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Abstract

This review is focused on understanding the reasons why basal cell carcinoma (BCC),
the most common, increasingly prevalent cancer, is classified as an “immune excluded”
malignancy. It is, despite manifesting one of the highest tumor mutational burdens of any
solid human malignancy, considered to be a biomarker of enhanced tumor immunogenicity
and efficacy of tumor-targeted immunotherapy. Following a brief clinical overview, the
balance of the review addresses important translational issues based on recent insights into
the mechanisms underpinning immune exclusion/evasion in BCC. These include, firstly,
the role of infectious agents and non-infectious potential causes of predisposition for and/or
exacerbation of disease development and progression. Secondly, an overview of existing
and emerging novel therapeutic strategies to ameliorate immune exclusion in BCC based
on targeting several key immunosuppressive mechanisms. These are (i) inappropriate
activation of the hedgehog signaling pathway (HHSP) due to formation of key driver
mutations; (ii) interference with the presentation of tumor-specific antigens/neoantigens
to cytotoxic T-cells; (iii) attenuation of the influx of anti-tumor natural killer cells; (iv) the
recruitment and activation of immune suppressive regulatory T-cells; and (v) localized
and systemic immune dysfunction achieved via elevated levels of soluble co-inhibitory
immune checkpoint proteins (ICPs). The final section is focused on current and emerging
pharmacologic and immune-based therapies.

Keywords: co-inhibitory immune checkpoints; driver mutations; hedgehog signaling
pathway; immune evasion/exclusion; immune suppressive viruses; immunotherapy;
regulatory T-cells; transforming growth factor-β1; tumor mutational burden;
ultraviolet radiation

1. Introduction
Cutaneous basal cell carcinoma (BCC) is the most common cancer in humans [1]. This

condition is associated with low mortality; however, morbidity is high due to local invasion
of tissue and structures, including muscles and bones.

In recent years, novel therapies and biomarkers have been identified to decrease mor-
bidity and improve the quality of life of these patients. The current review will briefly
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overview the epidemiology, clinical features, and diagnosis of BCC, as well as risk factors,
including exposure to ultraviolet radiation (UVR) and its association with pro-tumorigenic
mutagenesis and immune suppression. The next phase of this review manuscript will de-
scribe key driver mutations in the pathogenesis of BCC linked predominantly to mutations
of key regulatory genes of the hedgehog signaling pathway (HHSP) and other regulatory
pathways, as well as key events in immune pathogenesis, specifically those underpin-
ning mechanisms of tumor evasion operative both in the tumor microenvironment (TME)
and systemically.

The prominent role of cytokines, particularly transforming growth factor-β1 (TGF-β1),
chemokines, adenosine, and regulatory T-cells (Tregs), all implicated as being key players
in immune suppression, will be discussed. Additional systemic mediators and biomarkers,
such as soluble immune checkpoint proteins (sICPs), including co-inhibitory ICPs, such as
programmed cell death protein 1 (PD-1) and its ligand PD-L1, cytotoxic T-cell associated
protein 4 (CTLA-4), and lymphocyte-associated gene 3 (LAG-3), will also be reviewed. The
final sections of the review will focus on systemic biomarkers with the potential to guide
patient management. An update on the immunotherapy of recurrent and advanced disease
and the search for potential novel immune-based treatments will also be addressed, as well
as key future directions.

The review is focused primarily on the identification of prominent mechanisms and
mediators of immune exclusion and evasion operative in BCC and potential therapeutic
targets, many of which are unique. This manuscript is an extensive non-systematic narrative
literature review, encompassing mostly recent publications, insofar as possible, based on
searches of prominent databases, including, but not limited to, PubMed, PMC, and Medline.

2. Epidemiology, Clinical Features, Histopathology, Risk Factors, and
Diagnosis of BCC

Although the most prominent type of human malignancy, the true prevalence of BCCs
is likely to be underestimated, as BCCs are not routinely recorded in cancer registries and
are not always confirmed by histology. The lifetime risk of developing BCC is reported
as approximately 20% overall and 30% for white individuals [1]. The true incidence of
BCC is, however, difficult to determine [2], possibly due to underreporting. Nevertheless,
a worldwide increase in BCC is seen, with the incidence in the United States of America
reportedly increasing at a rate of 4% to 8% annually. This malignancy is predominantly
seen in older individuals and in men (male-to-female ratio of 1.5–2.1) [1].

Ultraviolet radiation exposure via sunlight is the most important risk factor for the
development of BCC. Skin pigmentation plays a protective role, with a lower incidence
seen in dark skinned individuals. Factors such as fair skin, albinism, red or blonde hair,
light-colored eyes, difficulty tanning, and a tendency to develop freckles are individual risk
factors for BCC [1]. Several genetic conditions are associated with an increased risk of this
condition, including the autosomal dominant nevoid BCC syndrome (NBCCS) (otherwise
known as Gorlin syndrome), which results in an aberrant increase in the Sonic HHSP [1].

Basal cell carcinoma typically presents as a slow-growing skin cancer, most commonly
in the head and neck region, with some subtypes showing a predilection for the trunk [2].
There is a variety of clinical and histopathological subtypes of BCC, including nodular,
superficial, infundibulocystic, fibroepithelial, morpheaform, infiltrative, micronodular, and
basosquamous [1]. Nodular lesions are the most common and present as shiny papules
or nodules with arborizing telangiectasia. Larger lesions may show central ulceration.
Superficial lesions are the second most common subtype and appear erythematous and
flat with well-defined rolled borders and central clearing. Morpheaform lesions present as
white sclerotic or scar-like plaques with poorly defined borders and are associated with
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aggressive behavior and are more difficult to treat [1,3]. Basosquamous lesions appear as a
facial nodule or plaque with ulceration and may show features of both BCC and invasive
squamous cell carcinoma (SCC). Presentation is highly polymorphic, and classification into
a specific subtype can be difficult.

Dermoscopy is being increasingly utilized to visualize skin structures that are other-
wise not visible without magnification. Its use increases the sensitivity and specificity of
the diagnosis of BCC. The most prevalent dermoscopic features of this condition are found
to be arborizing telangiectasia and shiny white structures. The histopathological subtypes
show variation in the frequency of dermoscopic features, even though no single feature
is unique to a specific subtype. Nodular BCC shows mostly arborizing vessels, blue-grey
ovoid nest and ulceration, while superficial BCC shows short fine telangiectasia, small
erosions and concentric or leaf-like structures, while porcelain white features are seen in
the morpheaform [4].

Locally advanced disease with deep infiltration into surrounding tissues occurs with-
out timely detection and treatment. However, metastasis is uncommon and seen in less
than 1% of patients [2]. The European Association of Dermato-Oncology classification
and staging stratifies BCC into four stages. These are the encompassing stages 1 and 2,
advanced stage 3, and metastatic stage 4. Stage 1 refers to easy-to-treat common BCC with
a low risk of recurrence, while stages 2, 3, and 4 are considered difficult-to-treat. Cases of
BCC can be difficult to treat for a multitude of reasons, including tumor location, subtype,
recurrence, and previous treatment [2].

3. Roles of Human Papillomavirus and Human Immunodeficiency Virus,
as Well as Pre-Existing Immune Suppression

Some earlier studies have indicated a potential link between several types of onco-
genic viruses. For the purposes of this review, however, we have focused on human
papillomaviruses (HPV) and human immunodeficiency virus (HIV) in the development of
BCC [5,6].

3.1. Human Papillomavirus

It is proposed that carcinogenesis may be driven by the HPV E6 protein, which inhibits
apoptosis by blocking the effects of the B-cell lymphoma-2 (Bcl-2) homologous antagonist
killer protein [7]. However, while HPV DNA has been detected in some BCC lesions,
definitive evidence remains elusive [5,8–10].

3.2. Human Immunodeficiency Virus

Individuals with HIV are at an increased risk for certain non-melanoma skin cancers,
with the most pronounced effect observed in SCC. The impact on BCC is relatively modest,
with studies indicating an increased risk of approximately 2-fold [6,11–13], and it appears
to manifest at a younger age compared to the general population [14]. While the immune
system is crucial in BCC development, and conditions like HIV can disrupt normal immune
responses, the risk is not strongly linked to HIV-related immune dysfunction, as measured
by CD4+ T-cell count and RNA viral load [11,12,14,15].

As stated above, BCC is generally characterized by slow growth and a low potential
for metastasis, which may explain why the impact of HIV is less severe compared to
SCC, which can progress more aggressively in immunocompromised states [16]. Although
the immune system is vital for tumor suppression, its role in BCC development and
progression involves complex interactions with other risk factors, such as UVR exposure,
genetic predisposition, and possibly life stressors, rather than serving as a primary direct
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cause of BCC [17]. Another explanation could be that alterations in the HHSP, a common
feature in BCC, are less dependent on immune surveillance.

3.3. Pre-Existing Non-Infectious Disease-Associated Immune Suppression

Immunosuppression, as such, is a significant host factor affecting BCC incidence and
progression [18], particularly in organ transplant recipients. In this setting, the incidence
of this malignancy is about 10 times higher than in the general population [19]. In the
context of BCC, the immunological landscape involves key co-inhibitory ICPs, such as
PD-1 and its ligand, PD-L1, as well as CTLA-4, which negatively regulate T-cell activity.
These co-inhibitory ICPs contribute to immune evasion, and this process is exacerbated in
immunocompromised individuals [20]. Unlike SCC, however, there is no strong evidence
suggesting that organ transplant recipients experience more aggressive forms of BCC.
While some studies have reported the development of lesions at a significantly younger
age, with more lesions on extra-cephalic locations and at unusual sites [21], other studies
have failed to confirm these findings [22].

In the case of hematological malignancies, patients with non-Hodgkin’s lymphoma
(NHL) exhibit an increase in CD14+ HLA-DRlow-expressing monocytes, which possess
immunosuppressive properties, along with elevated levels of CD4+ CD25+ Tregs [23,24].
These alterations have been linked to a higher incidence of BCC. In this context, those
living with chronic lymphocytic leukemia (CLL) face a greater risk compared to those
with non-CLL NHL [25]. Notably, the clinical progression is more aggressive, and the
recurrence rates are significantly higher [25,26]. Accordingly, BCC has been linked to a
poorer prognosis in patients with NHL [27,28].

A comprehensive study from the United Kingdom further revealed that patients with
BCC are significantly more likely to have a medical history of rheumatoid arthritis (RA)
or inflammatory bowel disease (IBD), attributable to either iatrogenic or non-iatrogenic
immunosuppression [18]. Beyond the specific photosensitizing and oncogenic effects of
certain immunosuppressive drugs, it is believed that impaired immune surveillance in this
context allows for the unchecked growth of cancer-initiated cells [29].

4. Driver Mutations/Mechanisms in BCC
Notably, of all types of cancer, BCC is characterized by the highest gene mutation rate,

with over 65 mutations/megabase pair (Mbp) being identified [30,31]. The identification
and understanding of these driver mutations of BCC have led directly to the development
of targeted treatments and better management of BCC. Below, the genes that have been
identified as driving the pathogenesis of BCC are briefly discussed and summarized in
Table 1.

4.1. Hedgehog Signaling Pathway

The HHSP, encompassing the Sonic, Indian, and Desert hedgehog (HH) signaling
ligands, the cell surface transmembrane receptor Patched (PTCH) (comprising the two ho-
mologs PTCH1 and PTCH2), and three glioma-associated (GLI) transcription factors (GLI1,
GLI2, and GLI3), is involved in regulating normal cell development, proliferation, and sur-
vival. Localized to the primary cilium, the HHSP is largely inactive in the adult; however,
it plays an important role in wound healing and tissue repair [32]. This microtubule-based
organelle protrudes from the plasma membrane in most cell types, where it detects extra-
cellular signals [33]. Under normal conditions, in the absence of a HH signaling ligand,
PTCH1 inhibits Smoothened (SMO), a signaling receptor downstream of PTCH1. This, in
turn, prevents the activation of GLI1 and the translocation of this transcription factor to the
nucleus, thereby suppressing genes promoting cell growth. When a signaling ligand binds,
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PTCH1 is inactivated and, as such, SMO is no longer inhibited and binds to the Suppressor
of Fused (SUFU) homolog, leading to activation and nuclear translocation of GLI with the
subsequent expression of genes leading to the promotion of cell growth and survival [34].
Hyperactivation of the HHSP has been associated with tumor initiation and progression
and drug resistance in various types of cancers [35–37].

Indeed, mutations in genes involved in the activation of HHP signaling have been
demonstrated to play critical roles as the primary drivers of BCC, as elegantly depicted
by Bakshi et al. [35]. DNA damage resulting from exposure to UVB leads to mutations
in the tumor suppressor gene PTCH, which encodes for the cell surface transmembrane
receptor [38]. Importantly, PTCH1 has been identified as the most frequently mutated gene
in BCC, leading to more than 70 percent of sporadic BCC cases [30].

Mutations of PTCH1 inhibit the repressor function of PTCH on SMO, leading to
hyperactivation of the Sonic HHSP. Furthermore, SMO, which encodes for the signaling
receptor, has also been found to be mutated in 10 to 20 percent of BCCs [30,39]. This
mutation leads to a ‘gain-of-function’ of the HHSP, despite the inhibitory function of
PTCH1. In addition, constitutively activated mutants of SMO inhibit the accumulation
of the tumor suppressor protein, p53. Inhibition of this protein leads to loss of cellular
senescence and apoptosis. Therefore, mutations of PTCH1 and SMO are responsible
for the constitutive up-regulation of the HHSP, leading to dysregulation of cell growth
and immunosuppression, which, in turn, leads to the promotion and pathogenesis of
BCC [30,39]. Mutations affecting SUFU, a negative regulator of GLI activity, although less
common, have also been identified as playing a role in BCC and account for approximately
eight percent of BCCs [30]. However, these mutations are associated more commonly with
NBCCS.

4.2. Tp53 Gene Mutations

Another frequently mutated gene associated with the pathogenesis of BCC and other
non-melanoma skin cancers is Tp53, which encodes for the p53 protein. The p53 protein is
responsible for signaling the apoptosis of cells in which DNA damage cannot be repaired,
thereby preventing these cells from dividing and differentiating [40]. Mutations in the
p53 protein not only result in the loss of tumor suppressor activity and anti-apoptotic
function but also lead to the promotion of tumor cell proliferation, angiogenesis, and
metastasis [41,42]. The ‘loss-of-function’ of this tumor suppressor gene is reported in
between 40 and 65 percent of cases of BCC and is specifically linked to UVB-damage [43].

4.3. The Hippo/YAP Signaling Pathway

The Hippo/YAP pathway is a signaling pathway that is associated with controlling
organ size, tissue homeostasis, regeneration, and tumorigenesis. This is achieved by
regulating cell proliferation and apoptosis. The Hippo/YAP pathway is comprised of a
cascade of kinases (mammalian STE20-like protein kinase 1/2 (MST1/2) and large tumor
suppressor 1/2 (LATS1/2)), which inhibit nuclear translocation of the co-transcriptional
factors Yes-associated protein 1/transcriptional co-activator with PDZ-binding motif [also
known as WW domain containing transcription regulator 1 (WWTR1)] (YAP/TAZ) and its
association with the transcriptional-enhanced associated domain (TEAD) [44].

This pathway has been reported to be involved in the tumorigenesis and metastasis
of several types of cancer [45]. Indeed, albeit in a murine model, YAP/TAZ has recently
been found to be required for the development of BCC triggered by hyperactivation of the
HHSP [46]. These authors also demonstrated that BCC initiation could be prevented by the
deletion of YAP and TAZ. In humans, YAP/TAZ has reportedly been found in the nucleus
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of BCC cells in over 90 percent of individuals presenting with this form of cancer, further
substantiating the role of YAP/TAZ in the initiation of BCC [46].

Treatments that focus on Hippo signaling, which acts as a tumor suppressor pathway,
and YAP/TAZ-associated proteins are attractive targets for BCC and other skin-associated
cancer therapies. A number of studies targeting this pathway are currently being con-
ducted with several therapeutic candidates showing promise in clinical trials as described
below [47].

4.4. Other Mechanisms Driving the Pathogenesis of BCC

Telomeres, the terminal ends of chromosomes, shorten (by 30 to 200 bp) with each cell
division, and cellular senescence and apoptosis are initiated when telomeres shorten to a
critical length [48]. A high prevalence of mutations of the telomerase reverse transcriptase
(TERT) promoter (up to 56 percent) has been reported in BCC [49–51]. These ‘UV-signature’
mutations maintain telomere length and genomic stability through increased expression
of telomerase, thus allowing tumor cells to continuously divide, avoiding senescence or
apoptosis [50,52].

UVB-associated mutations in the promoter region of the diphthamide biosynthesis pro-
tein 3 (DPH3) and oxidoreductase NAD-binding domain containing 1 (OXNAD1) genes are
also found in BCC, with mutations involving DPH3 reported to occur at a frequency of
42 percent [51]. These mutations prevent the binding of E26 transformation-specific (Ets)
transcription factors, which play important roles in the proliferation, differentiation, and
apoptosis of cells, as well as in the remodeling of tissue [53].

The gene locus of the transcription factor, MYCN, associated with cell growth and
differentiation, has also been identified as a driver mutation in BCC [54]. This transcription
factor functions as a downstream effector in the Sonic HHSP. Importantly, it has been
reported that increased expression of MYCN is associated with more aggressive subtypes
of BCC [54]. Combined therapeutic agents, targeting both the HHSP and MYCN, may
therefore improve the treatment of BCC and warrant further investigation [55].

Micro RNAs (miRNAs) are small, non-coding RNA molecules that regulate post-
transcriptional gene expression by ‘silencing’ the gene. They play an important role in the
development, maturation, differentiation, and apoptosis of the cell. In addition, miRNAs
are involved with cell signaling, cellular interactions, and homeostasis [56,57]. Due to
the ability of miRNAs to alter cellular pathways through their interaction with target
genes, miRNAs are found to be dysregulated in many disease states, including cancer,
with BCC being no exception [58]. Tumor-associated miRNAs are highly expressed, while
expression of suppressor miRNAs is down-regulated. Importantly, along with various
other types of cancer, BCC has been found to actively secrete miRNAs into the bloodstream,
underscoring the potential value of miRNAs as non-invasive targets as diagnostic markers,
as well as having therapeutic potential [59–61]. Modifying or reversing changes in miRNA
expression form the basis of miRNA therapeutics, as recently reviewed by Diener et al. [62].
Importantly, regulation of the HHSP by miRNAs has been implicated in mediating the
resistance of certain cancer cells to chemotherapeutic drugs, an observation that needs to
be investigated in the setting of BCC [63]. It is also noteworthy, however, that the effects of
this otherwise highly efficient class of treatments are not restricted to the target tissues or
cells and can cause systemic side effects.
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Table 1. Summary of the main drivers of basal cell carcinoma pathogenesis and the
mechanisms involved.

Driver of BCC
Pathogenesis Protein Involved Mechanism References

PTCH1 PTCH1 receptor No inhibition of SMO leading to hyperactivation of
the HHSP. [30,39]

SMO G-coupled SMO receptor ‘Gain of function’ despite PTCH1 inhibitor
function leading to hyperactivation of HHSP. [30,39]

SMO G-coupled SMO receptor
Inhibits accumulation of the tumor suppressor

protein (p53), leading to loss of cellular senescence
and apoptosis.

[30,39]

SUFU SUFU homolog
Activation and nuclear translocation of glioma-

associated (GLI) transcription factor 1 leading to cell
growth and survival.

[30,34]

Tp53 p53
Loss of tumor suppressor function leading to
promotion of proliferation, angiogenesis, and

metastasis.
[41,42]

LATS1/2 and MST1/2 Tumor suppressor kinases

Dephosphorylation results in translocation of
YAP/TAZ to the nucleus, where it associates with

TEAD, leading to tumor proliferation and
survival.

[45]

TERT Telomerase

Maintains telomere length and genomic stability
through increased expression of telomerase,

allowing cells to continuously divide, avoiding
senescence or apoptosis.

[52]

DPH3 and OXNAD1 DPH3 and OXNAD1
proteins

Prevent the binding of E26 transformation-specific
transcription factors leading to proliferation and

differentiation of cells.
[51,53]

MYCN Transcription factor Downstream effector in the Sonic HHSP. [54]

MiRNAs Non-coding RNA
molecules

Interact with target genes and alter cellular
pathways. [58]

Abbreviations: DPH3, diphthamide biosynthesis protein 3; GLI, glioma-associated; HHSP, hedgehog signaling
pathway; LATS1/2, large tumor suppressor 1/2; MST1/2, mammalian STE20-like protein kinase 1/2; MiRNAs,
micro RNAs; OXNAD1, oxidoreductase NAD-binding domain containing 1; p53, tumor suppressor protein;
PTCH1, patched 1; SMO, smoothened; SUFU, suppressor of fused; TAZ, transcriptional co-activator with PDZ-
binding motif; TEAD, transcriptional-enhanced associated domain; TERT, telomerase reverse transcriptase; YAP,
yes-associated protein 1.

5. Immune Landscape of Basal Cell Carcinoma
Data derived from several studies involving cell lines and murine models of experi-

mental tumorigenesis, as well as an analysis of isolated tumor tissue, have demonstrated
that BCC cells, which originate from hair follicle stem cells, differentiate along hair cell
follicle lineages [64–66].

From an immunological perspective, BCC is an enigmatic type of human, solid malig-
nancy, which, despite manifesting a high tumor mutational burden (TMB) (as described
above), which is among the highest of any solid human cancers, displays poor immuno-
genicity due to restricted access of anti-tumor immune mechanisms (as described below).
This is characterized by minimal infiltration of protective, anti-tumor cytotoxic T-cells and
natural killer (NK) cells into tumor nests, amongst other mechanisms of immune evasion,
to failure of presentation of novel, mutated tumor antigens [67,68].

The Tumor Mutational Burden

The TMB is a positive, albeit indirect, indicator of tumor immunogenicity, which
predicts survival in immunotherapy-naïve cancer patients, independently of the type of
malignancy and clinical stage [69]. It is also recognized as a predictive “agnostic” biomarker
of prediction of outcome of immunotherapy in various types of solid malignancy [70].
Paradoxically, as mentioned above, BCC with its high TMB, is, however, a notable exception,
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demonstrating absent/weak responses to neoantigens derived from UVR-mutated somatic
genes, resulting in variable responses to immunotherapy.

In this context, several studies have attributed the low immunogenicity of BCC
to the failure of tumor cell expression of major histocompatibility class I (MHC-1)
molecules, which are essential for presentation of tumor neoantigens to cytotoxic T-cells as
described below.

The resultant paucity of cytotoxic T-cells in proximity to tumor cell nests contrasts
with the peritumoral zone, which is substantially populated by immune suppressive Tregs,
comprised of various cellular subtypes with different mechanisms of pro-tumorigenic
activity [71,72].

6. Mechanisms of Immune Evasion/Exclusion
The following section summarizes several prominent mechanisms of immune eva-

sion operative in BCC, which contribute to sustaining a state of immune exclusion and
tumor persistence.

6.1. Interference with the Presentation of Tumor Antigens/Neoantigens to Cytotoxic T-Cells

Dysregulation of presentation of tumor antigens/neoantigens is a significant mech-
anism of failure of recruitment/activation of anti-tumor cytotoxic T-cells in BCC, which
is a consequence of down-regulation of MHC-1 and/or its key structural component,
β2 microglobulin (β2M) [73,74], key mediators of antigen presentation. However, it is
only very recently that the molecular mechanisms underpinning the failure of expression
of MHC-1 have been identified, creating an opportunity for the development of novel
immunotherapeutic strategies.

In this context, Oka et al., while confirming low-level immunogenicity due to de-
fective expression of MHC-1 and β2M in human primary nodular BCC, also observed
increased expression of the transcription factor, Forkhead box c1 (Foxc1) in a BCC cell
line (UW-BCC1) [66]. Interestingly, Foxc1, which is primarily an inducer of latency in
hair follicle stem cells, was found to promote interferon regulatory factor 1-dependent
downregulation of genes involved in antigen presentation [66]. This latter activity was
achieved at the epigenomic level, via histone deacetylation of these genes, and was atten-
uated by entinostat, an inhibitor of histone deacetylase. Importantly, topical application
of entinostat in combination with the Toll-like 7 receptor agonist, imiquimod, protected
mice against the development of BCC in a T-cell-dependent manner, following sequential
topical exposure to the chemical mutagen 7,12-dimethylbenz(a)anthracene and UVB [66].
The authors concluded that investigation of “the efficacy of the topical entinostat plus
imiquimod combination for BCC treatment in humans” is warranted [66].

6.2. Inactivation of Natural Killer Cells by BCC-Derived Soluble CD200

Expression of the immunosuppressive type 1 transmembrane glycoprotein, CD200,
also known as OX-2 membrane glycoprotein, has been described in various types of cancer
stem cells [75], including BCC, in which expression is restricted to a small population
of cancer stem cells [75,76]. Following proteolysis by matrix metalloproteinases 3 and
11, the cleaved variant of CD200 is released in a soluble form (sCD200) into the tumor
microenvironment (TME) and systemic circulation. In these environments, sCD200 re-
tains its bioactive, immunosuppressive properties via interaction with the CD200 receptor
expressed on NK cells, as well as T-cells [76]. In the case of NK cells, this interaction
results in the attenuation of anti-tumor activity by two mechanisms: firstly, suppression of
the production of the tumor-inhibitory cytokine, interferon-γ (IFN-γ), and, secondly, by
induction of NK cell apoptosis [76].
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Although sCD200 is clearly a potentially broad-spectrum immunotherapeutic target,
we are currently not aware of the existence of proven, clinically effective antagonists of the
immunosuppressive activity of this molecule.

6.3. Tregs as Mediators of Immune Evasion in BCC

As mentioned above, Tregs comprise a substantial cellular population of the peritu-
moral zone in BCC [71], where they orchestrate tumor immune evasion. Accumulation
of Tregs is driven by the chemokine C-C motif chemokine 22 (CCL22) produced predomi-
nantly by the tumor, as well as by tumor-associated macrophages and dendritic cells in
the TME via interaction with its counter receptor, chemokine receptor 4 (CCR4), expressed
on Tregs [77]. Additional mechanisms include the interactions of the immunosuppressive
cytokine, transforming growth factor-β1 (TGF-β1), and the prostanoid, prostaglandin E2
(PGE2), both of which abound in the TME, with conventional CD4+ T-cells; this interaction
results in the transition of these cells to FoxP3+-expressing Tregs [78]. Soluble mediators
of immune suppression released by activated Tregs include interleukin (IL)-10, autocrine
release of both TGF-β1 and PGE2, the nucleoside, adenosine, and the soluble variants of
the co-inhibitory ICPs, CTLA-4 and PD-1 [71,72,78,79].

Potential, albeit unproven, Treg-targeted immunotherapeutic strategies include
the development of small-molecule antagonists of CCR4 [80] and, somewhat specula-
tively, intra-lesional administration of stabilized adenosine deaminase, an adenosine-
neutralizing enzyme.

On a more positive note, a novel biological agent, STP705, which is a nanoparticle-
packaged preparation, containing a combination of small interfering RNAs targeting TGF-
β1 and cyclooxygenase 2 (PGE2 synthesizing enzyme), designed for intra-lesional admin-
istration, has shown considerable promise in the treatment of BCC, possibly because this
tumor rarely metastasizes [81].

6.4. Co-Inhibitory Immune Checkpoint Proteins as Therapeutic Targets in BCC

We have recently demonstrated significantly increased systemic levels of the soluble
variants of the co-inhibitory ICPs, CTLA-4, PD-1, and its ligand PD-L1, LAG-3, and TIM-3
(T-cell immunoglobulin and mucin domain-containing protein 3) in patients with BCC, a
finding which is consistent with the involvement of these checkpoint proteins in promoting
both systemic and intra-tumoral immune suppression in this malignancy [82]. The current
status of therapeutic targeting of co-inhibitory ICPs in BCC is presented in the following
section of this review.

These various mechanisms, which drive immune exclusion and immune evasion in
BCC, as well as targets for immune-based therapies, are summarized below in Table 2.

Table 2. Mechanisms and mediators of immune exclusion/evasion operative in BCC and potential
therapeutic targets.

Mechanisms Mediators/Targets Potential Therapies References

Failure of presentation of
tumor antigens/neoantigens.

Foxc1-mediated histone deacetylation of
MHC-1 gene promoter regions.

Inhibition of histone deacetylase
by agents such as entinostat. [66,73,74]

Inactivation of NK
cell-mediated anti-tumor

activity.

MMP-mediated release of sCD200 from
tumor cells, which via interaction with

CD200Rs promotes decreased release of
IFN-γ and induction of apoptosis.

Seemingly none yet available, but
mAb targeting of sCD200 is a

possibility.
[75,76]
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Table 2. Cont.

Mechanisms Mediators/Targets Potential Therapies References

Accumulation of Tregs in the
peritumoral

region.

Infiltration of Tregs mediated by the
tumor-derived chemokine, CCL22, as
well as by exposure of conventional

CD4+ T-cells to tumor-derived TGF-β1
and PGE2.

Targeting of TGF-β1 and
cyclooxygenase 2 with STP705, as
well as possible future targeting of

the CCL22 receptor, CCR4, on
Tregs with small molecule receptor

antagonists.

[77,78,80,81]

Tumor-driven increased
expression of co-inhibitory

immune checkpoint proteins
and release of their bioactive,

soluble variants.

CTLA-4, LAG-3, PD-1, PD-L1, TIM-3.

mAb targeting of both the
cell-associated and soluble

variants of these co-inhibitory
immune checkpoint proteins.

[82]

Abbreviations: CCL2, C-C motif chemokine 22; CCR4, chemokine receptor 4; CD200R, cellular receptor for CD200;
sCD200, soluble variant of CD200; CTLA-4, cytotoxic T-lymphocyte associated protein 4; Foxc1, Forkhead box
c1; IFN-γ, interferon-γ; LAG-3, lymphocyte activation gene 3; mAb, monoclonal antibody; NK, natural killer;
MHC-1, major histocompatibility complex class I; MMP, matrix metalloproteinase; PD-1, programmed cell death
protein 1; PD-L1, PD-1 ligand; PGE2, prostaglandin E2; TGF-β1, transforming growth factor-β1; TIM-3, T-cell
immunoglobulin and mucin domain-containing protein 3; Treg, regulatory T-cell.

7. Role of Radiation Therapy and Topical Therapies in Basal
Cell Carcinoma

While surgical excision with clear margins remains the standard of care for BCCs,
alternative treatments are necessary for patients who are poor surgical candidates or where
surgery could lead to undesirable cosmetic outcomes [83].

Radiation therapy (RT) has proven to be an effective, non-invasive alternative to
surgery, particularly for the elderly or where there is a concern about poor cosmetic
outcomes with primary surgical management. In addition, for patients who have declined
surgery, RT is an appropriate alternative definitive treatment option for early stage or
locally advanced disease [84].

Radiation therapy can be delivered with superficial X-rays, electrons, or photons,
depending on the depth of the BCC being treated. Various radiation doses and fraction-
ation schedules have proven to be effective, and specific recommendations are based on
numerous factors, including the following [85]:

• Size and site of the BCC
• Lymph node involvement
• Perineural invasion
• Margin status in the adjuvant setting.

Less frequently, brachytherapy can be used for selected cases of superficial, small, and
well-defined BCCs, particularly in cosmetically sensitive areas.

Tumor control rates of 90–95% have been reported for primary BCCs treated with RT
alone, but variables including histological subtype, tumor size and location, and depth of
invasion can influence tumor control rates. When used in the recurrent or salvage setting,
tumor control rates drop to between 60 and 90% [86].

In the post-operative setting, possible indications for adjuvant radiation include high-
risk features such as close or positive surgical margins (where re-excision is not possible
or would result in significant morbidity), perineural invasion, deeply invasive or locally
advanced tumors, and recurrent BCCs [85].

The role of radiation should be discussed on a case-by-case basis and is generally not
considered to be first-line treatment for younger patients and in low-risk cases due to the
risk of long-term toxicity.

Superficial therapies, including topical imiquimod, topical 5-fluorouracil (5-FU), and
photodynamic therapy, can be considered in selected cases of superficial BCCs where
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surgery and RT are impractical or contraindicated. Control rates are approximately 10%
lower with these treatment modalities than for surgical excision or conventional RT proce-
dures [87,88].

8. Treatment of Patients with Locally Advanced Unresectable or
Metastatic BCC

There are two systemic treatment options available for patients with locally advanced
unresectable or metastatic disease, which are not amenable to surgery or RT. These options
include HHSP inhibitors and immune checkpoint inhibitors with PD-1-targeted monoclonal
antibodies (mAbs) [89].

8.1. Hedgehog Signaling Pathway Inhibitors

BCC is strongly driven by abnormal activation of the HHSP via PTCH1 or SMO gene
mutations [90]. As stated above, PTCH1 is a tumor suppressor gene encoding the PTCH1
receptor, which, under normal circumstances, keeps the HHSP inactive when there is
no ligand (Sonic Hedgehog, SHH) binding to it. PTCH1 is the normal gatekeeper of the
HHSP. When SHH is absent, PTCH1 inhibits SMO, blocking downstream activation [39,91].
When SHH binds to PTCH1, this inhibition is no longer present, and SMO becomes active;
therefore, cell proliferation is signaled via the triggering of GLI transcription factors. This
oncogene has a primarily activating function.

Mutations of PTCH1 are the most common genetic abnormalities present in BCC
patients (70–90%). Mutated PTCH1 cannot inhibit SMO, such that the HHSP stays perma-
nently ‘active’, driving uncontrolled cell growth [39]. Inhibitors of SMO are highly effective
in managing advanced BCC, including the orally administered SMO inhibitors vismodegib
and sonidegib. Vismodegib is administered orally at a dose of 150 mg once daily. The
pivotal phase II clinical trials of ERIVANCE and BOLT reported the long-term efficacy and
safety profiles of vismodegib and sonidegib in BCC. The vismodegib response rate was
approximately 45–60% in locally advanced BCC and around 30% in metastatic BCC. Com-
mon toxicities reported include muscle cramps, alopecia, dysgeusia, fatigue, and weight
loss. Sonidegib, the second SMO inhibitor, given at a dose of 200 mg orally once daily, was
associated with a similar activity and toxicity profile to vismodegib. Typically, these agents
are administered in the frontline setting and are continued until disease progression or
severe toxicity occurs [92].

8.2. Immune Checkpoint Inhibition with PD-1-Targeted Monoclonal Antibodies

For patients who fail treatment or become intolerant to HHSP inhibitors, ICP blockade
becomes crucial in managing BCC [93]. The co-inhibitory ICP molecule, PD-1, is over-
expressed on T-cells; when PD-1 binds to its ligand, PD-L1, on tumor cells, the T-cell is
‘switched off’, allowing the tumor to evade the immune system. Additionally, BCCs have
a high TMB from UV damage. High TMB is associated with high levels of neoantigens.
High TMB cancers respond well to PD-1/PD-L1 blockade, possibly unleashing immune
responses to suppressed presentation of tumor neoantigens in BCC [94].

Cemiplimab (Libtayo®) is an anti-PD-1 mAb approved for patients with locally ad-
vanced or metastatic BCC after failure of HHSP inhibitor-based therapy, or intolerance
to these agents [95]. The US and European regulatory agencies, the FDA and the EMA,
approved this agent in 2021. Cemiplimab is given at a dose of 350 mg intravenously
every three weeks until disease progression or unacceptable toxicity becomes evident. The
pivotal trial demonstrated a 31% objective response rate for patients with locally advanced
disease and approximately 20% for those with metastatic disease (6% complete response
and 25% partial response) [96]. Grade 3 and 4 treatment immune-related adverse events
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(irAEs) occurred in 48% of these patients [96]. These responses are often durable [97,98].
Pembrolizumab (Keytruda) and nivolumab (Opdivo) are not approved for BCC; however,
case reports and small series suggest activity, especially in those with high TMB or high
microsatellite instability (MSI) tumors [99]. The mechanism of action of cemiplimab in
blocking PD-1/PD-L1 interactions is shown in Figure 1.

Figure 1. Mechanism of action of anti-PD-1 monoclonal antibodies. Created using Biorender.
(A) Activated CD8+ T-cells in tumor tissue overexpress the co-inhibitory immune checkpoint protein,
PD-1. Binding PD-1 to its ligand, PD-L1, on tumor cells downregulates (↓) T cell activity, leading to
tumor growth. (B) Administration of the anti-PD-1 monoclonal antibody, cemiplimab, makes PD-1
unavailable for binding to its ligand, thereby increasing (↑) the cytotoxic ability of CD8+ T-cells to
induce apoptosis of tumor cells through the release of granzyme and perforin.

Immune-related adverse events associated with administration of PD-1-targeted mAbs
primarily include dermatological (skin rash and vitiligo), gastroenterological (colitis and
diarrhea), and endocrine (thyroiditis, hypophysitis, and adrenal insufficiency) manifesta-
tions. Hepatitis and pneumonitis are less commonly encountered irAEs. These toxicities
can be severe or even life-threatening [100].

The agents described above, as well as those currently being investigated in clinical
trials, are summarized in Table 3.
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Table 3. Registered and investigational targeted therapies and immune checkpoint inhibitors used in
the treatment of BCC.

Therapeutic Agent Target Mechanism of Action References

Vismodegib HHSP Competitive inhibitor of SMO. [101,102]
Sonidegib HHSP Selective antagonist of the SMO receptor. [102,103]

Itraconazole/
Posoconazole HHSP Prevents translocation of SMO to the cilium. [104]

Cemiplimab PD-1 receptors Inhibits the binding of PD-1 to PD-L1, thereby
enhancing anti-tumor T-cell responses. [96,105]

Nivolumab PD-1 receptors Inhibits the binding of PD-1 to PD-L1, thereby
enhancing anti-tumor T-cell responses. [105,106]

Pembrolizumab PD-1 receptors Inhibits the binding of PD-1 to PD-L1, thereby
enhancing anti-tumor T-cell responses. [105,107]

Agents being assessed in
clinical trials

Silmitasertib HHSP Inhibits casein kinase at the terminal end of
HP signaling. [108]

Relatlimab LAG-3
inhibitor

Inhibits the binding of LAG-3 to its ligands,
thereby enhancing anti-tumor T-cell

responses.
[109,110]

Ipilimumab CTLA-4
inhibitor

Inhibits the binding of CTLA-4 to
CD80/CD86, thereby enhancing anti-tumor

T-cell responses.
[109,111]

Abbreviations: CD, cluster of differentiation; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; HHSP,
hedgehog signaling pathway; LAG-3, lymphocyte activation gene 3; PD-1, programmed cell death protein 1;
PD-L1, programmed death-ligand 1; SMO, smoothened.

9. Conclusions and Future Directions
Major progress has been made in understanding the immunopathogenesis of BCC,

revealing the existence of novel diagnostic and therapeutic biomarkers. From the treat-
ment perspective, future studies should address the clinical utility of HHSP inhibitors
in combination with PD-1-targeted mAbs, as well as the use of combinations of immune
checkpoint inhibitors, such as anti-PD-1, anti-CTLA-4, and anti-LAG-3, in refractory cases.
In this context, combination treatments may increase the risk of systemic toxicities, includ-
ing irAEs. Current therapeutic gaps include the identification of reliable biomarkers and
mechanistic insights into drug resistance mechanisms. Novel HHSP inhibitors should be
developed to treat refractory or resistant mutations. Additionally, these agents should be
investigated in the neo-adjuvant and high-risk adjuvant settings. Moreover, future studies
should investigate biomarkers of immunogenic cell death as indicators of those patients
who may benefit from RT.
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7. Mijušković, Ž.P. Etiology and pathogenesis of basal cell carcinoma. Serb. J. Dermatol. Venerol. 2013, 5, 113–124. [CrossRef]
8. Mokhtari, M.; Mesbah, A.; Rajabi, P.; Rajabi, M.A.; Chehrei, A.; Mougouei, K. Determination of the relationship between Basal cell

carcinoma and human papilloma virus, based on immunohistochemistry staining method. Indian J. Dermatol. 2009, 54, 225–228.
[CrossRef] [PubMed]

9. Nahidi, Y.; Meibodi, N.T.; Meshkat, Z.; Esmaili, H.; Jahanfakhr, S. No evidence of human papilloma virus infection in basal cell
carcinoma. Indian J. Dermatol. 2015, 60, 356–359. [CrossRef]

10. Faraji, N.; Vahidnezhad, H.; Eslami, N.; Zeinali, T.; Shenagari, M.; Shanehbandi, D.; Barfejani, A.H. Role of non-coding RNAs in
human-papillomavirus-associated cutaneous neoplasms. Arch Virol. 2025, 170, 170. [CrossRef] [PubMed]

11. Silverberg, M.J.; Leyden, W.; Warton, E.M.; Quesenberry, C.P., Jr.; Engels, E.A.; Asgari, M.M. HIV infection status, immunodefi-
ciency, and the incidence of non-melanoma skin cancer. J. Natl. Cancer Inst. 2013, 105, 350–360. [CrossRef] [PubMed]

12. Burgi, A.; Brodine, S.; Wegner, S.; Milazzo, M.; Wallace, M.R.; Spooner, K.; Blazes, D.L.; Agan, B.K.; Armstrong, A.; Fraser, S.;
et al. Incidence and risk factors for the occurrence of non-AIDS-defining cancers among human immunodeficiency virus-infected
individuals. Cancer 2005, 104, 1505–1511. [CrossRef] [PubMed]

13. Omland, S.H.; Ahlström, M.G.; Gerstoft, J.; Pedersen, G.; Mohey, R.; Pedersen, C.; Kronborg, G.; Larsen, C.S.; Kvinesdal, B.;
Gniadecki, R.; et al. Risk of skin cancer in patients with HIV: A Danish nationwide cohort study. J. Am. Acad. Dermatol. 2018, 79,
689–695. [CrossRef] [PubMed]

14. Crum-Cianflone, N.; Hullsiek, K.H.; Satter, E.; Marconi, V.; Weintrob, A.; Ganesan, A.; Barthel, R.V.; Fraser, S.; Agan, B.K.
Cutaneous malignancies among HIV-infected persons. Arch. Intern. Med. 2009, 169, 1130–1138. [CrossRef] [PubMed]

15. Asgari, M.M.; Ray, G.T.; Quesenberry, C.P., Jr.; Katz, K.A.; Silverberg, M.J. Association of multiple primary skin cancers with
human immunodeficiency virus infection, CD4 count, and viral load. JAMA Dermatol. 2017, 153, 892–896. [CrossRef] [PubMed]

16. Li, S.; Townes, T.; Na’ara, S. Current advances and challenges in the management of cutaneous squamous cell carcinoma in
immunosuppressed patients. Cancers 2024, 16, 3118. [CrossRef] [PubMed]

17. Almutairi, R.; Albazzali, A. An insight of basal cell carcinoma risk factors. Int. J. Inn. Res. Med. Sci. 2024, 9, 244–249. [CrossRef]
18. Reinau, D.; Surber, C.; Jick, S.S.; Meier, C.R. Epidemiology of basal cell carcinoma in the United Kingdom: Incidence, lifestyle

factors, and comorbidities. Br. J. Cancer 2014, 111, 203–206. [CrossRef] [PubMed]
19. Bordea, C.; Wojnarowska, F.; Millard, P.R.; Doll, H.; Welsh, K.; Morris, P.J. Skin cancers in renal-transplant recipients occur more

frequently than previously recognized in a temperate climate. Transplantation 2004, 77, 574–579. [CrossRef] [PubMed]
20. Xiao, Y.; Li, Z.Z.; Zhong, N.N.; Cao, L.M.; Liu, B.; Bu, L.L. Charting new frontiers: Co-inhibitory immune checkpoint proteins in

therapeutics, biomarkers, and drug delivery systems in cancer care. Transl. Oncol. 2023, 38, 101794. [CrossRef]
21. Kanitakis, J.; Alhaj-Ibrahim, L.; Euvrard, S.; Claudy, A. Basal cell carcinomas developing in solid organ transplant recipients:

Clinicopathologic study of 176 cases. Arch. Dermatol. 2003, 139, 1133–1137. [CrossRef] [PubMed]
22. Mertz, K.D.; Proske, D.; Kettelhack, N.; Kegel, C.; Keusch, G.; Schwarz, A.; Ambühl, P.M.; Pfaltz, M.; Kempf, W. Basal cell

carcinoma in a series of renal transplant recipients: Epidemiology and clinicopathologic features. Int. J. Dermatol. 2010, 49,
385–389. [CrossRef] [PubMed]

23. Mittal, S.; Marshall, N.A.; Duncan, L.; Culligan, D.J.; Barker, R.N.; Vickers, M.A. Local and systemic induction of CD4+CD25+
regulatory T-cell population by non-Hodgkin lymphoma. Blood 2008, 111, 5359–5370. [CrossRef] [PubMed]

24. Lin, Y.; Gustafson, M.P.; Bulur, P.A.; Gastineau, D.A.; Witzig, T.E.; Dietz, A.B. Immunosuppressive CD14+HLA-DR(low)/-
monocytes in B-cell non-Hodgkin lymphoma. Blood 2011, 117, 872–881. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jaad.2018.03.060
https://www.ncbi.nlm.nih.gov/pubmed/29782900
https://doi.org/10.1016/j.ejca.2023.113254
https://www.ncbi.nlm.nih.gov/pubmed/37604067
https://doi.org/10.2340/00015555-3495
https://www.ncbi.nlm.nih.gov/pubmed/32346750
https://doi.org/10.1016/j.jaad.2019.11.008
https://www.ncbi.nlm.nih.gov/pubmed/31706938
https://doi.org/10.5114/pjp.2017.73929
https://www.ncbi.nlm.nih.gov/pubmed/29517204
https://doi.org/10.3389/fonc.2021.689789
https://www.ncbi.nlm.nih.gov/pubmed/34422644
https://doi.org/10.2478/sjdv-2013-0009
https://doi.org/10.4103/0019-5154.55629
https://www.ncbi.nlm.nih.gov/pubmed/20161851
https://doi.org/10.4103/0019-5154.160479
https://doi.org/10.1007/s00705-025-06335-0
https://www.ncbi.nlm.nih.gov/pubmed/40581896
https://doi.org/10.1093/jnci/djs529
https://www.ncbi.nlm.nih.gov/pubmed/23291375
https://doi.org/10.1002/cncr.21334
https://www.ncbi.nlm.nih.gov/pubmed/16104038
https://doi.org/10.1016/j.jaad.2018.03.024
https://www.ncbi.nlm.nih.gov/pubmed/29588249
https://doi.org/10.1001/archinternmed.2009.104
https://www.ncbi.nlm.nih.gov/pubmed/19546414
https://doi.org/10.1001/jamadermatol.2017.1716
https://www.ncbi.nlm.nih.gov/pubmed/28700773
https://doi.org/10.3390/cancers16183118
https://www.ncbi.nlm.nih.gov/pubmed/39335091
https://doi.org/10.23958/ijirms/vol09-i04/1867
https://doi.org/10.1038/bjc.2014.265
https://www.ncbi.nlm.nih.gov/pubmed/24874476
https://doi.org/10.1097/01.TP.0000108491.62935.DF
https://www.ncbi.nlm.nih.gov/pubmed/15084938
https://doi.org/10.1016/j.tranon.2023.101794
https://doi.org/10.1001/archderm.139.9.1133
https://www.ncbi.nlm.nih.gov/pubmed/12975154
https://doi.org/10.1111/j.1365-4632.2010.04370.x
https://www.ncbi.nlm.nih.gov/pubmed/20465691
https://doi.org/10.1182/blood-2007-08-105395
https://www.ncbi.nlm.nih.gov/pubmed/18305220
https://doi.org/10.1182/blood-2010-05-283820
https://www.ncbi.nlm.nih.gov/pubmed/21063024


Medicina 2025, 61, 1914 15 of 18

25. Brewer, J.D.; Shanafelt, T.D.; Khezri, F.; Sosa Seda, I.M.; Zubair, A.S.; Baum, C.L.; Arpey, C.J.; Cerhan, J.R.; Call, T.G.; Roenigk,
R.K.; et al. Increased incidence and recurrence rates of nonmelanoma skin cancer in patients with non-Hodgkin lymphoma: A
Rochester Epidemiology Project population-based study in Minnesota. J. Am. Acad. Dermatol. 2015, 72, 302–309. [CrossRef]
[PubMed]

26. Mehrany, K.; Weenig, R.H.; Pittelkow, M.R.; Roenigk, R.K.; Otley, C.C. High recurrence rates of Basal cell carcinoma after mohs
surgery in patients with chronic lymphocytic leukemia. Arch. Dermatol. 2004, 140, 985–988. [CrossRef] [PubMed]

27. Hjalgrim, H.; Frisch, M.; Storm, H.H.; Glimelius, B.; Pedersen, J.B.; Melbye, M. Non-melanoma skin cancer may be a marker of
poor prognosis in patients with non-Hodgkin’s lymphoma. Int. J. Cancer 2000, 85, 639–642. [CrossRef] [PubMed]

28. Agnew, K.L.; Ruchlemer, R.; Catovsky, D.; Matutes, E.; Bunker, C.B. Cutaneous findings in chronic lymphocytic leukaemia. Br. J.
Dermatol. 2004, 150, 1129–1135. [CrossRef] [PubMed]

29. Athar, M.; Walsh, S.B.; Kopelovich, L.; Elmets, C.A. Pathogenesis of nonmelanoma skin cancers in organ transplant recipients.
Arch. Biochem. Biophys. 2011, 508, 159–163. [CrossRef] [PubMed]

30. Bonilla, X.; Parmentier, L.; King, B.; Bezrukov, F.; Kaya, G.; Zoete, V.; Seplyarskiy, V.B.; Sharpe, H.J.; McKee, T.; Letourneau,
A.; et al. Genomic analysis identifies new drivers and progression pathways in skin basal cell carcinoma. Nat. Genet. 2016, 48,
398–406. [CrossRef] [PubMed]

31. Nawrocka, P.M.; Galka-Marciniak, P.; Urbanek-Trzeciak, M.O.; M-Thirusenthilarasan, I.; Szostak, N.; Philips, A.; Susok, L.; Sand,
M.; Kozlowski, P. Profile of basal cell carcinoma mutations and copy number alterations—Focus on gene-associated noncoding
variants. Front. Oncol. 2021, 11, 752579. [CrossRef] [PubMed]

32. Le, H.; Kleinerman, R.; Lerman, O.Z.; Brown, D.; Galiano, R.; Gurtner, G.C.; Warren, S.M.; Levine, J.P.; Saadeh, P.B. Hedgehog
signaling is essential for normal wound healing. Wound Repair Regen. 2008, 16, 768–773. [CrossRef] [PubMed]

33. Michaud, E.J.; Yoder, B.K. The primary cilium in cell signaling and cancer. Cancer Res. 2006, 66, 6463–6467. [CrossRef] [PubMed]
34. Zhuang, T. Hedgehog pathway, cell cycle, and primary cilium. Cell Death Discov. 2025, 11, 302. [CrossRef] [PubMed]
35. Bakshi, A.; Chaudhary, S.C.; Rana, M.; Elmets, C.A.; Athar, M. Basal cell carcinoma pathogenesis and therapy involving hedgehog

signaling and beyond. Mol. Carcinog. 2017, 56, 2543–2557. [CrossRef] [PubMed]
36. Raleigh, D.R.; Reiter, J.F. Misactivation of Hedgehog signaling causes inherited and sporadic cancers. J. Clin. Investig. 2019, 129,

465–475. [CrossRef] [PubMed]
37. Jing, J.; Wu, Z.; Wang, J.; Luo, G.; Lin, H.; Fan, Y.; Zhou, C. Hedgehog signaling in tissue homeostasis, cancers, and targeted

therapies. Signal Transduct. Target. Ther. 2023, 8, 315. [CrossRef] [PubMed]
38. Deng, L.J.; Jia, M.; Luo, S.Y.; Li, F.Z.; Fang, S. Expression of hedgehog signaling pathway proteins in basal cell carcinoma:

Clinicopathologic Study. Clin. Cosmet. Investig. Dermatol. 2022, 15, 2353–2361. [CrossRef] [PubMed]
39. Trieu, K.G.; Tsai, S.Y.; Eberl, M.; Ju, V.; Ford, N.C.; Doane, O.J.; Peterson, J.K.; Veniaminova, N.A.; Grachtchouk, M.; Harms, P.W.;

et al. Basal cell carcinomas acquire secondary mutations to overcome dormancy and progress from microscopic to macroscopic
disease. Cell Rep. 2022, 39, 110779. [CrossRef] [PubMed]

40. Wang, H.; Guo, M.; Wei, H.; Chen, Y. Targeting p53 pathways: Mechanisms, structures, and advances in therapy. Signal Transduct.
Target. Ther. 2023, 8, 92. [CrossRef] [PubMed]

41. Muller, P.A.; Vousden, K.H. p53 mutations in cancer. Nat. Cell Biol. 2013, 15, 2–8. [CrossRef] [PubMed]
42. Porumb-Andrese, E.; Scutariu, M.M.; Luchian, I.; Schreiner, T.G.; Mârţu, I.; Porumb, V.; Popa, C.G.; Sandu, D.; Ursu, R.G.

Molecular profile of skin cancer. Appl. Sci. 2021, 11, 9142. [CrossRef]
43. Dika, E.; Scarfì, F.; Ferracin, M.; Broseghini, E.; Marcelli, E.; Bortolani, B.; Campione, E.; Riefolo, M.; Ricci, C.; Lambertini, M. Basal

cell carcinoma: A comprehensive review. Int. J. Mol. Sci. 2020, 21, 5572. [CrossRef] [PubMed]
44. Fu, M.; Hu, Y.; Lan, T.; Guan, K.L.; Luo, T.; Luo, M. The Hippo signalling pathway and its implications in human health and

diseases. Signal Transduct. Target. Ther. 2022, 7, 376. [CrossRef] [PubMed]
45. Ajongbolo, A.O.; Langhans, S.A. YAP/TAZ-associated cell signaling-at the crossroads of cancer and neurodevelopmental

disorders. Front. Cell Dev. Biol. 2025, 13, 1522705. [CrossRef] [PubMed]
46. Debaugnies, M.; Sánchez-Danés, A.; Rorive, S.; Raphaël, M.; Liagre, M.; Parent, M.A.; Brisebarre, A.; Salmon, I.; Blanpain, C. YAP

and TAZ are essential for basal and squamous cell carcinoma initiation. EMBO Rep. 2018, 19, e45809. [CrossRef] [PubMed]
47. Howard, A.; Bojko, J.; Flynn, B.; Bowen, S.; Jungwirth, U.; Walko, G. Targeting the Hippo/YAP/TAZ signalling pathway: Novel

opportunities for therapeutic interventions into skin cancers. Exp. Dermatol. 2022, 31, 1477–1499. [CrossRef] [PubMed]
48. Han, J.; Qureshi, A.A.; Prescott, J.; Guo, Q.; Ye, L.; Hunter, D.J.; De Vivo, I. A prospective study of telomere length and the risk of

skin cancer. J. Investig. Dermatol. 2009, 129, 415–421. [CrossRef] [PubMed]
49. Andreikos, D.A.; Spandidos, D.A. Telomere length and skin cancer risk: A systematic review and meta-analysis of melanoma,

basal cell carcinoma and squamous cell carcinoma. Oncol. Lett. 2025, 30, 395. [CrossRef] [PubMed]
50. Griewank, K.G.; Murali, R.; Schilling, B.; Schimming, T.; Möller, I.; Moll, I.; Schwamborn, M.; Sucker, A.; Zimmer, L.; Schadendorf,

D.; et al. TERT promoter mutations are frequent in cutaneous basal cell carcinoma and squamous cell carcinoma. PLoS ONE 2013,
8, e80354. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jaad.2014.10.028
https://www.ncbi.nlm.nih.gov/pubmed/25479909
https://doi.org/10.1001/archderm.140.8.985
https://www.ncbi.nlm.nih.gov/pubmed/15313816
https://doi.org/10.1002/(SICI)1097-0215(20000301)85:5%3C639::AID-IJC7%3E3.0.CO;2-L
https://www.ncbi.nlm.nih.gov/pubmed/10699942
https://doi.org/10.1111/j.1365-2133.2004.05982.x
https://www.ncbi.nlm.nih.gov/pubmed/15214899
https://doi.org/10.1016/j.abb.2011.01.004
https://www.ncbi.nlm.nih.gov/pubmed/21232524
https://doi.org/10.1038/ng.3525
https://www.ncbi.nlm.nih.gov/pubmed/26950094
https://doi.org/10.3389/fonc.2021.752579
https://www.ncbi.nlm.nih.gov/pubmed/34900699
https://doi.org/10.1111/j.1524-475X.2008.00430.x
https://www.ncbi.nlm.nih.gov/pubmed/19128247
https://doi.org/10.1158/0008-5472.CAN-06-0462
https://www.ncbi.nlm.nih.gov/pubmed/16818613
https://doi.org/10.1038/s41420-025-02605-7
https://www.ncbi.nlm.nih.gov/pubmed/40610430
https://doi.org/10.1002/mc.22690
https://www.ncbi.nlm.nih.gov/pubmed/28574612
https://doi.org/10.1172/JCI120850
https://www.ncbi.nlm.nih.gov/pubmed/30707108
https://doi.org/10.1038/s41392-023-01559-5
https://www.ncbi.nlm.nih.gov/pubmed/37596267
https://doi.org/10.2147/CCID.S389551
https://www.ncbi.nlm.nih.gov/pubmed/36348957
https://doi.org/10.1016/j.celrep.2022.110779
https://www.ncbi.nlm.nih.gov/pubmed/35508126
https://doi.org/10.1038/s41392-023-01347-1
https://www.ncbi.nlm.nih.gov/pubmed/36859359
https://doi.org/10.1038/ncb2641
https://www.ncbi.nlm.nih.gov/pubmed/23263379
https://doi.org/10.3390/app11199142
https://doi.org/10.3390/ijms21155572
https://www.ncbi.nlm.nih.gov/pubmed/32759706
https://doi.org/10.1038/s41392-022-01191-9
https://www.ncbi.nlm.nih.gov/pubmed/36347846
https://doi.org/10.3389/fcell.2025.1522705
https://www.ncbi.nlm.nih.gov/pubmed/39936032
https://doi.org/10.15252/embr.201845809
https://www.ncbi.nlm.nih.gov/pubmed/29875149
https://doi.org/10.1111/exd.14655
https://www.ncbi.nlm.nih.gov/pubmed/35913427
https://doi.org/10.1038/jid.2008.238
https://www.ncbi.nlm.nih.gov/pubmed/18668136
https://doi.org/10.3892/ol.2025.15141
https://www.ncbi.nlm.nih.gov/pubmed/40552254
https://doi.org/10.1371/journal.pone.0080354
https://www.ncbi.nlm.nih.gov/pubmed/24260374


Medicina 2025, 61, 1914 16 of 18

51. Denisova, E.; Heidenreich, B.; Nagore, E.; Rachakonda, P.S.; Hosen, I.; Akrap, I.; Traves, V.; García-Casado, Z.; López-Guerrero,
J.A.; Requena, C.; et al. Frequent DPH3 promoter mutations in skin cancers. Oncotarget 2015, 6, 35922–35930. [CrossRef] [PubMed]

52. Stevers, N.O.; Kim, S.; Yuan, J.B.; Barger, C.J.; Hong, C.; Lenzo, O.; McKinney, A.M.; Wu, S.H.; Lee, Y.J.; Kwok, D.W.; et al. The
immortality mechanism of TERT promoter mutant cancers is self-reinforcing and reversible. Mol. Cell 2025, 85, 2337–2354.e9.
[CrossRef] [PubMed]

53. Wang, Y.; Huang, Z.; Sun, M.; Huang, W.; Xia, L. ETS transcription factors: Multifaceted players from cancer progression to tumor
immunity. Biochim. Biophys. Acta Rev. Cancer 2023, 1878, 188872. [CrossRef] [PubMed]

54. Freier, K.; Flechtenmacher, C.; Devens, F.; Hartschuh, W.; Hofele, C.; Lichter, P.; Joos, S. Recurrent NMYC copy number gain and
high protein expression in basal cell carcinoma. Oncol. Rep. 2006, 15, 1141–1145. [CrossRef] [PubMed]

55. Ruiz-Pérez, M.V.; Henley, A.B.; Arsenian-Henriksson, M. The MYCN protein in health and disease. Genes 2017, 8, 113. [CrossRef]
[PubMed]

56. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of microRNA biogenesis, mechanisms of actions, and circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef] [PubMed]

57. Kim, H.; Lee, Y.Y.; Kim, V.N. The biogenesis and regulation of animal microRNAs. Nat. Rev. Mol. Cell Biol. 2025, 26, 276–296.
[CrossRef] [PubMed]

58. Wei, H.P.; Zhan, S.; Zhu, Q.A.; Chen, Z.J.; Feng, X.; Chen, J.Y.; Zhang, Q.L.; Zhao, J.; Meng, L. Genome-wide expression difference
of microRNAs in basal cell carcinoma. J. Immunol. Res. 2021, 2021, 7223500. [CrossRef] [PubMed]

59. Cui, M.; Wang, H.; Yao, X.; Zhang, D.; Xie, Y.; Cui, R.; Zhang, X. Circulating microRNAs in cancer: Potential and challenge. Front.
Genet. 2019, 10, 626. [CrossRef] [PubMed]

60. Durante, G.; Broseghini, E.; Comito, F.; Naddeo, M.; Milani, M.; Salamon, I.; Campione, E.; Dika, E.; Ferracin, M. Circulating
microRNA biomarkers in melanoma and non-melanoma skin cancer. Expert Rev. Mol. Diagn. 2022, 22, 305–318. [CrossRef]
[PubMed]

61. Nataren, N.; Yamada, M.; Prow, T. Molecular skin cancer diagnosis: Promise and limitations. J. Mol. Diagn. 2023, 25, 17–35.
[CrossRef] [PubMed]

62. Diener, C.; Keller, A.; Meese, E. Emerging concepts of miRNA therapeutics: From cells to clinic. Trends Genet. 2022, 38, 613–626.
[CrossRef] [PubMed]

63. Abedimanesh, S.; Safaralizadeh, R.; Jahanafrooz, Z.; Najafi, S.; Amini, M.; Nazarloo, S.S.; Bahojb Mahdavi, S.Z.; Baradaran, B.;
Jebelli, A.; Mokhtarzadeh, A.A. Interaction of noncoding RNAs with hippo signaling pathway in cancer cells and cancer stem
cells. Noncoding RNA Res. 2024, 9, 1292–1307. [CrossRef] [PubMed]

64. Wang, G.Y.; Wang, J.; Mancianti, M.L.; Epstein, E.H., Jr. Basal cell carcinomas arise from hair follicle stem cells in Ptch1(+/−)
mice. Cancer Cell 2011, 19, 114–124. [CrossRef] [PubMed]

65. Colmont, C.S.; Benketah, A.; Reed, S.H.; Hawk, N.V.; Telford, W.G.; Ohyama, M.; Udey, M.C.; Yee, C.L.; Vogel, J.C.; Patel, G.K.
CD200-expressing human basal cell carcinoma cells initiate tumor growth. Proc. Natl. Acad. Sci. USA 2013, 110, 1434–1439.
[CrossRef] [PubMed]

66. Oka, T.; Smith, S.S.; Oliver-Garcia, V.S.; Lee, T.; Son, H.G.; Mortaja, M.; Azin, M.; Garza-Mayers, A.C.; Huang, J.T.; Nazarian, R.M.;
et al. Epigenomic regulation of stemness contributes to the low immunogenicity of the most mutated human cancer. Cell Rep.
2025, 44, 115561. [CrossRef] [PubMed]

67. Chalmers, Z.R.; Connelly, C.F.; Fabrizio, D.; Gay, L.; Ali, S.M.; Ennis, R.; Schrock, A.; Campbell, B.; Shlien, A.; Chmielecki, J.;
et al. Analysis of 100,000 human cancer genomes reveals the landscape of tumor mutational burden. Genome Med. 2017, 9, 34.
[CrossRef] [PubMed]

68. Goodman, A.M.; Kato, S.; Cohen, P.R.; Boichard, A.; Frampton, G.; Miller, V.; Stephens, P.J.; Daniels, G.A.; Kurzrock, R.
Genomic landscape of advanced basal cell carcinoma: Implications for precision treatment with targeted and immune therapies.
Oncoimmunology 2017, 7, e1404217. [CrossRef] [PubMed]

69. Smith, J.R.; Parl, F.F.; Dupont, W.D. Mutation burden independently predicts survival in the pan-cancer atlas. JCO Precis. Oncol.
2023, 7, e2200571. [CrossRef] [PubMed]

70. Cao, J.; Yang, X.; Chen, S.; Wang, J.; Fan, X.; Fu, S.; Yang, L. The predictive efficacy of tumor mutation burden in immunotherapy
across multiple cancer types: A meta-analysis and bioinformatics analysis. Transl. Oncol. 2022, 20, 101375. [CrossRef] [PubMed]

71. Omland, S.H.; Nielsen, P.S.; Gjerdrum, L.M.; Gniadecki, R. Immunosuppressive environment in basal cell carcinoma: The role of
regulatory T cells. Acta Derm. Venereol. 2016, 96, 917–921. [CrossRef] [PubMed]

72. Whitley, M.J.; Suwanpradid, J.; Lai, C.; Jiang, S.W.; Cook, J.L.; Zelac, D.E.; Rudolph, R.; Corcoran, D.L.; Degan, S.; Spasojevic, I.;
et al. ENTPD1 (CD39) expression inhibits UVR-induced DNA damage repair through purinergic signaling and is associated with
metastasis in human cutaneous squamous cell carcinoma. J. Investig. Dermatol. 2021, 141, 2509–2520. [CrossRef] [PubMed]

73. Hua, L.A.; Kagen, C.N.; Carpenter, R.J.; Goltz, R.W. HLA and beta 2-microglobulin expression in basal and squamous cell
carcinomas of the skin. Int. J. Dermatol. 1985, 24, 660–663. [CrossRef] [PubMed]

https://doi.org/10.18632/oncotarget.5771
https://www.ncbi.nlm.nih.gov/pubmed/26416425
https://doi.org/10.1016/j.molcel.2025.05.026
https://www.ncbi.nlm.nih.gov/pubmed/40513567
https://doi.org/10.1016/j.bbcan.2023.188872
https://www.ncbi.nlm.nih.gov/pubmed/36841365
https://doi.org/10.3892/or.15.5.1141
https://www.ncbi.nlm.nih.gov/pubmed/16596176
https://doi.org/10.3390/genes8040113
https://www.ncbi.nlm.nih.gov/pubmed/28358317
https://doi.org/10.3389/fendo.2018.00402
https://www.ncbi.nlm.nih.gov/pubmed/30123182
https://doi.org/10.1038/s41580-024-00805-0
https://www.ncbi.nlm.nih.gov/pubmed/39702526
https://doi.org/10.1155/2021/7223500
https://www.ncbi.nlm.nih.gov/pubmed/34395634
https://doi.org/10.3389/fgene.2019.00626
https://www.ncbi.nlm.nih.gov/pubmed/31379918
https://doi.org/10.1080/14737159.2022.2049243
https://www.ncbi.nlm.nih.gov/pubmed/35235479
https://doi.org/10.1016/j.jmoldx.2022.09.008
https://www.ncbi.nlm.nih.gov/pubmed/36243291
https://doi.org/10.1016/j.tig.2022.02.006
https://www.ncbi.nlm.nih.gov/pubmed/35303998
https://doi.org/10.1016/j.ncrna.2024.06.006
https://www.ncbi.nlm.nih.gov/pubmed/39045083
https://doi.org/10.1016/j.ccr.2010.11.007
https://www.ncbi.nlm.nih.gov/pubmed/21215705
https://doi.org/10.1073/pnas.1211655110
https://www.ncbi.nlm.nih.gov/pubmed/23292936
https://doi.org/10.1016/j.celrep.2025.115561
https://www.ncbi.nlm.nih.gov/pubmed/40250424
https://doi.org/10.1186/s13073-017-0424-2
https://www.ncbi.nlm.nih.gov/pubmed/28420421
https://doi.org/10.1080/2162402X.2017.1404217
https://www.ncbi.nlm.nih.gov/pubmed/29399405
https://doi.org/10.1200/PO.22.00571
https://www.ncbi.nlm.nih.gov/pubmed/37276492
https://doi.org/10.1016/j.tranon.2022.101375
https://www.ncbi.nlm.nih.gov/pubmed/35339028
https://doi.org/10.2340/00015555-2440
https://www.ncbi.nlm.nih.gov/pubmed/27117439
https://doi.org/10.1016/j.jid.2021.02.753
https://www.ncbi.nlm.nih.gov/pubmed/33848530
https://doi.org/10.1111/j.1365-4362.1985.tb05719.x
https://www.ncbi.nlm.nih.gov/pubmed/3910595


Medicina 2025, 61, 1914 17 of 18

74. Walter, A.; Barysch, M.J.; Behnke, S.; Dziunycz, P.; Schmid, B.; Ritter, E.; Gnjatic, S.; Kristiansen, G.; Moch, H.; Knuth, A.; et al.
Cancer-testis antigens and immunosurveillance in human cutaneous squamous cell and basal cell carcinomas. Clin. Cancer Res.
2010, 16, 3562–3570. [CrossRef] [PubMed]

75. Kawasaki, B.T.; Farrar, W.L. Cancer stem cells, CD200 and immunoevasion. Trends Immunol. 2008, 29, 464–468. [CrossRef]
[PubMed]

76. Morgan, H.J.; Rees, E.; Lanfredini, S.; Powell, K.A.; Gore, J.; Gibbs, A.; Lovatt, C.; Davies, G.E.; Olivero, C.; Shorning, B.Y.; et al.
CD200 ectodomain shedding into the tumor microenvironment leads to NK cell dysfunction and apoptosis. J. Clin. Investig. 2022,
132, e150750. [CrossRef] [PubMed]

77. Kaporis, H.G.; Guttman-Yassky, E.; Lowes, M.A.; Haider, A.S.; Fuentes-Duculan, J.; Darabi, K.; Whynot-Ertelt, J.; Khatcherian,
A.; Cardinale, I.; Novitskaya, I.; et al. Human basal cell carcinoma is associated with Foxp3+ T cells in a Th2 dominant
microenvironment. J. Investig. Dermatol. 2007, 127, 2391–2398. [CrossRef] [PubMed]

78. Baratelli, F.; Lee, J.M.; Hazra, S.; Lin, Y.; Walser, T.C.; Schaue, D.; Pak, P.S.; Elashoff, D.; Reckamp, K.; Zhang, L.; et al. PGE2
contributes to TGF-beta induced T regulatory cell function in human non-small cell lung cancer. Am. J. Transl. Res. 2010, 2,
356–367. [PubMed]

79. Guo, J.; Xue, Z.; Wang, L. Transcriptional regulation of the immune checkpoints PD-1 and CTLA-4. Cell. Mol. Immunol. 2022, 19,
861–862. [CrossRef] [PubMed]

80. Nair, R.; Abbineni, C.; Talluri, K.C.; Dhudashiya, A.A.; Aravind, A.B.; Kumar, N.R.; Ramya, R.; Balasubramanyam, D.; Obanna, P.;
Madhaiyan, R.; et al. A novel CCR4 antagonist induces potent anti-tumor response through inhibition of Treg migration into the
tumor microenvironment [abstract]. Cancer Res. 2024, 84 (Suppl. S6), 6537. [CrossRef]

81. NIH National Library of Medicine–Clinical Trial NCT04669808. Open Label, Dose Escalation Study for the Safety and Efficacy of
STP705 in Adult Patients With Basal Cell Carcinoma. Last Update: 18 March 2024. Available online: https://clinicaltrials.gov/
study/NCT04669808 (accessed on 18 June 2025).

82. Kgokolo, M.C.M.; Malinga, N.Z.; Steel, H.C.; Meyer, P.W.A.; Smit, T.; Anderson, R.; Rapoport, B.L. Transforming growth factor-β1
and soluble co-inhibitory immune checkpoints as putative drivers of immune suppression in patients with basal cell carcinoma.
Transl. Oncol. 2024, 42, 101867. [CrossRef] [PubMed]

83. Macha, M.A.; Batra, S.K.; Ganti, A.K. Profile of vismodegib and its potential in the treatment of advanced basal cell carcinoma.
Cancer Manag. Res. 2013, 5, 197–203. [CrossRef]

84. National Comprehensive Cancer Network. NCCN Clinical Practice Guidelines in Oncology:Basal Cell Skin Cancer,
Version 2.2025. Available online: https://www.nccn.org.guidelines.duidelines-detail (accessed on 25 July 2025).

85. Likhacheva, A.; Awan, M.; Barker, C.A.; Bhatnagar, A.; Bradfield, L.; Brady, M.S.; Buzurovic, I.; Geiger, J.L.; Parvathaneni, U.;
Zaky, S.; et al. Definitive and postoperative radiation therapy for basal and squamous cell cancers of the skin: Executive summary
of an American Society for Radiation Oncology Clinical Practice Guideline. Pract. Radiat. Oncol. 2020, 10, 8–20. [CrossRef]
[PubMed]

86. Natelauri, E.; Jghamadze, A. Radiation therapy for basal cell skin cancer. In Skin Cancer—Past, Present and Future; Cazzato, G.,
Ingravallo, G., Eds.; IntechOpen: London, OH, USA, 2025; Volume 12, p. 75. [CrossRef]

87. Szeimies, R.M.; Morton, C.A.; Sidoroff, A.; Braathen, L.R. Photodynamic therapy for non-melanoma skin cancer. Acta Derm.
Venereol. 2005, 85, 483–490. [CrossRef] [PubMed]

88. Jansen, M.H.E.; Mosterd, K.; Arits, A.H.M.M.; Roozeboom, M.H.; Sommer, A.; Essers, B.A.B.; van Pelt, H.P.A.; Quaedvlieg, P.J.F.;
Steijlen, P.M.; Nelemans, P.J.; et al. Five-year results of a randomized controlled trial comparing effectiveness of photodynamic
therapy, topical imiquimod, and topical 5-fluorouracil in patients with superficial basal cell carcinoma. J. Investig. Dermatol. 2018,
138, 527–533. [CrossRef] [PubMed]

89. Heath, M.S.; Bar, A. Basal cell carcinoma. Dermatol. Clin. 2023, 41, 13–21. [CrossRef] [PubMed]
90. Cebolla-Verdugo, M.; Llamas-Segura, C.; Velasco-Amador, J.P.; Almazán-Fernández, F.M.; Ruiz-Villaverde, R. Understanding and

managing locally advanced basal cell carcinoma: Insights into pathogenesis, therapeutic strategies, and the role of hedgehog
pathway inhibitors. Ital. J. Dermatol. Venerol. 2024, 159, 530–542. [CrossRef] [PubMed]

91. Doheny, D.; Manore, S.G.; Wong, G.L.; Lo, H.W. Hedgehog signaling and truncated GLI1 in cancer. Cells 2020, 9, 2114. [CrossRef]
[PubMed]

92. Paradisi, A.; Mannino, M.; Brunetti, F.; Bocchino, E.; Di Stefani, A.; Peris, K. Advanced basal cell carcinoma: A narrative review
on current systemic treatments and the neoadjuvant approach. J. Pers. Med. 2025, 15, 226. [CrossRef] [PubMed]

93. Li, X.; Wang, H.; Lu, Q. Immunotherapy for locally advanced and metastatic basal cell carcinoma: A narrative review. Transl.
Cancer Res. 2024, 13, 6565–6575. [CrossRef] [PubMed]

94. Imyanitov, E.N.; Preobrazhenskaya, E.V.; Mitiushkina, N.V. Overview on biomarkers for immune oncology drugs. Explor. Target.
Antitumor Ther. 2025, 6, 1002298. [CrossRef] [PubMed]

95. Bapna, M.; Ruiz, E. Cemiplimab in the treatment of metastatic basal cell carcinoma. Future Oncol. 2025, 21, 1999–2005. [CrossRef]
[PubMed]

https://doi.org/10.1158/1078-0432.CCR-09-3136
https://www.ncbi.nlm.nih.gov/pubmed/20519358
https://doi.org/10.1016/j.it.2008.07.005
https://www.ncbi.nlm.nih.gov/pubmed/18775673
https://doi.org/10.1172/JCI150750
https://www.ncbi.nlm.nih.gov/pubmed/36074574
https://doi.org/10.1038/sj.jid.5700884
https://www.ncbi.nlm.nih.gov/pubmed/17508019
https://www.ncbi.nlm.nih.gov/pubmed/20733946
https://doi.org/10.1038/s41423-022-00877-y
https://www.ncbi.nlm.nih.gov/pubmed/35595818
https://doi.org/10.1158/1538-7445.AM2024-6537
https://clinicaltrials.gov/study/NCT04669808
https://clinicaltrials.gov/study/NCT04669808
https://doi.org/10.1016/j.tranon.2023.101867
https://www.ncbi.nlm.nih.gov/pubmed/38308919
https://doi.org/10.2147/CMAR.S45976
https://www.nccn.org.guidelines.duidelines-detail
https://doi.org/10.1016/j.prro.2019.10.014
https://www.ncbi.nlm.nih.gov/pubmed/31831330
https://doi.org/10.5772/intechopen.1004362
https://doi.org/10.1080/00015550510044136
https://www.ncbi.nlm.nih.gov/pubmed/16396794
https://doi.org/10.1016/j.jid.2017.09.033
https://www.ncbi.nlm.nih.gov/pubmed/29045820
https://doi.org/10.1016/j.det.2022.07.005
https://www.ncbi.nlm.nih.gov/pubmed/36410973
https://doi.org/10.23736/S2784-8671.24.07993-3
https://www.ncbi.nlm.nih.gov/pubmed/39422527
https://doi.org/10.3390/cells9092114
https://www.ncbi.nlm.nih.gov/pubmed/32957513
https://doi.org/10.3390/jpm15060226
https://www.ncbi.nlm.nih.gov/pubmed/40559089
https://doi.org/10.21037/tcr-24-742
https://www.ncbi.nlm.nih.gov/pubmed/39697716
https://doi.org/10.37349/etat.2025.1002298
https://www.ncbi.nlm.nih.gov/pubmed/40135049
https://doi.org/10.1080/14796694.2025.2511568
https://www.ncbi.nlm.nih.gov/pubmed/40432222


Medicina 2025, 61, 1914 18 of 18

96. Stratigos, A.J.; Sekulic, A.; Peris, K.; Bechter, O.; Prey, S.; Kaatz, M.; Lewis, K.D.; Basset-Seguin, N.; Chang, A.L.S.; Dalle, S.; et al.
Cemiplimab in locally advanced basal cell carcinoma after hedgehog inhibitor therapy: An open-label, multi-centre, single-arm,
phase 2 trial. Lancet Oncol. 2021, 22, 848–857. [CrossRef] [PubMed]

97. Park, S.J.; Ellison, D.M.; Weight, R.; Homsi, J.; Rabinowits, G.; Ruiz, E.S.; Strasswimmer, J.; Simmons, J.; Panella, T.; Quek, R.G.;
et al. CASE (CemiplimAb-rwlc Survivorship and Epidemiology): A study in advanced basal cell carcinoma. Future Oncol. 2025,
21, 431–436. [CrossRef] [PubMed]

98. Hughes, B.G.M.; Guminski, A.; Bowyer, S.; Migden, M.R.; Schmults, C.D.; Khushalani, N.I.; Chang, A.L.S.; Grob, J.J.; Lewis, K.D.;
Ansstas, G.; et al. A phase 2 open-label study of cemiplimab in patients with advanced cutaneous squamous cell carcinoma
(EMPOWER-CSCC-1): Final long-term analysis of groups 1, 2, and 3, and primary analysis of fixed-dose treatment group 6. J. Am.
Acad Dermatol. 2025, 92, 68–77. [CrossRef] [PubMed]

99. Silk, A.W.; Barker, C.A.; Bhatia, S.; Bollin, K.B.; Chandra, S.; Eroglu, Z.; Gastman, B.R.; Kendra, K.L.; Kluger, H.; Lipson, E.J.; et al.
Society for Immunotherapy of Cancer (SITC) clinical practice guideline on immunotherapy for the treatment of nonmelanoma
skin cancer. J. Immunother. Cancer 2022, 10, e004434. [CrossRef] [PubMed]

100. Rapoport, B.L.; Anderson, R.; Cooksley, T.; Johnson, D.B. MASCC 2020 recommendations for the management of immune-related
adverse events of patients undergoing treatment with immune checkpoint inhibitors. Support. Care Cancer 2020, 28, 6107–6110.
[CrossRef] [PubMed]

101. Sekulic, A.; Migden, M.R.; Oro, A.E.; Dirix, L.; Lewis, K.D.; Hainsworth, J.D.; Solomon, J.A.; Yoo, S.; Arron, S.T.; Friedlander,
P.A.; et al. Efficacy and safety of vismodegib in advanced basal-cell carcinoma. N. Engl. J. Med. 2012, 366, 2171–2179. [CrossRef]
[PubMed]

102. Patel, S.; Armbruster, H.; Pardo, G.; Archambeau, B.; Kim, N.H.; Jeter, J.; Wu, R.; Kendra, K.; Contreras, C.M.; Spaccarelli, N.; et al.
Hedgehog pathway inhibitors for locally advanced and metastatic basal cell carcinoma: A real-world single-center retrospective
review. PLoS ONE 2024, 19, e0297531. [CrossRef] [PubMed]

103. Dummer, R.; Lear, J.T.; Guminski, A.; Leow, L.J.; Squittieri, N.; Migden, M. Efficacy of sonidegib in histologic subtypes of
advanced basal cell carcinoma: Results from the final analysis of the randomized phase 2 Basal Cell Carcinoma Outcomes with
LDE225 Treatment (BOLT) trial at 42 months. J. Am. Acad. Dermatol. 2021, 84, 1162–1164. [CrossRef] [PubMed]

104. Kim, D.J.; Kim, J.; Spaunhurst, K.; Montoya, J.; Khodosh, R.; Chandra, K.; Fu, T.; Gilliam, A.; Molgo, M.; Beachy, P.A.; et al.
Open-label, exploratory phase II trial of oral itraconazole for the treatment of basal cell carcinoma. J. Clin. Oncol. 2014, 32, 745–751.
[CrossRef] [PubMed]

105. Ungureanu, L.; Vasilovici, A.F.; Halmágyi, S.R.; Trufin, I.I.; Apostu, A.P.; Prisecaru, M.; S, enilă, S.C. Immunotherapy in basal cell
carcinoma. J. Clin. Med. 2024, 13, 5730. [CrossRef] [PubMed]

106. Véron, M.; Chevret, S.; Grob, J.J.; Beylot-Barry, M.; Saiag, P.; Fléchon, A.; You, B.; Maubec, E.; Jouary, T.; Toulemonde, E.; et al.
Safety and efficacy of nivolumab, an anti-PD1 immunotherapy, in patients with advanced basal cell carcinoma, after failure or
intolerance to sonic Hedgehog inhibitors: UNICANCER AcSé NIVOLUMAB trial. Eur. J. Cancer 2022, 177, 103–111. [CrossRef]
[PubMed]

107. Chang, A.L.S.; Tran, D.C.; Cannon, J.G.D.; Li, S.; Jeng, M.; Patel, R.; Van der Bokke, L.; Pague, A.; Brotherton, R.; Rieger, K.E.; et al.
Pembrolizumab for advanced basal cell carcinoma: An investigator-initiated, proof-of-concept study. J. Am. Acad Dermatol. 2019,
80, 564–566. [CrossRef] [PubMed]

108. Senhwa Biosciences Announces Positive Clinical Data from Phase 1/Expansion Trial of Silmitasertib (CX-4945) in the Treatment
of Basal Cell Carcinoma. News release. Senhwa Biosciences. 2025. Available online: https://www.senhwabio.com/en/news/2025
0402 (accessed on 19 August 2025).

109. Kunstfeld, R.; Nguyen, V.A. New therapeutic developments for basal cell carcinoma. J. Dtsch. Dermatol. Ges. 2023, 21, 382–385.
[CrossRef] [PubMed]

110. Su, J.; Fu, Y.; Cui, Z.; Abidin, Z.; Yuan, J.; Zhang, X.; Li, R.; Zhao, C. Relatlimab: A novel drug targeting immune checkpoint
LAG-3 in melanoma therapy. Front. Pharmacol. 2024, 14, 1349081. [CrossRef]

111. Stein, J.E.; Brothers, P.; Applebaum, K.; Gaskin, A.; Wang, H.; Taube, J.M.; Lipson, E.J. A phase 2 study of nivolumab (NIVO)
alone or plus ipilimumab (IPI) for patients with locally advanced unresectable (laBCC) or metastatic basal cell carcinoma (mBCC).
Meeting Abstract: 2019 ASCO Annual Meeting I, 26 May 2019.. J. Clin. Oncol. 2019, 37, 9595. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S1470-2045(21)00126-1
https://www.ncbi.nlm.nih.gov/pubmed/34000246
https://doi.org/10.1080/14796694.2024.2448416
https://www.ncbi.nlm.nih.gov/pubmed/39797702
https://doi.org/10.1016/j.jaad.2024.06.108
https://www.ncbi.nlm.nih.gov/pubmed/39245360
https://doi.org/10.1136/jitc-2021-004434
https://www.ncbi.nlm.nih.gov/pubmed/35902131
https://doi.org/10.1007/s00520-020-05727-z
https://www.ncbi.nlm.nih.gov/pubmed/32886228
https://doi.org/10.1056/NEJMoa1113713
https://www.ncbi.nlm.nih.gov/pubmed/22670903
https://doi.org/10.1371/journal.pone.0297531
https://www.ncbi.nlm.nih.gov/pubmed/38687774
https://doi.org/10.1016/j.jaad.2020.08.042
https://www.ncbi.nlm.nih.gov/pubmed/33358380
https://doi.org/10.1200/JCO.2013.49.9525
https://www.ncbi.nlm.nih.gov/pubmed/24493717
https://doi.org/10.3390/jcm13195730
https://www.ncbi.nlm.nih.gov/pubmed/39407789
https://doi.org/10.1016/j.ejca.2022.09.013
https://www.ncbi.nlm.nih.gov/pubmed/36335780
https://doi.org/10.1016/j.jaad.2018.08.017
https://www.ncbi.nlm.nih.gov/pubmed/30145186
https://www.senhwabio.com/en/news/20250402
https://www.senhwabio.com/en/news/20250402
https://doi.org/10.1111/ddg.15020
https://www.ncbi.nlm.nih.gov/pubmed/37070499
https://doi.org/10.3389/fphar.2023.1349081
https://doi.org/10.1200/JCO.2019.37.15_suppl.TPS9595

	Introduction 
	Epidemiology, Clinical Features, Histopathology, Risk Factors, and Diagnosis of BCC 
	Roles of Human Papillomavirus and Human Immunodeficiency Virus, as Well as Pre-Existing Immune Suppression 
	Human Papillomavirus 
	Human Immunodeficiency Virus 
	Pre-Existing Non-Infectious Disease-Associated Immune Suppression 

	Driver Mutations/Mechanisms in BCC 
	Hedgehog Signaling Pathway 
	Tp53 Gene Mutations 
	The Hippo/YAP Signaling Pathway 
	Other Mechanisms Driving the Pathogenesis of BCC 

	Immune Landscape of Basal Cell Carcinoma 
	Mechanisms of Immune Evasion/Exclusion 
	Interference with the Presentation of Tumor Antigens/Neoantigens to Cytotoxic T-Cells 
	Inactivation of Natural Killer Cells by BCC-Derived Soluble CD200 
	Tregs as Mediators of Immune Evasion in BCC 
	Co-Inhibitory Immune Checkpoint Proteins as Therapeutic Targets in BCC 

	Role of Radiation Therapy and Topical Therapies in Basal Cell Carcinoma 
	Treatment of Patients with Locally Advanced Unresectable or Metastatic BCC 
	Hedgehog Signaling Pathway Inhibitors 
	Immune Checkpoint Inhibition with PD-1-Targeted Monoclonal Antibodies 

	Conclusions and Future Directions 
	References

