195 168/26185 e 1.199 (0.713-2.017) 1.0
Hypophysitis 7/2195 71/26185 _,7:,7. 1.176 (0.536-2.581) 1.0
Meningitis 1/2195 50/26185 ; & Ir { 0.321 (0.044-2.338) 0.805
Myocarditis 26/2195 238/26185 k :0 { 1.261 (0.836-1.902) 0.805
Myositis 20/2195 153/26185 l: — 1.396 (0.871-2.236) 0.677
Neutropenia 57/2195 425/26185 :i - 1.426 (1.071-1.897) 0.113
Pancreatitis 9/2195 121/26185 I 4 { 0.96 (0.484-1.904) 1.0
Pericarditis 9/2195 50/26185 :\ & { 2.332(1.129-4.818) 0.143
Pleurisy 3/2195 24/26185 ; : © { 1.547 (0.462-5.182) 1.0
Pneumonitis 80/2195 713/26185 :‘ro-: 1.38(1.088-1.752) 0.091
Polyneuropathy 10/2195 43/26185 : ; © { 2.478 (1.231-4.988) 0.099
Pruritus 25/2195 231/26185 I :0 { 1.28 (0.842-1.946) 0.805
Psoriasis 6/2195 62/26185 ; :0 { 1.221 (0.522-2.855) 1.0
Rash 26/2195 457/26185 N 0.735 (0.493-1.098) 0.662
Thrombocytopenia 67/2195 445/26185 : ».~ 1.72 (1.319-2.242)  0.001
Thyroiditis 2/2195 73/26185 I & : { 0.355 (0.087-1.456) 0.677
Uveitis 2/2195 21/26185 . :0 { 1.178 (0.272-5.098) 1.0
Vasculitis 1/2195 23/26185 k © : { 0.424 (0.057-3.158) 1.0
Vitiligo 1/2195 8/26185 I : © 1.859 (0.225-15.4) 1.0
T

T T T T T
5 -4 -3 -2 -1 O 1 2 3 4
Log2(OR 95%Cl)

FIGURE 9
Forest plot illustrating the connection between statin use and different irAEs among patients undergoing PD-L1 blockade drugs. The icons and color
coding utilized in this figure adhere to the same conventions established in Figure 1.
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The proposed mechanism by which statin use may elevate the risk of irAEs in patients undergoing ICls. GGPP, geranylgeranyl diphosphate. This

figure was created using BioRender.com.

for more personalized investigations for the various ICIs regimens.
Future research should further explore these aspects to more
effectively tailor ICI therapy and statin treatment.

5.1 Study limitations

The primary limitations of our study stem from the reliance on
the FAERS passive surveillance system, which depends on voluntary
reporting. This reliance may lead to incomplete and selective
reporting, resulting in data that are often inaccurate and
inconsistent, thereby limiting the study’s findings and the ability
to generalize results. Critically, the FAERS system lacks detailed
information on patient characteristics and drug exposure, including
statin dosages, durations, and other concomitant medications that
may influence outcomes. Additionally, the generalizability of our
findings may be limited by the diversity of the patient population,
making the results not necessarily applicable to all patient groups.
Lastly, while our study identified an association between statin use
and an increased risk of irAEs, these findings are preliminary,
and the underlying biological mechanisms are not yet fully
understood. Therefore, further research is needed to elucidate
these mechanisms and to validate this association through large-
scale prospective studies.

6 Conclusions

The use of statins in patients receiving ICIs has been linked to
an increased risk of irAEs, underscoring the need for careful
management in this population. This association suggests a
potential complex interaction between statins and the immune
system, emphasizing the importance of personalized treatment
strategies that address both cardiovascular and oncologic
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considerations. Further investigation into these underlying
mechanisms is essential to optimize statin selection in patients
undergoing ICI therapy.
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