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Vitiligo, a depigmentation disorder, significantly impacts the well-being of affected individuals. The
induction of vitiligo by pharmacological agents is a critical concern, with prior research establishing

a link between antineoplastic medications and the onset of vitiligo. This study aims to assess

the reported association between vitiligo and antineoplastic drugs using the FAERS. The study
encompassed FAERS reports spanning the years 2004 to 2024. Medical Dictionary for Regulatory
Activities (MedDRA) was used to identify cases of vitiligo. The Reporting Odds Ratio, Proportional
Reporting Ratio, Bayesian Confidence Propagation Neural Network, and Empirical Bayes Geometric
Mean were calculated to assess the reported associations between available drugs and vitiligo.

A significant statistical association was considered when a drug signal met the criteria of all four
algorithms. Our analysis of the FAERS database revealed 533 adverse event (AE) reports implicating
antineoplastic drugs in the development of vitiligo, with a higher prevalence among females compared
to males. The 18-65 age group accounted for the majority of cases, with the United States contributing
the most reports. Malignant melanoma was the most frequently reported underlying condition.
Nivolumab and Pembrolizumab were the most commonly implicated drugs, with 147 and 126

reports, respectively. Disproportionality analysis identified 14 antineoplastic drugs with a significant
association with vitiligo-related AEs, including the monoclonal antibody Mogamulizumab, immune
checkpoint inhibitor Ipilimumab, and oncolytic virus Talimogene Laherparepvec, with Mogamulizumab
exhibiting the highest correlation. These findings underscore the necessity for heightened clinical
vigilance regarding the safety profiles of specific medications. This study represents the inaugural
investigation into the real-world incidence of antineoplastic drug-induced vitiligo utilizing the FAERS
database. Our findings reveal a strong association between vitiligo and immunomodulatory therapies,
including immune checkpoint inhibitors and monoclonal antibodies. There is an imperative need for
vigilant patient monitoring during the clinical administration of these agents to promptly identify and
address potential AEs such as vitiligo.

Keywords Vitiligo, Antineoplastic drug, Drug-induced vitiligo, Adverse event, FAERS, Pharmacovigilance
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Vitiligo, a common pigmentary disorder, arises from the dysfunction or loss of melanocytes, resulting in
localized or generalized depigmentation of the skin'. The prevalence of vitiligo is estimated to be between 0.5~
2% worldwide, with no significant variation in incidence across gender, ethnicity, or geographical regions®.
This condition exerts a profound impact on the psychological well-being and quality of life of affected
individuals’. Previous studies have identified various risk factors for vitiligo, encompassing immune, genetic,
and environmental factors’. Genetic predisposition plays a crucial role in the susceptibility to vitiligo, with
genome-wide association studies having identified approximately 50 genetic loci associated with disease risk,
predominantly involving the regulation of immune responses and highlighting the centrality of the immune
system in the pathogenesis of vitiligo®. Environmental factors, notably exposure to phenolic compounds, also
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contribute to the development of vitiligo'%-13. These compounds, by structurally resembling tyrosine, interfere
with melanin biosynthesis and may precipitate autoimmune responses targeting melanocytes.

Antineoplastic drugs are also one of the primary causes of vitiligo. Among these agents, immune checkpoint
inhibitors (ICIs) have been associated with the development of vitiligo'?. Recent reports have indicated that
cyclin-dependent kinase (CDK) 4 and 6 inhibitors can induce vitiligo!®. To our knowledge, no studies to date
have specifically utilized the FAERS database to explore vitiligo induced by antineoplastic drugs. This study aims
to assess the reported association between antineoplastic drugs and vitiligo using the FAERS database.

Methods

Data source

This retrospective pharmacovigilance study utilizes the FAERS database, a global resource for post-marketing
drug safety monitoring and signal detection. The database comprises reports submitted voluntarily by healthcare
providers, as well as mandatory submissions from pharmaceutical companies. Information on drugs, including
their names, active ingredients, routes of administration, and roles in adverse events (AEs), along with codes
for different drug interactions such as primary suspect (PS), secondary suspect, interacting, and concomitant
medications, is accessible within the FAERS. Each report identifies a primary suspect drug, enumerates one or
more adverse drug reactions (ADRs), and may detail additional medications ingested by the patient.

Study design

This retrospective pharmacovigilance study encompassed FAERS data from January 2004 to June 2024. To
account for multiple submissions with updated information, duplicate reports were identified and excluded
based on case numbers, with only the most recent version retained for analysis. A case-control analysis was
performed using FAERS to investigate the association between drug exposure and vitiligo reports. In this
analysis, ‘cases’ corresponded to reports of AEs of interest, while ‘controls’ comprised all other AE reports not
related to the AE under scrutiny. Classification of cases and controls was based on exposure or non-exposure to
the drug in question. The reporting odds ratio (ROR) and its 95% confidence interval (CI) were calculated as a
measure of association. The ROR specifically indicates whether an AE is disproportionately reported in relation
to all other AEs associated with a particular exposure, thus reflecting the reporting odds of the AE of interest
between those exposed and those not exposed to the drug. Additionally, the proportional reporting ratio (PRR),
Bayesian Confidence Propagation Neural Network (BCPNN), and Empirical Bayes Geometric Mean (EBGM)
were employed to detect drug signals.

Data exposure and adverse drug reaction definition

This study used the preferred term ‘vitiligo’ from the Medical Dictionary for Regulatory Activities (MedDRA) to
identify AEs of vitiligo in the REAC files. Given that reporters can assign various roles to the drugs in question,
the assessment of drug exposure focused solely on those designated with the ‘PS’ role code. DrugBank was used
to standardize different drug names in the ‘drugs’ table, such as brand names, generic names, synonyms, or
abbreviations. All drugs ultimately appeared in the standardized generic name format.

Statistical analysis

Disproportionate analysis is extensively applied for identifying signals of ADRs!®. In this study, we employed
four analytical approaches, conducting statistical analyses based on the construction of a 2x2 contingency
table!”. The methodologies encompassed both frequency-based metrics, namely the ROR and the PRR, and
Bayesian methodologies, including the BCPNN and the EBGM. The Bayesian methods, while computationally
more intensive, offer a significant advantage over the frequency-based methods by mitigating the risk of false
positives associated with sparse AE reporting'®. The synergistic application of these four algorithms enhances
the robustness and reliability of the findings. All data processing and statistical analyses were performed utilizing
R software, version 4.4.1.

Results

Case characteristics

From the first quarter of 2004 to the second quarter of 2024, this study extracted a total of 21,433,114 adverse
event reports from the FAERS database, which, after deduplication, resulted in 18,182,912 independent AE
reports. Ultimately, 1,726 reports related to vitiligo were identified, involving 553 adverse reaction reports
associated with antineoplastic drugs and vitiligo. Figure 1 presents the number of AEs reports filed each year.
Between 2018 and 2024, immune checkpoint inhibitors (ICIs) saw a dramatic expansion in clinical use, with
approvals and indications extended for several major cancer types, including non-small-cell lung cancer,
urothelial cancer, renal cancer, and hepatocellular carcinoma!®-*’. The approval of mogamulizumab in 2018 also
expanded its clinical application, creating a new patient population exposed to this specific drug??2. Although
the novel coronavirus first appeared at the end of 2019, the major public health impact and the global response
escalated in early 2020. The first Emergency Use Authorizations for COVID-19 vaccines in the US were granted
by the FDA in December 2020 for the Pfizer-BioNTech and Moderna mRNA vaccines?’. Widespread public
exposure to COVID-19 vaccines did not begin until the end of 2020 and early 2021, which was later than the
initial increase in trends reported in 2019. Therefore, while COVID-19 vaccines may have contributed to the
further increase in reports since 20212428, the primary initiating factor for the observed trend is more likely
related to the aforementioned drug factors. Among the reports included in the analysis, there were more reports
for females (44.5%) than for males (40.7%). In terms of body weight, patients weighing 50-100 kg accounted for
15.6%. Regarding age, the majority of patients were between 18 and 65 years old (42.0%), followed by those aged
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Fig. 1. Annual distribution of reports on antineoplastic drugs and vitiligo collected from the FAERS database
between January 2004 and June 2024.

66-85 (24.2%). The majority of reports were provided by Physicians (38.3%) and Health-professionals (22.4%).
Geographically, the United States had the highest proportion of reports (36.9%), followed by France (12.7%),
Germany (6.1%), Spain (3.4%), and Japan (3.3%). Malignant melanoma (25.9%) was the most frequently
reported indication, followed by metastatic malignant melanoma (23.5%), breast cancer (3.4%), breast cancer
metastatic (3.3%), and non-small cell lung cancer (2.7%). Table 1 presents detailed clinical characteristics of the
reports related to antineoplastic drugs and vitiligo.

Antineoplastic drugs used for vitiligo

In the 1,726 AE reports related to vitiligo identified in this study, a total of 491 drug names were listed as “PS”
After consolidating different names, including brand names and generic names, 29 antineoplastic drug classes
with more than three reports were ultimately identified. This study conducted a disproportionality analysis
on the 29 drugs with more than three reports and initially identified 18 drugs that met the ROR algorithm
criteria (Table 2). The drug with the highest number of reports associated with AEs of vitiligo was Nivolumab
(n=147), followed by Pembrolizumab (n=126), Ipilimumab (n=67), Ribociclib (n=37), and Atezolizumab
(n=30). To more accurately reveal the relationship between antineoplastic drugs and vitiligo AEs, this study
further analyzed drugs that met four disproportionality analysis methods (Table 3). Among the 14 significantly
associated drugs identified, Mogamulizumab, Ipilimumab, Talimogene Laherparepvec, Pembrolizumab, and
Nivolumab were included. Mogamulizumab had the highest signal (ROR 85.15, 95% CI 47.03-154.16), which
suggests a strong association between this drug and AEs. Ipilimumab and Pembrolizumab showed higher ROR
values of 46.32 and 29.97, respectively, which may reflect the strong link to AEs of vitiligo in the context of
their use in oncology. Although Talimogene Laherparepvec had only four reports, its ROR value reached 45.03,
indicating a need for particular attention to its safety monitoring in clinical use. Concurrently, we noted that
Imatinib, Cyclophosphamide, Vemurafenib, and Fludarabine were not classified as significantly associated
with AEs of vitiligo due to not meeting four disproportionality analyses. Although the four disproportionality
analyses reveal a more stable and reliable association, drugs with a higher number of adverse event reports in the
real world, even if they only meet one statistical method, still warrant our further clinical attention and vigilance.

Discussion

Vitiligo is a dermatological condition characterized by the decline of melanocyte function, leading to
localized or widespread depigmentation that significantly impacts the physical and mental health of affected
individuals. The disease primarily affects melanocytes located in the epidermal hair follicles, with its progression
predominantly driven by autoimmune mechanisms. The progressive autoimmune destruction of dermal
melanocytes by CD8* T cells is the main pathogenic mechanism?. Patients exhibit a high presence of cytotoxic
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Characteristics Case number | Case proportion
Number of events 553
Sex

F 246 44.5%
M 225 40.7%
Missing 82 14.8%
Weight(kg)

<50 5 0.9%
>100 6 1.1%
50~100 86 15.6%
Missing 456 82.5%
Age(year)

<18 6 1.1%
>85 7 1.3%
18-65 232 42.0%
66-85 134 24.2%
Missing 174 31.5%
Reporting Personnel

Consumer 117 21.2%
Health Professional 124 22.4%
Physician 212 38.3%
Other health-professional 78 14.1%
Pharmacist 17 3.1%
Missing 5 0.9%
Reported Countries (top five)

United States 204 36.9%
France 70 12.7%
Germany 34 6.1%
Spain 19 3.4%
Japan 18 3.3%
Indications (top five)

Malignant melanoma 143 25.9%
Metastatic malignant melanoma | 130 23.5%
Breast cancer 19 3.4%
Breast cancer metastatic 18 3.3%
Non-small cell lung cancer 15 2.7%

Time to event onset (days)

0-30 days 23 4.2%
31-60 days 13 2.4%
61-90 days 9 1.6%
91-180 days 17 3.1%
181-360 days 16 2.9%
>360 days 16 2.9%
Death or life-threatening outcome
Pembrolizumab 14 2.5%
Nivolumab 13 2.4%
Ipilimumab 4 0.7%
Atezolizumab 3 0.5%
Trametinib 2 0.4%
Dabrafenib 1 0.2%
Cyclophosphamide 1 0.2%
Capecitabine 1 0.2%
Bevacizumab 1 0.2%

Table 1. Clinical characteristics of reports on antineoplastic drugs and vitiligo collected from the FAERS
database between January 2004 and June 2024.
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DRUG ATC code | Case Numbers | ROR
Nivolumab LO1FFO1 147 28.52
Pembrolizumab LO1FF02 | 126 29.97
Ipilimumab LO1FX04 |67 46.32
Ribociclib LO1EF02 |37 14.09
Atezolizumab LOIFF05 | 30 17.56
Methotrexate LO1BAO1 |15 1.31
Mogamulizumab LO1FX09 |11 85.15
Imatinib LO1EAO1 |11 2.2

Temozolomide LO1AX03 |10 8.46
Pemetrexed LO1BAO4 |9 7.37
Dabrafenib LO1EC02 |38 7.7

Palbociclib LOIEFO1 |7 0.81
Ruxolitinib LO1EJO1 7 1.26
Cyclophosphamide LO1AAO1 |6 2.33
Busulfan LO1ABO1 |5 7.57
Capecitabine LO1BCO6 |5 0.99
Rituximab LO1FAO1 |5 0.32
Trametinib LOIEEOl |5 5.78
Abemaciclib LO1EF03 |4 4.69
Bevacizumab LO1FGO1 |4 0.61
Cabozantinib LO1EX07 |4 0.99
Carboplatin LO1XA02 |4 0.93
Encorafenib LO1ECO03 |4 8.8

Pazopanib LOIEX03 |4 1.8

Talimogene Laherparepvec | LO1XL02 |4 45.03
Trastuzumab LOIFDO1 |4 0.99
Vemurafenib LO1ECO1 |4 4.38
Fludarabine LO1BBO5 |3 4.32
Ixazomib L01XGO03 |3 1.96

Table 2. Antineoplastic drugs associated with vitiligo (highlighting signals meeting the ROR method in bold).

DRUG ATC code | Case Numbers | ROR(95%Cl) PRR(x?) EBGM(EBGMO05) | IC(1C025)
Mogamulizumab LOIFX09 |11 85.15(47.03-154.16) | 84.92(906.46) | 84.38(51.35) 6.4(4.73)

Ipilimumab LO1FX04 |67 46.32(36.28-59.14) | 46.25(2851.99) | 44.51(36.28) 5.48(3.81)
Talimogene Laherparepvec | LO1XL02 | 4 45.03(16.87-120.19) | 44.96(171.55) | 44.86(19.73) 5.49(3.82)
Pembrolizumab LO1FF02 126 29.97(25-35.93) | 29.94(3269.28) | 27.84(23.92) 4.8(3.13)

Nivolumab LOLFF01 | 147 28.52(24.08-33.77) | 28.5(3570.1) | 26.17(22.72) 4.71(3.04)
Atezolizumab LO1FF05 30 17.56(12.24-25.2) 17.55(460.19) 17.27(12.76) 4.11(2.44)
Ribociclib LO1EF02 |37 14.09(10.17-19.52) | 14.09(440.28) | 13.81(10.51) 3.79(2.12)
Encorafenib LO1EC03 |4 8.8(3.3-23.47) | 8.8(27.58) 8.78(3.86) 3.13(1.47)
Temozolomide L01AX03 |10 8.46(4.54-15.75) | 8.46(65.39) 8.42(5) 3.07(1.41)
Dabrafenib LO1EC02 |8 7.7(3.85-15.43) | 7.7(46.44) 7.67(4.29) 2.94(1.27)
Busulfan LO1ABOL |5 7.57(3.14-182) | 7.56(28.4) 7.54(3.62) 2.92(1.25)
Pemetrexed L01BA0O4 |9 7.37(3.83-14.19) | 7.37(49.28) 7.34(4.24) 2.87(1.21)
Trametinib LOIEEOl |5 5.78(2.4-13.9) 5.78(19.7) 5.76(2.77) 2.53(0.86)
Abemaciclib LO1EF03 |4 4.69(1.76-12.51) | 4.69(11.58) 4.68(2.06) 2.23(0.56)

Table 3. Antineoplastic drugs significantly associated with vitiligo (meeting Criteria of all four
disproportionality analysis methods).

T cells targeting melanocytes in peripheral blood, accompanied by the infiltration of T cell, resulting in the
loss of melanocytes. Gamma-interferon (IFN-y) secreted by T cells exacerbates this process by stimulating
keratinocytes to produce CXCL9 and CXCL10, thereby attracting more T cells*’. The IFN-y signaling pathway
involves binding to cell surface receptors, activating JAK1 and JAK2 kinases, leading to STAT phosphorylation
and nuclear translocation, and activating downstream genes®!*%. Recurrences of vitiligo may be associated with
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the reactivation of functional CD8 tissue-resident memory T cells (TRM). TRM can detect self-antigens in
the skin during periods of disease stability, producing cytokines such as IFN-y, CXCL9, CXCL10, and TNF-a,
which are responsible for recruiting circulating effector cells®>. Oxidative stress is also a significant contributor
to vitiligo. Under stress, melanocytes release reactive oxygen species (ROS), leading to an imbalance between
pro-oxidants and antioxidants, accelerating cellular senescence®»*. The generation and accumulation of ROS
can also cause DNA damage, protein oxidation, and lipid peroxidation, thereby impairing cellular function®.

The clinical characteristics data associated with reports of antineoplastic drugs and vitiligo reveal several key
insights. Firstly, the proportion of reports for females exceeds that for males, which may be related to a higher
sensitivity to certain drugs in women. The significant absence of weight data limits our analysis of the potential
association between obesity and vitiligo. The age distribution indicates that vitiligo can affect patients across
various age groups, but is predominantly concentrated in the adult population, with the highest proportion in
the 18 to 65 age group and a substantial proportion in the 66 to 85 age group, suggesting a need for caution when
treating elderly patients. The diversity of report sources reflects a global awareness and willingness to report
vitiligo, with the highest number of cases reported by physicians, highlighting the pivotal role of physicians in
identifying and reporting adverse drug reactions. Geographically, the United States, France, Germany, Spain,
and Japan report a higher number of cases, which may be related to the pharmaceutical market distribution and
drug regulatory capabilities in these countries. Lastly, we observed that the indications are primarily focused on
malignant melanoma, breast cancer, and non-small cell lung cancer.

The six most frequently implicated antineoplastic drugs in FAERS reports for vitiligo are Nivolumab
(n=147), followed by Pembrolizumab (n=126), Ipilimumab (n=67), Ribociclib (n=37), and Atezolizumab
(n=30). The high ROR and PRR values for these drugs indicate a statistically significant association with vitiligo.
For instance, the ROR values for Ipilimumab, Pembrolizumab, and Nivolumab are 46.32, 29.97, and 28.52,
respectively, suggesting that these drugs increase the risk of vitiligo in specific patient populations. Furthermore,
the EBGM and IC (Information Component) values substantiate the consistency and biological plausibility
of these associations. Notably, some drugs with relatively few reports still exhibit high ROR and PRR values,
particularly Mogamulizumab, which, despite only 11 reports in the FAERS database, has an ROR of 85.15 and a
PRR of 84.92; similarly, Talimogene Laherparepvec has only four reports but an ROR of 45.03, indicating that the
association between certain drugs and vitiligo remains noteworthy even with a relatively low number of reports.
It is important to note that, while our FAERS analysis identified mogamulizumab as having the highest ROR
value, only six cases have been reported in which patients with Sézary Syndrome developed vitiligo following
the treatment of mogamulizumab®’~*°. The onset of vitiligo occurred 4 to 8 months after the initiation of the
therapy. Among these patients, five achieved complete remission of both blood and skin at the time of vitiligo
AE, and maintained the remission regardless of treatment discontinuation during the time of follow-up®~%.
Thus, while the occurrence of vitiligo may serve as a favorable predictive marker for treatment response, there
is no direct evidence linking it to improved overall survival or median survival time. Talimogene laherparepvec
also exhibits a high ROR value, and the vitiligo may be associated with favorable outcomes. Some cases have
correlated the development of vitiligo following talimogene laherparepvec treatment with long-term complete
remission and other positive therapeutic responses*!. The differences in ROR values between nivolumab and
pembrolizumab, both PD-1 monoclonal antibodies, are likely driven by a combination of factors. Despite
targeting the same molecule, the agents exhibit differences in binding sites, affinity, and specificity for PD-1%2.
Whether these molecular distinctions influence the risk of vitiligo remains uncertain. Moreover, clinical studies
indicate that nivolumab and pembrolizumab are largely comparable in efficacy and safety profiles*’. However, the
heterogeneity of indications, particularly the high incidence of melanoma®*, and differential reporting behaviors
driven by regulatory, market, and incentive factors likely contribute to numerical disparities and reporting biases
in AE counts®. These factors are probably the primary drivers of the differences in ROR. The limitations of the
FAERS preclude a straightforward interpretation of ROR differences as true risk differences. Thus, the ROR
variations between the two should be interpreted with caution. They may reflect a signal influenced by database
characteristics and reporting dynamics, rather than a direct reflection of pharmacological differences. Further
validation is required to elucidate the underlying causes.

Our findings underscore the importance of identifying and monitoring potential risk factors for vitiligo,
especially when using antineoplastic drugs known to be associated with an increased risk of vitiligo. Additionally,
this highlights the need for increased vigilance in signal detection and assessment of AEs of drugs in
pharmacovigilance and clinical practice. These data may also provide crucial information for drug development
and drug safety regulation. For instance, further research may be required to explore the mechanisms of
antineoplastic drugs associated with an increased risk of vitiligo and to develop strategies for prevention or
mitigation of the condition. Lastly, our study suggests that surveillance of AEs of drugs should not be limited to
the post-marketing phase but should also occur during drug development and clinical trials. This facilitates early
identification of potential risks and the implementation of measures to reduce the incidence of AEs.

Patients with melanoma treated with ICIs such as Pembrolizumab often exhibit vitiligo, suggesting that
its onset may serve as a marker of successful immunotherapy*. Studies indicate that drug-induced vitiligo
correlates with prognosis in some cases; for instance, in patients with metastatic melanoma treated with
Pembrolizumab or Nivolumab, the appearance of drug-induced vitiligo is often associated with favorable
outcomes, such as longer overall survival or better therapeutic responses47’48. Conversely, the resolution of
drug-induced vitiligo may signal disease progression?®. Monoclonal antibodies targeting the programmed death
receptor-1 (PD-1), including Nivolumab, Pembrolizumab, and Atezolizumab, as well as Ipilimumab targeting
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), are ICIs effective against malignancies like melanoma
and non-small cell lung cancer. Ipilimumab appears to have a higher incidence of skin adverse events, including
vitiligo, compared to anti-PD-1 or anti-PD-L1 drugs®, aligning with our research findings. Among patients
treated with ICIs, a subset may develop vitiligo-like lesions, a phenomenon thought to be related to immune
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activation. PD-1 inhibitors may enhance the immune response against tumor cells, indirectly promoting
the destruction of normal melanocytes. Melanocytes may be targeted during immunotherapy due to the
expression of antigens similar to those on tumor cells, leading to skin depigmentation and vitiligo-like areas®>2.
Immunohistochemical studies have revealed T-cell infiltration in vitiligo lesions, where T-cells recognize and
respond to melanocyte antigens, triggering melanocyte destruction and subsequent skin depigmentation®34,
Further research indicates that PD-1, primarily expressed in activated T-cells, inhibits T-cell function by binding
to its ligand PD-L1. PD-1 inhibitors enhance T-cell activity by blocking the PD-1/PD-L1 signaling pathway,
potentially targeting shared antigens such as gp100, MelanA/MART-1, and tyrosinase, leading to melanocyte
destruction®>. Additionally, the PD-1/PD-L1 pathway may play a role in maintaining peripheral tolerance of
melanocyte proteins, and disrupting PD-1 signaling could induce autoimmune vitiligo®”. Studies also suggest
that the transcription factor microphthalmia-associated transcription factor (MITEF), crucial in regulating genes
essential for melanocyte survival, may play a key role in drug-induced vitiligo. MITF is a master regulator
of melanocyte development and melanin protein transcription, including tumor-specific neoantigens and
melanocyte lineage-specific antigens. The immune system activated by anti-PD-1 treatment may target MITF-
associated epitopes, leading to the destruction of both melanoma and normal melanocytes®. CTLA-4 is an
immune modulatory molecule expressed on T-cells, primarily involved in maintaining immune tolerance to
self-antigens by inhibiting excessive activation of T-cell to prevent autoimmune diseases®®. CTLA-4 inhibitors,
such as Ipilimumab, enhance the attack of immune system on tumors by blocking CTLA-4 interactions with its
ligands CD80 and CD86, thereby releasing the inhibition of T-cell activation®®®!. However, this intervention
may lead to erroneous attacks on normal self-tissues, triggering autoimmune responses®. CTLA-4 is not only
expressed on T-cells but also in melanoma cells, suggesting a role in tumor immune evasion. Specifically, the
IFN-y signaling pathway activates CTLA-4 gene expression specifically in melanocytes and melanoma cells,
involving JAK1/2-dependent STAT1 phosphorylation. In melanoma cell lines, high baseline CTLA-4 expression
is dependent on constitutive activation of the MAPK pathway, indicating that melanoma cells may maintain high
CTLA-4 expression by activating the MAPK pathway to facilitate immune evasion of tumor®2. Therefore, CTLA-
4 inhibitors may cause skin pigment loss and vitiligo by enhancing T-cell activation, leading to overactivation
of the immune system and erroneous attacks on normal melanocytes. Additionally, CTLA-4 inhibitors may
directly impair melanocyte function and affect melanin production by disrupting the IFN-y signaling pathway,
altering the composition and function of immune cells in the tumor microenvironment. CDK4/6 inhibitors,
such as Ribociclib and Abemaciclib, are used to treat hormone receptor-positive and human epidermal growth
factor receptor 2—negative metastatic breast cancer®. The pathogenesis of vitiligo induced by CDK4/6 inhibitors
remains speculative. These inhibitors block cancer cell proliferation by disrupting key regulatory points in the
cell cycle, potentially affecting the proliferation of keratinocyte precursors and inducing melanocyte apoptosis,
leading to skin pigment loss®’. Furthermore, CDK4/6 inhibitors may activate the immune system against
normal melanocytes expressing breast cancer-related antigens, with this cross-reactivity potentially leading to
an immune response against melanocytes, making vitiligo-like toxicity irreversible and possibly contributing to
the control of metastatic disease®.

In this study, we leveraged the FAERS database to retrospectively assess the reported associations between
antineoplastic drugs and vitiligo using pharmacovigilance methods. To our knowledge, this is the first real-
world study utilizing the FAERS database to investigate the induction of vitiligo by antineoplastic drugs. Our
findings reveal a significant correlation between the occurrence of vitiligo and immune checkpoint inhibitors,
monoclonal antibodies, and several other medications, which primarily affect signaling pathways such as PD-1/
PD-L1, CTLA-4, and CDK4/6 (Table 4), potentially increasing the risk of vitiligo. The results underscore the
need for close monitoring of patients in clinical settings when these antineoplastic drugs are used, to promptly
identify and manage adverse events such as vitiligo. This study also provides direction for future research,
including further exploration of the specific mechanisms by which antineoplastic drugs induce vitiligo and
how to better prevent and manage these adverse reactions. It is important to note that this study has certain
limitations. Firstly, there is a potential for reporting bias in the data, as AEs are reported voluntarily, which may
lead to underreporting or overreporting, significantly influencing the ROR analysis. For instance, clinicians
and researchers may be more vigilant in detecting and reporting vitiligo in patients with melanoma receiving
PD-1/PD-L1 inhibitors, potentially leading to overreporting of vitiligo cases in this subgroup. This selection
bias could impact conclusions about the true relationship between antineoplastic drugs and vitiligo in a broader
patient population. Secondly, the present study is retrospective in nature, thereby precluding the direct inference
of a causal relationship between the medication and vitiligo from the outcomes. For example, if the increase
in reports is confounded by the impact of COVID-19, this could lead to an overestimation of the association
between antineoplastic drugs and vitiligo. Thirdly, the FAERS database lacks comprehensive patient-level data,
which limits the ability to assess confounding factors and conduct reliable statistical analyses. For example,
the lack of height data prevents the analysis of body mass index. Lastly, the FAERS database does not provide
detailed information on the timing of drug exposure, thus precluding the calculation of incidence rates and
the quantification of individual effects of multiple drug exposures. Therefore, future studies should consider
prospective designs to more comprehensively collect and analyze data on the relationship between antineoplastic
drug exposure and the occurrence of vitiligo, in order to further validate and expand the findings of this study.
Secondly, the necessity of standardizing patient population reporting should be emphasized to reduce bias and
enhance the generalizability of the results. Lastly, for special conditions such as COVID-19, they can be included
as covariates in the analysis to adjust for their potential confounding effects, and through sensitivity analysis to
assess the robustness of the results in the presence of potential bias. In summary, this study provides important
insights into the relationship between antineoplastic drugs and vitiligo and offers valuable references for drug
use and patient management in clinical practice.

Scientific Reports |

(2025) 15:22733 | https://doi.org/10.1038/s41598-025-06314-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Medications investigated

Mechanism of action

L01A—ALKYLATING AGENTS

L01AB—Alkyl sulfonates

L01ABO1—Busulfan

Forms DNA cross-links by alkylation, leading to DNA damage and apoptosis of rapidly dividing cells

L01AX—Other alkylating agents

L01AX03—Temozolomide

Methylates DNA at the O6 and N7 positions of guanine, causing DNA strand breaks and tumor cell death

L01B—ANTIMETABOLITES

LO01BA—TFolic acid analogues

L01BA04—Pemetrexed

Inhibits folate-dependent enzymes involved in nucleotide synthesis, blocking DNA and RNA synthesis and leading to
cell death

L01E—PROTEIN KINASE INHIBITORS

LO1EC—B-Raf serine-threonine kinase (BRAF) inhibitors

L01EC02—Dabrafenib

Selectively inhibits mutant BRAF V600 kinases, blocking the MAPK/ERK signaling pathway and reducing tumor cell
proliferation

L01EC03—Encorafenib

Inhibits BRAF V600 mutant kinases, suppressing MAPK pathway signaling and inhibiting tumor cell growth

LO1EE—Mitogen-activated protein kinase (MEK)
inhibitors

LO1EE01—Trametinib

Inhibits MEK1 and MEK2 activation and kinase activity, disrupting the MAPK/ERK pathway and decreasing tumor cell
proliferation

LO01EF—Cyclin-dependent kinase (CDK) inhibitors

LO1EF02—Ribociclib

Selectively inhibits CDK4 and CDKS6, preventing phosphorylation of Rb protein and causing cell cycle arrest in the G1
phase

LO1EF03—Abemaciclib

Inhibits CDK4 and CDKS®, leading to decreased Rb phosphorylation and inducing cell cycle arrest at the G1 phase

L01F—MONOCLONAL ANTIBODIES AND
ANTIBODY DRUG CONJUGATES

LO1FF—PD-1/PD-L1 (Programmed cell death protein 1/
death ligand 1) inhibitors

LO1FF01—Nivolumab

Blocks PD-1 receptors on T cells, enhancing immune responses against tumors by preventing PD-1/PD-L1 interaction

LO1FF02—Pembrolizumab

Inhibits PD-1 on T cells, blocking PD-1/PD-LI interaction and enhancing anti-tumor immune responses

LO1FF05—Atezolizumab

Targets PD-L1, blocking its interaction with PD-1 and B7.1, thereby enhancing T-cell-mediated immune responses
against tumor cells

LO01FX—Other monoclonal antibodies and antibody drug
conjugates

L01FX04—Ipilimumab

Blocks CTLA-4 on T cells, enhancing T-cell activation and proliferation by preventing inhibitory signaling

L01FX09—Mogamulizumab

Targets CCR4 on malignant T cells, inducing antibody-dependent cellular cytotoxicity and depleting CCR4-positive cells

L01X—OTHER ANTINEOPLASTIC AGENTS

L01XL—Antineoplastic cell and gene therapy

L01XL02—Talimogene laherparepvec

An oncolytic virus that selectively replicates in tumor cells and expresses GM-CSE, leading to tumor cell lysis and
enhanced anti-tumor immunity

Table 4. Antineoplastic drugs significantly associated with vitiligo and their drug categories.
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