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Abstract

\oriconazole, a potent triazole antifungal medication, is extensively used to treat serious fungal infections in
immunocompromised patients. Despite its efficacy, recent findings suggest a potential link between long-term voriconazole
therapy and the development of squamous cell carcinoma (SCC). This review examines the dual role of voriconazole,
emphasizing both its therapeutic benefits and carcinogenic risks. The pharmacodynamics of voriconazole involve the inhibition
of ergosterol synthesis, crucial to fungal cell integrity. However, its metabolites, such as voriconazole-N-oxide, have been
implicated in phototoxic reactions that lead to DNA damage and tumor formation. This is particularly significant in patients with
prolonged drug exposure, such as organ transplant recipients, where increased SCC incidence has been observed. Clinical
evidence and molecular studies suggest that voriconazole may disrupt key cellular pathways like the Hedgehog pathway,
affecting epidermal differentiation and increasing cancer risk. Given these concerns, the necessity for careful therapeutic
monitoring and patient education about potential risks is discussed. Alternative antifungal therapies and protective measures
against phototoxic effects are also recommended as strategies to mitigate SCC risk. Future research should focus on
understanding the mechanisms of voriconazole-induced carcinogenesis and refining patient management protocols. This review
highlights the need for a balanced approach to voriconazole therapy, weighing its antifungal benefits against the risks of adverse
dermatological outcomes.
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1. Introduction

\oriconazole is a triazole antifungal medication known for
its broad-spectrum activity against various pathogenic yeasts,
dimorphic fungi, and opportunistic molds [1]. Utilized in the
prophylaxis and treatment of invasive, life-threatening fungal
infections in immunocompromised patients, voriconazole dis-
tinguishes itself from fluconazole with enhanced efficacy
against Aspergillus spp., Fusarium spp., and Scedosporium
apiospermum [1]. However, voriconazole’s therapeutic effi-
cacy faces significant interpatient variability stemming from
factors such as age, genetics, and drug interactions, attributable
to its nonlinear pharmacokinetics and extensive hepatic me-
tabolism via the cytochrome P450 system (CYP) [2]. The
drug’s narrow therapeutic window necessitates vigilant thera-
peutic drug monitoring to optimize clinical efficacy while
minimizing the risk of adverse effects, particularly when serum
levels exceed 3-5 times the minimum threshold required for
efficacy [2]. Moreover, long-term voriconazole treatment is
associated with skin toxicity, prompting further investigation
into its potential role in cutaneous malignancies [3].

With a globally rising incidence, squamous cell carcinoma
(SCC) ranks as the second most prevalent cutaneous malig-
nancy in the United States, following basal cell carcinoma
(BCC) [4]. Cutaneous squamous cell carcinoma (cSCC)
commonly presents as an erythematous, crusty, or scaly lesion
on sun-exposed areas of the skin [4]. The primary risk factors
associated with the development of SCC include prolonged
exposure to ultraviolet (UV) radiation, genetic predisposition,
and, more recently recognized, immunosuppression [5]. Ad-
ditionally, cutaneous trauma and infections, including human
papilloma virus (HPV), contribute to its pathogenesis [6].
While most ¢cSCC lesions are manageable with excision,
advanced cases exhibit a poor prognosis, with a 5-year sur-
vival rate below 40% [6]. The risk of metastasis for SCC is
generally low; however, it increases in immunosuppressed
patients such as organ transplant recipients [6]. These findings
emphasize the importance of closely monitoring individuals
undergoing prolonged voriconazole therapy, particularly
those with compromised immune systems, for the occurrence
of squamous cell carcinoma.

The interaction between voriconazole use and the devel-
opment of cSCC presents a distinct clinical challenge, par-
ticularly among immunocompromised patients receiving
prolonged therapy. Cases of cSCC emerging subsequent to
photosensitivity reactions have been documented in recipients
of stem cell or solid organ transplants undergoing voricona-
zole therapy for over 12 months [3]. Moreover, a case-control
study among lung transplant recipients identified prolonged
voriconazole use and residence in regions with increased
exposure to UV light as independent risk factors for SCC
development, highlighting the complex interplay between
drug exposure and environmental factors [3]. Despite this
recognition, the precise mechanism underlying voricona-
zole-induced c¢SCC remains elusive, necessitating further
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research to inform clinical practice and ensure patient safety.

Given the rising global incidence of ¢cSCC and the wide-
spread utilization of voriconazole, elucidating their associa-
tion and its implications for at-risk patients is paramount.
Therefore, this review aims to synthesize existing literature
concerning voriconazole’s link to the development of cuta-
neous squamous cell carcinoma, providing insights into as-
sociated risks, molecular mechanisms, and best management
practices. This effort seeks to enhance clinical care and ensure
patient safety in this vulnerable population.

2. Materials and Methods

This narrative review was conducted using a search of da-
tabases such as PubMed, Google Scholar, and Web of Science,
focusing on the pharmacodynamics of voriconazole, its asso-
ciation with SCC, and related clinical strategies. The search
included terms such as "voriconazole," "squamous cell car-
cinoma,” "immunosuppression,” "antifungal therapy,” and
"drug-induced carcinogenesis.” Inclusion criteria were based
on the relevance to voriconazole’s effects and SCC linkage.
Articles discussing long-term effects, molecular mechanisms,
and adverse outcomes associated with voriconazole were
included. Data extraction was performed independently by
two reviewers, focusing on duration of drug use, adverse
effects, and outcomes related to SCC, with any discrepancies
resolved through discussion.

3. Pharmacological Profile of
Voriconazole

\oriconazole is a triazole antifungal agent, whose mech-
anism of action revolves around the inhibition of fungal
ergosterol biosynthesis. Specifically, this antifungal de-
creases  ergosterol  through  the inhibition  of
14-alpha-lanosterol demethylation [7]. Ergosterol is a cen-
tral component of the fungal cell wall, providing an ideal
target for treatment of infection. The structure of voricona-
zole resembles that of fluconazole, however, the difference
in structure is the substitution of a fluoropyrimidine group
for the triazole moiety seen in fluconazole [7]. Though
structurally similar to fluconazole, the spectrum of activity
of voriconazole more closely resembles that of another an-
tifungal, itraconazole [7]. Voriconazole has a broad spectrum
of activity, making it an ideal medication for many yeasts
and molds, including but not limited to Aspergillus, Candida
and Cryptococcus [8, 9].

The pharmacokinetics of voriconazole are unique in that it
has a saturable, nonlinear metabolism thought to be directly
related to its metabolic clearance [7, 10]. Voriconazole has a
good oral bioavailability at greater than 96% with maximum
concentrations at one to two hours after dosing [11]. The


http://www.sciencepg.com/journal/jctr

Journal of Cancer Treatment and Research

http://www.sciencepg.com/journal/jctr

pharmacokinetics of voriconazole are heavily influenced by
the cytochrome P450 enzymes, primarily by the CYP2C19
genotype with CYP2C9 and CYP3A4 also playing a role [7,
11]. However, this mostly poses significant difficulties in
patients who are CYP2C19 poor metabolizers with highest
risk in individuals of Asian descent [7]. Voriconazole’s nar-
row therapeutic window makes clinical monitoring highly
important when caring for patients on this medication, espe-
cially those with challenges in metabolism [12].

4. Voriconazole’s Impact on Cellular
Processes

\oriconazole has historically been studied for its impact on
fungal inhibition, but more recent studies have worked to
isolate its role in carcinogenesis. Voriconazole’s role in cell
cycle regulation and terminal differentiation is unique in
comparison to other azole therapeutic agents [13]. This anti-
fungal also has been shown to upregulate genes directly in-
volved in cell division including those involved in chromo-
some condensation, DNA replication and checkpoint control
[13]. In contrast, voriconazole down-regulates genes involved
in terminal epithelial differentiation and protease inhibitor
activity [13]. This impact on inhibiting terminal differentia-
tion pathways has been shown to impact formation of granular
and corneal epithelial layers, which are important for photo-
protection [13]. Such findings underscore the complexity of
voriconazole’s action on cellular processes, primarily influ-
enced by its distinctive structural composition.

A pivotal aspect of voriconazole’s mechanism of action is
its regulation of the FOXM1 tumorigenesis pathway, a critical
factor in cell proliferation and commonly overexpressed in
many epithelial cancers [13]. The emergent understanding of
voriconazole’s influence on carcinogenesis, drives the ex-
ploration into its potential implications for the development of
cancers such as squamous cell carcinoma.

5. Linking Voriconazole to SCC

Squamous cell carcinoma arises from the uncontrolled
growth of squamous cells in the epidermis and, though
highly treatable when identified early, can metastasize and
become fatal [6]. Notably, among its risk factors, immuno-
suppression stands out [5]. Recent epidemiological research
has revealed a striking link between the prolonged use of
voriconazole, a widely prescribed antifungal for immuno-
compromised individuals, and an increased likelihood of
developing SCC [14, 15]. Specifically, an increased inci-
dence of SCC has been documented among patients re-
ceiving extended voriconazole therapy, particularly those
with lung conditions or hematologic malignancies [15-17].
Hamandi et al. conducted a retrospective study revealing that
voriconazole treatment raises the risk of SCC development
by 2.39 times compared to those unexposed to azole medi-
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cations [16]. Additionally, Singer et al. identified a
dose-dependent relationship between voriconazole use and
SCC risk, with a noted increased of 5.6% for each 60-day
interval of exposure at standard dosage, culminating in a 28%
absolute risk increase for SCC five years post-transplant [14].
These findings indicate that prolonged voriconazole use is
positively correlated with the risk of SCC, underscoring the
importance of careful monitoring during long-term
voriconazole treatment [15].

5.1. Photocarcinogenesis as a Key Mechanism

Photocarcinogenesis emerges as a primary molecular
mechanism behind voriconazole-induced SCC. The interac-
tion between voriconazole metabolites, such as voricona-
zole-N-oxide (VNO), which constitutes 72% of the drug’s
circulating metabolites in plasma, and UV-A-generated reac-
tive oxygen species leads to significant epidermal DNA
damage [18, 19]. Therefore, it is hypothesized that a greater
accumulation of VNO could lead to increased voricona-
zole-associated cSCC [20]. Additionally, voriconazole acti-
vates the aryl hydrocarbon receptor (AhR) and upregulates
COX-2 enzyme levels, which are crucial in the development
of UV-related tumors. This carcinogenic process is thought to
be initiated by voriconazole metabolite-induced photosensi-
tivity or phototoxicity, with tumor progression potentially
driven by the activation of the aryl hydrocarbon receptor
nuclear translocator (ARNT) gene by AhR, or by immune
dysregulation [18, 21, 22].

Interestingly, other antifungals within the same class, such as
itraconazole and posaconazole, have been identified as inhibitors
of the Hedgehog (Hh) signaling pathway [23, 24]. The Hh
pathway is essential for regulating the proliferation and differen-
tiation of adult stem cells, and its dysregulation has been linked
to tumorigenesis, particularly in the case of BCC. However,
recent studies, including a review of over 13,000 immunocom-
promised patients, indicate that long-term voriconazole use in-
creases the risk of SCC, while no association has been observed
with the development of BCC [15, 17].

Table 1. Comparison of Antifungal Agents.

Antifungal SCC Risk  Mechanism of Action
\oriconazole High Inhibits ergosterol biosynthesis
Itraconazole Lower Inhibits Hh signaling pathway
Posaconazole Lower Inhibits Hh signaling pathway

5.2. Epidemiological Evidence

The occurrence of cutaneous SCC after voriconazole
therapy has been well documented in immunocompromised
patients. Recent meta-analyses and systematic reviews have
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revealed an increased risk of SCC linked to voriconazole
administration, particularly in recipients of lung or hemato-
poietic cell transplant, with prolonged exposure exacerbating
this risk [15, 17]. Importantly, this association extends beyond
immunocompromised individuals to include immunocompe-
tent patients.

In a case presentation from 2022, a 42-year-old male
presented with an exophytic, non-tender preauricular mass.
\oriconazole was the only reported medication, taken daily
for six years for pulmonary aspergillosis. Notably, he pre-
sented with eosinophilia, accelerated graying of hair, and
diffuse actinic skin changes. Following wide local excision
of the ¢SCC, voriconazole was discontinued, resulting in
resolution of actinic skin changes and eosinophilia within
the following three months [25]. Furthermore, a retrospec-
tive review also highlighted the susceptibility of pediatric
patients to cutaneous malignancies associated with
voriconazole treatment [26]. Among the 430 pediatric pa-
tients analyzed, all experienced a phototoxic reaction during
voriconazole  treatment,  while  four  developed
non-melanoma skin cancer [26]. Consistent with previous
reports, cSCC has been observed in children aged 9-15 years

old following 30-60 months of voriconazole therapy [27, 28].

These findings underscore the considerable risks associated
with voriconazole therapy, particularly pronounced among
immunosuppressed individuals. However, children and
immunocompetent individuals are also susceptible to these
adverse effects. In this section, authors are advised to pro-
vide a thorough analysis of the results and make compari-
sons with relevant literature, not a short summary or con-
clusion. Any future research directions could also be stated
in the discussion.

5.3. Clinical Manifestations

Adverse dermatological reactions are observed in fewer
than 10% of patients undergoing treatment with voriconazole
[29]. These reactions are typically characterized by a sun-

burn-like response, leading to mild and non-tender skin rashes.

However, in rare cases, severe conditions such as Ste-
vens-Johnson Syndrome and toxic epidermal necrolysis have
been linked to the use of voriconazole [29]. Distinctively,
voriconazole can induce photosensitivity reactions not com-
monly seen with other antifungals. These reactions can man-
ifest as facial erythema, hyperpigmentation of the hands,
exfoliative dermatitis, discoid lupus erythematosus, and
pseudoporphyria [30, 31]. The photosensitivity associated
with voriconazole has led to its identification as an inde-
pendent risk factor for cutaneous malignancy, particularly in
immunocompromised patients. In such cases, voricona-
zole-induced skin cancer has been reported to develop as soon
as six months after initiation [26].

Cases of voriconazole-induced SCC have been associated
with elevated serum eosinophil levels and have shown com-
plete resolution upon discontinuation of the drug [32, 33].
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This suggests a link between eosinophil levels and the drug’s
phototoxic effects. Therefore, monitoring eosinophil levels in
patients receiving voriconazole therapy may serve as a po-
tential approach to identify and mitigate risk. Moreover, re-
search over the last decade has identified voricona-
zole-associated cSCC as not only more aggressive and mul-
tifocal compared to non-voriconazole-related cases, but also
associated with a poorer prognosis [26, 28, 34, 35, 36]. This
highlights the importance of cautious monitoring and man-
agement in this patient population.

6. Managing Voriconazole-Induced SCC

Management approaches for voriconazole-induced SCC
typically involve a combination of surveillance, treatment,
and preventive measures. These include early detection,
prompt evaluation of suspicious lesions, modification or
discontinuation of voriconazole, and early treatment of SCC
itself such as surgical excision, topical treatment with
imiquimod or 5-fluorouracil, photodynamic therapy, radiation
therapy or systemic therapy as needed. Dermatologic evalua-
tions should be performed at regular intervals, with a focus on
early detection of SCC or precursor lesions such as actinic
keratoses. Any new or changing skin lesions should be
promptly evaluated by a dermatologist, and biopsies may be
necessary to confirm the diagnosis of SCC or other skin ma-
lignancies. In cases where voriconazole-induced SCC is
suspected or confirmed, the decision to discontinue or modify
voriconazole therapy should be made in consultation with
infectious disease specialists and oncologists. Alternative
antifungal agents, such as itraconazole or posaconazole, may
be considered based on the patient’s clinical condition and the
risk-benefit profile of continued voriconazole therapy. Pre-
vious studies have shown itraconazole to be highly effective
for fungal prophylaxis in lung transplant recipients [44].
However, while some studies have shown similar efficacy
when comparing voriconazole to itraconazole for antifungal
prophylaxis and treatment options, others have argued that
voriconazole is more efficacious [45, 46, 47]. Notably, neither
itraconazole nor posaconazole was associated with risk of
SCC [48]. However, both were linked to basal cell carcinoma
risk, though the association did not strengthen with cumula-
tive use [17]. Given the considerations surrounding voricon-
azole’s risks and benefits, it is paramount for healthcare pro-
viders to carefully weigh the individual patient’s risk of de-
veloping SCC against the need for effective antifungal
prophylaxis, ensuring a personalized approach to their treat-
ment plan. Moreover, patients with a history of voricona-
zole-induced SCC require long-term follow-up care, includ-
ing regular dermatologic evaluations and surveillance for
recurrence or development of new skin lesions. Close moni-
toring is essential due to the potential for recurrence and the
increased risk of subsequent skin malignancies in these pa-
tients.

Diagnosing and managing voriconazole-induced cutaneous
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SCC presents several challenges in immunocompromised
patients where these reactions can mimic other conditions like
graft-versus-host-disease [27]. Additionally, the early age of
onset and brief duration of immunosuppression before skin
cancer development in voriconazole-treated patients deviate
from typical SCC incidence patterns after immunosuppres-
sion, making diagnosis more complex [27]. A recent case
report illustrated this complexity, detailing a patient on
voriconazole therapy who presented with a hyperkeratotic
lesion initially diagnosed as actinic keratosis [37]. However,
histological examination revealed vascular invasive SCC,
occurring just one year after initiating voriconazole therapy.
While clinical and dermoscopic findings may suggest cSCC,
histopathological examination remains the gold standard,
underscoring the importance of timely biopsy for appropriate
management decisions. Managing voriconazole-induced
cSCC poses further challenges, as clinicians must weigh the
risk of fungal exacerbation against malignancy development.
Additionally, ensuring patient adherence to strict photopro-
tective measures and periodically reassessing the need for
long-term voriconazole use adds to management challenges.
Collaborative efforts across specialties are crucial to address
these challenges effectively and ensure optimal patient out-
comes.

6.1. Genetic Factors Influencing SCC Risk

Genetic factors, alongside immunosuppression, contribute
to the development of cutaneous SCC. Specifically, variations
in CYP enzymes play a significant role. Individuals with
homozygous polymorphisms in the CYP2C19 gene exhibit
poor metabolism of voriconazole, resulting in serum levels
two to five times higher than those observed in individuals
without this polymorphism [38]. This effect is more prevalent
in Asian populations, where 20-30% are homozygous poor
metabolizers, in contrast to 2-3% in white populations [38].
This indicates a potentially higher risk of voriconazole tox-
icity among Asian populations.

More recent studies have focused specifically on the role of
the CYP2C19 *17 allele, associated with ultra-rapid metabo-
lism. Individuals carrying this allele exhibit a 74% increased
risk for SCC, likely due to elevated concentrations of
voriconazole’s metabolite, VNO [20]. Interestingly, the *17
allele of CYP2C1 is more common in Europeans and Africans,
but rare in Asians. These results suggest that, in the context of
voriconazole treatment, carriers of the *17 allele might face an
increased risk of SCC. Together, these underscore the critical
role of CYP2C19 genetic variations in influencing the out-
comes of voriconazole treatment, including the potential for
toxicity and the risk of developing cSCC [39]. Given these
insights, genetic screening for the CYP2C19 genotype emerges
as a valuable tool in assessing patient suitability and risk asso-
ciated with voriconazole therapy.

Table 2. Risk Factors for SCC in Voriconazole-Treated Patients.

Risk Factor  Description

Genetic Pre-  Variations in CYP2C19 affecting metabolism;
disposition CYP2C19 *17 allele linked to higher SCC risk
Treatment Longer duration increases SCC risk, especially
Duration notable in transplant recipients

UV Exposure Living in regions with higher UV exposure adds to

the SCC risk when using voriconazole

6.2. Considerations for Patient Selection

Furthermore, certain non-modifiable risk factors, such as fair
skin, male sex, and advanced age, necessitate careful considera-
tion in patient selection, particularly in the post-transplant setting
where the risk of SCC is already elevated. Additionally, bi-
omarkers associated with voriconazole toxicity can provide
insights into an individual’s risk profile for SCC. For instance,
Hoenigil et al. highlighted the association between body mass
index (BMI) and toxic plasma concentrations of voriconazole,
proposing dosing adjustments based on ideal or adjusted body
weight to mitigate risk [40]. Moreover, chronic inflammation has
been implicated in predisposing individuals to tumorigenesis,
with evidence suggesting that voriconazole metabolism may be
impaired in inflammatory states, thereby increasing drug expo-
sure and potential toxicity [41, 42]. In light of these insights, a
comprehensive assessment that includes genetic screening,
evaluation of non-modifiable risk factors, and consideration of
biomarkers for voriconazole toxicity is essential for optimizing
patient outcomes.

6.3. Surveillance Strategies for
\Voriconazole-Treated Patients

Surveillance strategies for voriconazole-treated patients are
essential to monitor for potential side effects and complica-
tions associated with both voriconazole therapy and its asso-
ciation with the development of squamous cell carcinoma. A
comprehensive approach involves several key aspects, in-
cluding regular follow-up, routine monitoring for side effects,
ophthalmologic monitoring, liver function examination, renal
function examination, educational resources, communication,
multidisciplinary collaboration, patient counseling, and ad-
herence monitoring.

Patients treated with voriconazole should undergo regular
follow-up appointments with their healthcare provider, in-
cluding dermatologists and oncologists, as early detection of
squamous cell carcinoma is key. Monitoring for drug-related
side effects is crucial as well, as voriconazole can induce a
plethora of side effects including visual disturbances, hepato-
toxicity, neurotoxicity, and skin reactions. Patients need to be
educated about these potential side effects and instructed to
report any new or worsening symptoms promptly. Since
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voriconazole is known for ocular side effects like visual dis-
turbances, photopsia, and changes in color vision, ophthalmo-
logic evaluations, including visual acuity testing and fundo-
scopic examination, are recommended, especially for patients
on long-term voriconazole therapy. Further research is war-
ranted to identify if these ophthalmological effects are related
to squamous cell carcinoma of the eyelid, as SCC has been
identified as the second most common eyelid malignancy [43].

Additionally, the regular monitoring of liver function tests
is crucial due to the risk of hepatotoxicity associated with
voriconazole therapy. Elevated liver enzymes may necessitate
dose adjustments or discontinuation of the drug. Although
renal toxicity is less common with voriconazole, periodic
monitoring of renal function is important, especially in pa-
tients with pre-existing renal impairment or those receiving
concomitant nephrotoxic medications.

Education on sun avoidance and sun-protective measures is
imperative for patients on photosensitizing medication like
voriconazole. However, studies have highlighted a concern-
ing gap in patient education and referral to dermatology.
Several studies have shown that only about one-quarter of
patients who experienced phototoxic reactions were informed
about sun protection, and even fewer received dermatology
referrals [26]. This oversight is particularly concerning for
patients with fair skin or undergoing prolonged immunosup-
pression, who are at higher risk for cutaneous malignancies.
Early dermatological intervention is crucial to identify and
manage any adverse skin reactions associated with voricon-
azole use. Thus, enhancing patient education and imple-
menting surveillance strategies are vital aspects of patient care
for those receiving voriconazole treatment. Patients receiving
voriconazole therapy should be educated about the im-
portance of sun protection measures, including the use of
broad-spectrum sunscreen, protective clothing, and avoiding
excessive sun exposure. Minimizing UV radiation exposure
can help reduce the risk of developing SCC and may also
prevent worsening of existing lesions. Additionally, patients
should receive educational materials about the signs and
symptoms of squamous cell carcinoma risk, potential drug
side effects, and the importance of adherence to treatment and
follow-up appointments in regular visits to their dermatolo-
gist.

While voriconazole effectively decreases morbidity and
mortality of fungal infections, its association with accelerated
SCC should not be understated and warrants further investi-
gation to identify population-level risk, improve the availa-
bility of data, and investigated causal mechanisms behind this
association [49]. Close communication and collaboration
between the patient’s oncologist, dermatologist, infectious
disease specialist, and primary care provider are essential for
comprehensive care and early detection of complications.
Implementing these surveillance strategies enables healthcare
providers to effectively monitor voriconazole-treated patients
with squamous cell carcinoma, detect potential complications
early, and optimize patient outcomes.
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7. Future Directions

Future research efforts exploring voriconazole-induced
squamous cell carcinoma necessitates a multidimensional
approach to unravel the multifaceted interactions that pre-
dispose immunocompromised patients to this malignancy. A
priority lies in conducting comprehensive molecular studies
aimed at uncovering the specific mechanisms through which
voriconazole influences cellular pathways and DNA repair
mechanisms, potentially precipitating carcinogenic processes.
Such studies are essential for understanding the direct impact
of voriconazole at the molecular level and its contribution to
the pathogenesis of SCC.

Concurrently, there is an imperative need for extensive
epidemiological research to more accurately quantify the risk
associated with voriconazole therapy. These studies should
consider a wide range of variables, including the dosage and
duration of voriconazole treatment, genetic predispositions of
the individuals, and environmental factors like UV radiation
exposure. A nuanced understanding of these variables will
greatly enhance our ability to predict and manage the risk of
SCC in patients undergoing voriconazole therapy.

In addition to molecular and epidemiological research, the
exploration of alternative antifungal treatments that pose a lower
risk of SCC while effectively combating fungal pathogens is
crucial. This includes the development of novel antifungal agents
or the modification of existing medications to reduce phototoxic
effects without sacrificing their antifungal efficacy. Comparative
studies focusing on the SCC risk between voriconazole and other
antifungal agents will be instrumental in guiding clinical practice
towards safer therapeutic options.

Advancements in genetic screening for susceptibility to
voriconazole-induced toxicity could facilitate a more individ-
ualized approach to antifungal therapy, particularly for at-risk
demographic groups such as middle-aged to elderly males, who
are also predisposed to chronic pulmonary aspergillosis. This
tailored strategy could significantly reduce the incidence of
SCC among patients requiring antifungal treatment.

Furthermore, the efficacy of preventive measures, includ-
ing rigorous photoprotection and regular dermatological
screenings, in minimizing the risk of SCC in voricona-
zole-treated patients warrants thorough investigation. Such
strategies could prove to be effective in mitigating the de-
velopment of SCC, emphasizing the importance of proactive
measures in patient care.

Lastly, longitudinal cohort studies assessing the incidence
and risk factors for voriconazole-induced SCC are essential
for a comprehensive understanding of the implications of
voriconazole therapy. Evaluating the time of onset of SCC
during or after voriconazole therapy, along with an in-depth
examination of risk factors such as skin type, previous skin
cancer diagnoses, and race, will provide critical insights.
These studies are vital for developing safe treatment protocols
and timelines for voriconazole therapy, thereby optimizing
patient outcomes while minimizing the risk of SCC. Through
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a concerted effort in these research domains, the medical
community can strive towards a more informed and safer use
of voriconazole in vulnerable patient populations.

8. Conclusion

Voriconazole, a widely used antifungal agent, has been shown
to be associated with an increased risk of developing cSCC. This
link between the antifungal agent and the development of cSCC
presents a significant challenge in clinical practice. Genetic fac-
tors and molecular mechanisms shown to modulate the progres-
sion of voriconazole-induced cSCC include upregulation of
cellular pathways involved in tumorigenesis, phototoxicity, and
genetic polymorphisms of CYP2C19 enzymes, however the
exact pathogenesis remains unclear.

The complexity of diagnosing and managing voricona-
zole-induced cSCC emphasizes the need for multidisciplinary
collaboration and regular dermatological surveillance in patients
receiving both short-term and prolonged voriconazole therapy.
Regular follow-up, monitoring for drug-related side effects, and
patient education on sun protection can mitigate the long-term
effects of voriconazole use. Dermatologic surveillance strategies
for voriconazole-induced cSCC may involve early detection
through prompt evaluation of suspicious lesions, modification or
discontinuation of voriconazole, and adjustment of treatment
modalities based on patient response to therapy.

Further research focused on the pathogenesis of voricona-
zole-induced SCC, biomarkers for predicting SCC risk, and
the development of alternative antifungal agents with lower
carcinogenic potential will provide further insights to guide
patient care. By addressing these research gaps and utilizing a
multidisciplinary approach to care, therapeutic management
can be optimized and the risk of voriconazole-induced cSCC
development mitigated, ultimately improving outcomes for
patients requiring antifungal therapy.
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