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Abstract: Head and neck cancers (HNCs), particularly head and neck squamous cell
carcinoma (HNSCC), are among the most aggressive and prevalent malignancies of the
upper aerodigestive tract. As the incidence of HNCs continues to rise, this cancer type
presents a significant public health challenge. Despite conventional treatment options,
such as surgery, chemotherapy, and radiotherapy, the five-year survival rates remain
relatively low due to resistance to these therapies, local recurrence, local lymph node
metastasis, and in some advanced cases also distant metastasis. Consequently, patients
with HNCs face a high mortality risk and have reduced quality of life due to the side
effects of chemo- and radiotherapy. Furthermore, targeted therapies and immunotherapies
have also shown limited effectiveness in many cases, with issues related to resistance and
the accessibility of these treatments. Therefore, new strategies, such as those based on
combination therapies and nanotechnology, are being explored to improve the treatment of
HNC patients. The proteolysis-targeting chimeras (PROTACs) also emerged as a promising
therapeutic approach, though research is still ongoing to bring this technology into clinical
practice. Here, we aim to highlight the current knowledge of HNC therapies, with a
focus on recent advancements, including nanomedicine and PROTAC-based strategies.
The development and advancement of novel emerging therapies hold promise for the
improvement of patients’ survival and quality of life.

Keywords: head and neck cancer; head and neck squamous cell carcinoma; conventional
therapies; targeted therapy; immunotherapy; nanomedicine; nanoparticles; PROTAC

1. Introduction
Head and neck cancers (HNCs) comprise a heterogeneous group of tumors that

arise in the anatomical sites of the upper aerodigestive tract (Figure 1). The predominant
histological classification of HNCs is head and neck squamous cell carcinoma (HNSCC),
accounting for approximately 90% of cases. HNSCC originates from the epithelial tissue
lining the oral cavity, pharynx, and larynx [1,2]. These cancers can be categorized by HPV
status (HPV-positive versus HPV-negative), which is associated with different biological
and etiological characteristics. The major risk factor for HPV-positive tumors is the human
papillomavirus (HPV) infection, while HPV-negative cancers are mainly associated with
tobacco smoking and excessive alcohol intake [3]. HNCs remain a global health concern
due to their high incidence and mortality with 946,456 new cases diagnosed and 482,001
deaths occurring each year worldwide [4]. Although treatment strategies have improved,
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the five-year survival rate for HNSCC remains relatively low, with fewer than 50% of
patients surviving beyond this period [5]. Moreover, epidemiological studies estimate
a 30% increase in HNC cases globally by 2030, highlighting the need for personalized
treatment strategies [2] and the development of novel therapies to significantly improve
patients’ quality of life.
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are declining in countries and regions like the USA, Canada, South Korea, and Hong Kong 
[9]. Over the next two decades, HPV-positive HNC is expected to become the dominant 
form, with oropharyngeal cancer surpassing oral cavity cancer in incidence across some 
European countries, e.g., the UK. As aforementioned, individuals with HPV-negative 
tumors tend to have a heavier cigareĴe smoking history, with their risk of mortality 
increasing with each additional pack-year, compared to HPV-positive cases. Interestingly, 
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positive patients, enhanced anti-tumor immune responses, or the biological characteristics 

Figure 1. Overview of head and neck cancers (HNCs). The primary types of HNC based on their
anatomical locations, and major risk factors, including tobacco and alcohol use, human papillo-
mavirus (HPV) infection, or environmental exposures. Incidence data, representing annual new
cases of HNC worldwide, based on global cancer statistics 2022 [4], with variations observed across
different geographic regions. Created in BioRender. Blaszczak, E. (2025) (https://BioRender.com/).

While HNCs are a global health concern, affecting people in both developed and
developing countries [6], trends vary by region and tumor subtype. For example, in Europe
and in the USA, the high incidence rates are mainly driven by the increase in HPV-related
oropharyngeal cancers (mainly HPV-16 and HPV-18) [7,8]. Population-based studies show
a global trend of increasing HPV-positive HNC, while HPV-negative cases are declining
in countries and regions like the USA, Canada, South Korea, and Hong Kong [9]. Over
the next two decades, HPV-positive HNC is expected to become the dominant form, with
oropharyngeal cancer surpassing oral cavity cancer in incidence across some European
countries, e.g., the UK. As aforementioned, individuals with HPV-negative tumors tend to
have a heavier cigarette smoking history, with their risk of mortality increasing with each
additional pack-year, compared to HPV-positive cases. Interestingly, patients with HPV-
positive tumors experience nearly a 60% lower risk of death after adjusting for factors such
as age, ethnicity, cancer stage, smoking history, and treatment regimen [10]. This improved
prognosis may be linked to fewer comorbidities in HPV-positive patients, enhanced anti-
tumor immune responses, or the biological characteristics of HPV-positive tumors, such as
greater radiosensitivity and lower mutational burden [11].

One of the key challenges in managing HNCs is that they are often diagnosed at
advanced stages, reducing the effectiveness of surgical treatments and leading to poorer
patient prognosis with lower survival rates. Cisplatin (CDDP) is a widely used chemother-
apeutic agent for HNC, often administered as adjuvant therapy for locally advanced cases
or combined with radiotherapy (RT) in the so-called chemoradiotherapy (CRT) to improve
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treatment efficacy. CDDP monotherapy has an efficacy rate of around 40% [12]. Long-term
follow-up of a trial by Cooper et al. [13] showed no significant improvement in overall
survival (OS) from adding CDDP to postoperative RT in high-risk resected HNC patients,
with 10-year OS rates of 27.0% for RT alone and 29.1% for RT plus cisplatin (p = 0.31), em-
phasizing the need for more effective strategies in select high-risk groups. This is especially
true as CRT can lead to substantial side effects and negatively impact patients’ quality
of life [14]. Two immune checkpoint inhibitors (ICIs), nivolumab and pembrolizumab,
were approved by the Food and Drug Administration (FDA) for treating recurrent or
metastatic HNSCC (R/M-HNSCC), with pembrolizumab serving as the first-line therapy
for unresectable tumors, significantly increasing the OS of R/M-HNC [15–17]. However,
the effectiveness of these therapies is often limited by factors such as immune resistance,
the lack of long-term responses in some patients, and treatment toxicities [18]. Therefore,
there is a constant need for novel treatment development. In this review, we summarize
the current knowledge of HNC therapeutic strategies (Figure 2). We discuss the advan-
tages and limitations of the currently used treatments. Moreover, we emphasize emerging
technologies for treating this heterogeneous cancer type, including targeted therapies,
immunotherapies, nanotechnologies, and PROTAC technology.
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Figure 2. A schematic summary of the current head and neck cancer (HNC) therapies (detailed description
further in the text). The current treatments are marked in purple boxes, while the emerging therapies are in
green boxes. For most HNC patients, depending on the clinical status, the standard treatment involves single
or mixed approaches of surgery, RT, or chemotherapy to reduce recurrence risk. Targeted therapy is also
used as it exhibits fewer side effects and higher specificity, though not all patients respond to it. Similarly,
immunotherapy targeting programmed cell death 1 (PD-1) and programmed death-ligand 1 (PD-L1) therapy
is a first-line treatment for recurrent or metastatic PD-L1-positive tumors. The main emerging therapeu-
tic strategies in preclinical or clinical trials include immune checkpoint inhibitors (ICIs), antibody–drug
conjugates, small molecule inhibitors, epigenetic modulators, and oncolytic virus therapies. Additionally,
nanotechnology-based approaches and PROTAC-based approaches are also emerging treatments for these
cancers. IMRT—intensity-modulated radiotherapy, 5-FU—5-fluorouracil, EGFR—epidermal growth fac-
tor receptor, VEGF—vascular endothelial growth factor, ADC—antibody–drug conjugate, HER2—human
epidermal growth factor receptor 2, Trop-2—trophoblast cell surface antigen 2, CRISPR/Cas9—clustered
regularly interspaced short palindromic repeats/CRISPR-associated protein 9, DNMT—DNA methyltrans-
ferase, HDAC—histone deacetylase, R/M-HNC—recurrent or metastatic head and neck cancer, CAR-T
cell—chimeric antigen receptor T cell, STAT3—signal transducer and activator of transcription 3, BRD4—
bromodomain-containing protein 4. Created in BioRender. Blaszczak, E. (2025) (https://BioRender.com/).
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2. Conventional Treatment Options for HNCs
The choice of treatment for HNC depends on the disease stage, tumor location

(anatomical site), and feasibility of surgical intervention. It typically involves surgery,
RT, chemotherapy, or a combination of surgery with RT or chemo- and radiotherapy.
For early-stage HNC (stage I or II), around 30–40% of patients are treated with either
surgery or RT, leading to improved survival outcomes. In contrast, more than 60% of
patients with advanced-stage HNC (stage III or IV) require more advanced therapeutic
approaches [19,20].

2.1. Surgery

HNC treatments typically involve surgical intervention, followed by postoperative
radiation or chemotherapy, if required. Surgery is usually the primary treatment for oral
carcinomas. In more advanced stages, treatment may include postoperative radiation,
chemoradiation, targeted therapy for oncogenes, and immunotherapy [21,22]. Surgical
approaches for treating most HNCs include open procedures, endoscopic methods, and
robotic surgery. The goal is to remove enough tumor tissue to reduce the risk of local and
regional recurrences, which can impact long-term patient’s survival. A 1 cm margin of
three-dimensional dissection is considered adequate for oral carcinoma surgery. However,
larger margins may lead to aesthetic and functional complications. Surgical effectiveness is
mainly influenced by the cancer’s stage at diagnosis, with earlier-stage cancers showing
better responses [1,3].

After excising the primary tumor, reconstructive surgery is typically necessary to
restore both the function of the oral cavity and the appearance of the head and neck. The
choice of reconstruction method depends on factors such as the defect characteristics, the
patient’s medical history, the expertise of the surgeon, and the prognosis. Reconstructive
procedures generally follow the so-called ‘reconstructive ladder’, starting with skin grafts
and progressing to microvascular free flaps, with unrestricted tissue transfers being a
reliable and commonly used technique for oral reconstruction [21]. Microvascular free
flaps have become the standard for reconstructing tissue defects in advanced HNC cases.
However, complications are frequent, affecting more than 70% of patients [23], particularly
those who are elderly, have multiple comorbidities, and are heavy alcohol and tobacco
users, which increases the likelihood of both surgical and medical complications [24].

2.2. Radiotherapy

RT in combination with surgery is a primary treatment option for HNC. RT doses
typically range from 54 to 70 Gy (1 Gray corresponds to the absorption of 1 joule of radiation
energy per kilogram of tissue), delivered through a standard fractionation schedule of 2 Gy per
fraction, one fraction per day, five days a week. In high-risk cases, the standard nonsurgical
treatment approach involves combining RT with concurrent cisplatin (100 mg/m2 every three
weeks) [25]. Currently, the most widely used form of RT is external beam photon therapy [26].
To improve local tumor control, while minimizing RT toxicity, this approach is evolving
toward a more personalized treatment. Technological advancements in photon-based RT
have significantly enhanced dose distribution conformity for HNC patients [27]. Moreover,
the introduction of heavy particle radiation (hadron therapy) [28], and importantly, a deeper
understanding of the interaction between photons and the immune response of both the
tumor and the host, have opened up new treatment opportunities [29]. Despite technological
improvements, RT can cause acute and late toxicities [30], significantly diminishing the quality
of life for HNC patients. Furthermore, some HNC tumors develop radioresistance, leading
to recurrence and treatment failure. This can be related to tumor hypoxia, changes in gene
expression, and induced DNA repair mechanisms [31]. The heterogeneity of these tumors
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may also play a considerable role. Additionally, RT shows limited effectiveness in advanced
cases, particularly metastatic HNCs, and in such advanced cases, occurring radioresistance
leads to treatment failure [32].

2.3. Chemotherapy

Chemotherapy plays a crucial role in the palliative treatment of HNCs and it is also
used before the main treatment (neoadjuvant therapy) to help decrease the tumor size, thus
improving the chances of preserving the larynx [33]. It is now widely accepted that in HNC
patients diagnosed with stage III or IV of tumors, the standard regimen of chemotherapy
includes CDDP, 5-fluorouracil (5-FU), and docetaxel or paclitaxel [20]. Cisplatin demon-
strated high response rates (RRs) and improved OS compared to best supportive care and
initially used methotrexate, establishing its role in recurrent or metastatic head and neck
cancer (R/M-HNC) treatment [34]. The combination of CDDP with 5-FU became the stan-
dard regimen due to its enhanced RRs and manageable toxicity, despite not significantly
prolonging the OS [35,36]. Recent studies have shown that patients with p16-negative HNC
(the lack of p16 protein expression, a biomarker for HPV infection) who missed weekly
CDDP cycles had significantly worse OS and progression-free survival (PFS) compared
to those who received seven to eight cycles of treatment with CDDP. In contrast, there
was no significant difference in OS between patients with p16-positive tumors (elevated
levels of p16 protein expression) who missed cisplatin cycles and those who completed the
full regimen. Cytopenia, a reduction in the number of blood cells, was the most common
reason for treatment interruption. These findings suggest the importance of adherence to
cisplatin cycles, especially for p16-negative tumors, in improving patient outcomes [37].

Another drug, docetaxel, which inhibits microtubule depolymerization and disrupts
mitosis, demonstrated significant effectiveness as a standalone treatment for both recurrent
and advanced HNCs [38,39]. Similarly, paclitaxel, also an FDA-approved chemotherapeutic
agent, is used in combination with other chemotherapeutic compounds, e.g., CDDP and
carboplatin, and shows less toxicity than cisplatin alone [40]. The combination of biological
and chemotherapeutic agents with RT has shown strong effectiveness in improving local
tumor control and enhancing patient survival outcomes [41]. For patients with recurrent or
metastatic tumors, therapeutic options include immune checkpoint inhibitors, platinum
derivatives, 5-FU, and cetuximab [42]. A retrospective analysis evaluated the efficacy
and tolerability of paclitaxel, carboplatin, and cetuximab (PCC) in HNC patients. Among
58 patients with R/M disease, the RR was 22%, with a mean PFS of 7.1 months and OS
of 15.2 months. In the induction cohort (N = 22), 86% successfully completed treatment,
with an RR of 64%. In 52% of patients, ≥grade 3 toxicities appeared, though PCC was
well-tolerated and showed promising PFS/OS outcomes in R/M disease [42].

2.4. Limitations of Conventional HNC Treatments

To sum up, conventional treatments for HNCs, including surgery, radio-, and
chemotherapy, have several significant disadvantages. Surgery, particularly when large
portions of tissue are removed, can lead to functional or cosmetic impairments, affecting
speech, swallowing, and facial appearance [43,44]. RT can cause side effects such as dry
mouth, difficulty swallowing, inflammation of the mucous membranes, and long-term
damage to healthy tissues, all of which can impact treatment and recovery [14,45]. Patients
undergoing radio- and chemotherapy often experience a range of side effects, including
speech disorder, dysphagia, pain, and depression, which can significantly affect their
quality of life. Xerostomia (‘dry mouth’) is also a major complication affecting patients
undergoing radiation or chemoradiation [46]. Apart from side effects such as systemic
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toxicities, these therapies are often less effective in advanced stages of HNC, where tumors
may metastasize or become resistant to treatment.

3. Emerging Therapies in HNC
Due to the high heterogeneity of HNC, side effects of standard therapies, and the increasing

incidence of the disease, there is a greater need for the development of new therapies. Numer-
ous clinical trials involving patients with HNC, particularly HNSCC, have been conducted
globally according to the clinical trials database (URL: https://clinicaltrials.gov, accessed on
2 March 2025). While searching for studies related to HNSCC (specified search term; start date
up until 2 March 2025), 1777 were found. Out of these, 577 trials have been completed, while
436 are still in the recruitment phase, categorized as recruiting, 198 active but not recruiting,
219 terminated, 95 not yet recruiting, 4 enrolling by invitation, 7 suspended, 71 withdrawn, and
169 were found as unknown. Based on the information from the Clinicaltrials.gov database,
we present some of the selected compounds that were either approved by the FDA for the
treatment of HNCs or that are undergoing clinical trials (Table 1).

Table 1. The selected FDA-approved compounds and compounds in clinical trials for HNC treatment
as targeted therapy or immunotherapy.

Compound Class Mechanism of Action Exemplified
Clinical Trial(s)

Use in HNC
Therapy FDA Approval References

Cetuximab
Monoclonal
antibody Targets EGFR

NCT00004227
R/M-HNCs alone
and in combination
therapies

Approved

[47]

Cetuximab with cisplatin or
carboplatin and
5-fluorouracil

NCT00122460 [48]

Pembrolizumab
monotherapy or
pembrolizumab, and
cisplatin or carboplatin in
combination with
5-fluorouracil
(‘pembro combo’)

Monoclonal
antibody

Inhibits PD-1, enhances
immune response NCT02358031 R/M-HNSCC Approved [17]

Nivolumab Monoclonal
antibody

Inhibits PD-1, enhances
immune response NCT02105636 R/M-HNCs Approved [15]

Durvalumab with
cetuximab

Monoclonal
antibody

Inhibits PD-L1 interaction
with PD-1, enhances
immune response

NCT03691714 Previously treated
R/M-HNSCC Phase II clinical trial [49]

Atezolizumab Monoclonal
antibody

Inhibits PD-L1,
enhances immune response NCT04939480 Local HNSCC Phase II clinical trial [50]

Tislelizumab with
gemcitabine and cisplatin

Monoclonal
antibody

Inhibits PD-1, enhances
immune response NCT03924986

R/M
nasopharyngeal
cancer (NPC)

Phase III clinical trial [51]

Cemiplimab with
platinum-doublet
chemotherapy, and
cetuximab

Monoclonal
antibody

Inhibits PD-1, enhances
immune response NCT04722523

Locoregionally
advanced (LA)
HNSCC

Phase I clinical trial [52]

Lenvatinib with cetuximab Multikinase
inhibitor

Inhibits VEGFR, FGFR,
PDGFR, RET, and CD117 * NCT03524326 R/M-HNSCC Phase I clinical trial [53]

* VEGFR—vascular endothelial growth factor receptor, FGFR—fibroblast growth factor receptor, PDGFR—platelet-
derived growth factor receptor, RET—rearranged during transfection tyrosine kinase, CD117—cluster of differentiation
117/receptor tyrosine kinase type III. Information retrieved from the Clinical Trials database (URL: https://clinicaltrials.gov,
accessed on 4 March 2025) and referred publications.

3.1. Targeted Therapy

Targeted therapies (Figure 3) have significantly advanced HNC treatment by precisely
‘attacking’ cancer cells while minimizing toxicity. A key breakthrough was the identification
of EGFR, as a driver of tumor growth and metastasis, and its expression in HNC [54,55].
Hence, the idea of targeting it emerged. One of the monoclonal antibody-based drugs
targeting EGFR, cetuximab’s efficacy was evaluated in combination with RT for HNC
patients, demonstrating enhanced RT effectiveness and its significant role as a ‘radiosensi-
tizer’, leading to FDA approval of such therapy for locally advanced HNSCC [32,47,56]. It

https://clinicaltrials.gov
https://clinicaltrials.gov
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was also shown to exhibit dose-dependent pharmacokinetics, tolerability, and biological
activity when combined with cisplatin in patients with advanced EGFR-overexpressing
tumors [57]. Combining cetuximab with platinum-based chemotherapy (CDDP, carbo-
platin) plus 5-FU extended median OS from 7.4 months (chemotherapy alone group) to
10.1 months (group receiving platinum-5-FU plus cetuximab), establishing combination
therapy with cetuximab as an effective treatment for platinum-resistant R/M-HNC [48],
even though its efficacy compared to CRT was debated with mixed results from subsequent
trials. Cetuximab combined with RT demonstrated better outcomes over RT alone but
the trial did not include clinical data on cetuximab with RT in comparison to CRT [47]. A
subsequent trial showed that cetuximab plus RT was just as effective as CRT after induction
chemotherapy [58], while another trial suggested that it might be less effective, though
the study was not specifically designed to confirm this with statistical significance [59].
Overall, cetuximab is better established for R/M-HNC than for locally advanced cases,
but its benefits must be weighed against its side effects [60]. In the pivotal clinical trial
by Bonner et al. [47], cetuximab did not worsen the typical side effects of RT in HNSCC,
such as mucositis, xerostomia, or dysphagia. However, during routine clinical practice,
a greater frequency of severe radiation-related dermatitis than in the Bonner trial was
observed [61,62]. Cetuximab and radiation caused a usually uncommon severe skin rash of
Grade 3 in a 61-year-old man with oropharyngeal cancer [63]. Moreover, other side effects
were reported, such as anaphylaxis [64], and respiratory-related (i.e., acute eosinophilic
pneumonia) [65] and hematologic toxicity [66,67]. More recent retrospective studies based
on data from the FDA Adverse Event Reporting System (FAERS) reported that cetuximab
typically affects the blood and lymphatic systems and is associated with more serious
outcomes with multiple medications (polytherapy) compared to cetuximab alone. Ad-
ditionally, more serious outcomes concerned the therapy with cetuximab in countries
outside the US than within the US [68]. Despite cetuximab’s efficacy and safety improve-
ments in HNC therapy, further advancements are needed to enhance clinical outcomes and
improve quality of life [32,69] through more precise therapeutic strategies and reduced
treatment-related toxicities.

Currently, there are still several clinical trials that investigate cetuximab therapy in
combination with agents targeting different effectors, including immune checkpoints, e.g.,
programmed cell death 1 (PD-1) and programmed death-ligand 1 (PD-L1) inhibitors, vascu-
lar endothelial growth factor/vascular endothelial growth factor receptor (VEGF/VEGFR)
inhibitors [32], and tyrosine kinase inhibitors, e.g., MET inhibitors. Active, ongoing trials are
assessing the efficacy and safety of cetuximab in combination with an anti-PD-L1 inhibitor
avelumab in advanced HNC (NCT03494322; phase II [70]), or both drugs administered after
three cycles of platinum and taxane-based chemotherapy in patients with R/M-HNSCC
(NCT06869473). For R/M-HNSCC, cetuximab is also being evaluated in combination with
the PD-1 inhibitor nivolumab (NCT03370276; phase I/II). Overall, combining cetuximab
with nivolumab is showing significant anti-cancer effects, while having manageable side
effects in patients with R/M-HNSCC, regardless of their previous treatment regimens [71].
Current clinical development is also evaluating the MET tyrosine inhibitor capmatinib,
initially approved by the FDA in 2020 for the treatment of metastatic non-small-cell lung
cancer (NSCLC; particularly tumors with a mutation that leads to MET exon 14 skipping),
for potent use in HNC cancer therapy [72].

The addition of bevacizumab, a monoclonal antibody that targets vascular endothelial
growth factor (VEGF), a potent inducer of angiogenesis, to chemotherapy in R/M-HNSCC
improved PFS (6.0 vs. 4.3 months, p = 0.0014) and RRs (35.5% vs. 24.5%, p = 0.016)
but did not significantly improve OS (p = 0.22). Increased toxicities were observed with
bevacizumab, including a higher rate of grade 3 to 5 bleeding events (6.7% vs. 0.5%,
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p < 0.001) and treatment-related deaths (9.3% vs. 3.5%, p = 0.022). The findings highlight the
need for biomarker-driven studies to identify patients who may benefit from angiogenesis
inhibitors with improved safety profiles [73].
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Recently, studies have also focused on targeted therapies involving the modulation of
lipid metabolism, which plays an important role in tumor progression and drug resistance.
For instance, inhibition of squalene epoxidase (SQLE), a key enzyme in endogenous choles-
terol synthesis, increased squalene accumulation and enhanced the sensitivity of HNSCC
cells to EZH2 (enhancer of zeste homolog 2; histone methyltransferase) inhibitors. Notably,
EZH2 inhibitors strongly induce the expression of genes involved in the cholesterol synthe-
sis pathway. Targeting EZH2 alone may not be enough to effectively treat solid tumors due
to metabolic adaptations; however, combining it with SQLE inhibition shows promise in
overcoming these limitations [74].

Another potentially significant targeting approach in HNC can be targeting fatty
acid-binding proteins (FABPs). Overall, FABPs facilitate the transport and metabolism of
long-chain fatty acids, influencing key cellular processes such as proliferation, survival, and
inflammation [75]. FABP5 is significantly overexpressed in oral squamous cell carcinoma
(OSCC), and it is linked to tumor progression and invasiveness. Inhibiting FABP5 disrupts
lipid signaling pathways essential for tumor cell growth, potentially impairing cancer
progression [76,77]. While specific inhibitors are still under investigation, early research
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suggests that blocking FABP5 function could reduce cell viability and metastatic rate,
highlighting its potential for targeted therapy in HNC.

A promising therapeutic target related to lipid metabolism is also fatty acid synthase
(FAS, encoded by FASN gene), which catalyzes the endogenous synthesis of saturated
fatty acids from acetyl-CoA and malonyl-CoA and regulates key processes such as cell
growth and proliferation [78]. Given its involvement in tumor progression, FAS has
emerged as a promising therapeutic target also in HNCs. Several FAS inhibitors, both
natural and synthetic, have demonstrated anticancer activity by disrupting tumor cells’
lipogenic dependence with the FDA-approved drug orlistat (used for the treatment of
obesity) being an example [79]. However, more research is needed to develop specific
inhibitors and further potential of FAS-targeted therapies in HNC treatment. Current
research is also ongoing to investigate compounds targeting metabolic reprogramming
pathways in combination with immunotherapy (immunotherapy is further described in
the next section), e.g., ICIs, which have the potential to counteract tumor progression
and immune suppression induced by the metabolic switch in many cancers [80]. Here,
however, further research is still needed to validate the safety, efficacy, and specificity of
such treatments.

3.2. Immunotherapy

HNC has one of the most pro-inflammatory tumor microenvironments (TMEs) among
solid tumors [81,82], making immunotherapy (Figure 4) a promising therapeutic approach.
This strategy enhances the body’s immune response against tumors, and in the context of
HNCs is currently being explored, especially based on ICIs, e.g., via targeting PD-1/PD-L1
or CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) and adoptive cell therapies, e.g.,
tumor-infiltrating lymphocytes or chimeric antigen receptor T cell (CAR-T cell) therapy. ICIs
have emerged as a promising treatment, especially for R/M-HNSCC. Clinical trials have
demonstrated the efficacy of anti-PD-1 antibodies, such as nivolumab and pembrolizumab,
leading to FDA approval for their use in advanced-stage disease [15–17]. However, a
relatively modest durable response rate of 15–20% was reported [83], highlighting the
need for combination strategies and further research to optimize their integration into an
effective HNSCC treatment. Additionally, some patients experience immune-related side
effects, such as dermatitis, colitis, hepatitis, and pneumonitis, which may require pausing
ICI therapy or considering alternative treatments [84,85].
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Hence, other immunotherapy-based approaches are still being developed. For ex-
ample, durvalumab, a high-affinity humanized monoclonal antibody targeting PD-L1
(blocking the PD-1/PD-L1 pathway), demonstrated notable efficacy and a good safety
profile in phase I/II clinical trial (NCT01693562, all data referring to the trials with an ID
indicated were retrieved from: https://clinicaltrials.gov, unless stated otherwise). Dur-
valumab (MEDI4736) also shows good antitumor activity and safety as monotherapy in
R/M-HNSCC PD-L1-positive patients (NCT02207530). However, neither durvalumab
alone nor in combination with tremelimumab, a monoclonal antibody that targets CTLA-
4, significantly improved patients’ OS (NCT02369874). Another phase III clinical trial
(NCT04146402) evaluated the efficacy and safety of finotonlimab (SCT-I10A), a PD-1 mono-
clonal antibody, combined with cisplatin plus 5-FU (abbreviated further in combination as
C5F) as a first-line treatment for R/M-HNSCC in an Asian population. Among 370 patients,
those receiving finotonlimab plus C5F had a median OS of 14.1 months, significantly longer
than the 10.5 months observed in the placebo plus C5F group (hazard ratio (HR) = 0.73,
p = 0.0165), confirming the survival benefit and manageable safety profile of finotonlimab
plus C5F and supporting its use as a first-line therapy for R/M HNSCC [86].

Interestingly, statins have recently been shown to enhance the efficacy of PD-1 immune
checkpoint blockade in HNSCC. Statins are routinely administered medications for lower-
ing cholesterol levels, particularly in the treatment of hypercholesterolemia [87,88]. Addi-
tionally, they exhibit anticancer, anti-inflammatory and immunomodulatory effects [89,90].
Statins have not been clinically used in the treatment of patients with HNC; however,
several studies have reported a protective role of statins in HNC progression and a reduc-
tion in both total and disease-related mortality in association with statin use (reviewed
in [88]). Ex vivo co-culture assays of murine cancer cells and tumor-infiltrating lymphocytes
showed that all seven tested statins inhibited tumor cell proliferation, while simvastatin
and lovastatin also enhanced T cell-mediated tumor killing. In syngeneic mouse models
(MOC1 and TC-1; mouse oral cancer), daily oral administration of these statins improved
tumor control and survival when combined with PD-1 blockade, with lovastatin achieving
MOC1 tumor rejection in 30% of cases. Mechanistic analyses suggest that statins promote T
cell activation and shift macrophage polarization from M2 toward a pro-inflammatory M1
phenotype [91], possibly by reducing cholesterol levels in the TME, which is known to have
an immunosuppressive effect [92–94]. Their role needs to be further investigated in this
context, though this supports their use as cost-effective drugs to enhance immunotherapy
in HNC.

Cancer immunotherapy is also challenged by inherent limitations, including the de-
velopment of resistance due to various mechanisms. A recent study by Zhang et al. [95]
identified integrin subunit beta 6 (ITGB6) as a key mediator of resistance to anti-CD276 ther-
apy with enoblituzumab in HNSCC using a murine model. ITGB6 regulates the expression
of the chemokine ligand CX3CL1, which recruits PF4+ macrophages that suppress cytotoxic
CXCR6+ CD8+ T cells, reducing treatment efficacy. Blocking the CX3CL1–CX3CR1 axis
restores sensitivity to anti-CD276 treatment. What is more, inhibition of ITGB6 resensitizes
mice resistant to anti-PD1 treatment offering new strategies to overcome resistance in
cancer immunotherapy [95].

To overcome issues related to resistance and other treatments, new immunotherapy
strategies are also being developed for HNC. Among these, CAR-T cell therapy takes
advantage of the fact that it functions independently of major histocompatibility com-
plex (MHC)-associated antigen presentation [96], allowing it to bypass one of the major
immune evasion mechanisms used by cancer cells. Unlike conventional immunothera-
pies that rely on MHC expression for antigen recognition, CAR-T cells can directly target
tumor-associated antigens, making them effective even in tumors with impaired MHC
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presentation [97]. This feature makes CAR-T cell therapy particularly promising for HN-
SCC, where immune evasion is a significant challenge. So far, however, the transformation
of this therapy into clinical practice is also a challenge due to its limited effectiveness
because of tumor heterogeneity, immunosuppressive TME, and off-target toxicity [96].
Hence, potentially safer alternatives based on the chimeric antigen receptor natural killer
cells (CAR-NK cells) are being investigated. Another recent study by Manzar et al. [98]
showed that RT enhanced the effectiveness of CD70-targeting via CAR-NK cells in HNSCC
treatment by upregulating CD70 expression in tumor cells. This radiosensitization effect
persisted even after CD70 levels returned to the baseline, and the study provided the first
preclinical evidence of synergy between RT and CAR-NK cell therapy in solid tumors [98].
Nowak et al. [99] demonstrated the potential of CAR-NK-92 cells targeting HER1/EGFR
in treating HNSCC. Anti-HER1 CAR-NK-92 cells effectively eliminated HNSCC cells (in-
cluding those derived from representative HNSCC cell line models and patient-derived
primary cell lines) in 2D and 3D spheroid co-culture experiments. This also enhances
NK cell degranulation and interferon-gamma (IFNγ) secretion while inducing target cells’
apoptosis. Additionally, the remaining patient-derived primary HNSCC cells exhibited
increased expression levels of the potential cancer stem cell marker CD44v6 [99]. In line
with this, another study demonstrated that anti-CD44v6 CAR-NK cells showed enhanced
cytotoxicity against HNSCC cell lines, including those with both high and low CD44v6
expression, suggesting their potential as a promising therapeutic option [100]. Further
preclinical trials are, however, necessary to optimize these treatment strategies.

Over the past few years, immunotherapy has explored not only checkpoint inhibitors
but also other antibody-based molecules for their clinical use in the treatment of different
cancers. One group consists of antibody–drug conjugates (ADCs), in which a cytotoxic
payload is attached to an antibody recognizing a tumor-specific or tumor-associated antigen
(TSA or TAA, respectively). Several of them have been tested in clinical studies in patients
with HNSCC with a promising outcome (recently summarized in a systematic review [101]
for HNSCC and nasopharyngeal carcinoma). Others represent molecules with multiple
specificities, targeting tumor cells via TSAs or TAAs on the one hand and engaging the
immune system on the other hand. For instance, the so-called Bispecific T-cell engagers
(BiTEs) bind to TAAs and a protein complex subunit CD3 epsilon on T-cells resulting in
T-cell activation, cytokine release, and secretion of perforin and granzymes leading to the
tumor cell death (recently reviewed in [102]). There are also other bi-specific antibodies
(BsAbs) that, for example, block immunosuppression by the simultaneous binding to
immune checkpoints on the tumor cells and T-cells. This leads to the disruption of T-cell
exhaustion signals and sustains anti-tumor activity. Several of these molecules have also
been clinically tested in HNSCC patients (recently summarized in [101]). Interestingly,
multiple NK-engagers such as TriKE [103–105] and tetraspecific ANKET [106] have been
developed and are under evaluation. Clinical trials should consider side-effects of such
molecules; for example, ADCs have been reported to cause myelosuppression and a
pneumonitis case, while BsAbs caused infusion-related reactions [101]. Hence, further
research is needed to advance the design of such molecules in the context of their improved
efficacy and reduced toxicity.

Another approach in HNSCC therapy involves the use of tumor-infiltrating lympho-
cyte TILs adoptive therapy. This therapy is based on the isolation of TILs from the tumor,
their ex vivo expansion, and reinfusion into the patient. It has been clinically evaluated
in several cancer types including melanoma, NSCLC, and breast cancer, but also HNSCC
with a significant response rate, efficacy, and an acceptable safety profile [107–110]. This
approach also requires further investigation.
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3.3. Nanomedicine in HNC Treatment

The use of nanotechnology holds promise in oncology, particularly in the development
of therapeutic delivery systems and novel, more effective drugs. It is also important in
enhancing the efficacy of HNC treatments while minimizing side effects. By enabling
targeted delivery of therapeutic agents, it can improve drug accumulation in tumor tissues
and reduce systemic toxicity and side effects [111–113]. One of its key applications involves
the use of nanoparticles (NPs) (Figure 5), which can be employed through two primary
targeting strategies: passive and active targeting. Passive targeting takes advantage of the
unique physiological characteristics of tumors, such as leaky vasculature and impaired
lymphatic drainage, to facilitate the accumulation of NPs at the tumor site (both primary
tumor and metastatic sites) [114,115]. The so-called enhanced permeability and retention
(EPR) effect allows nanosystems and macromolecules larger than 40 kDa to penetrate the
tumor stroma. In contrast, small-molecule drugs are rapidly cleared from the bloodstream
due to their short circulation time. By encapsulating therapeutic agents within NPs, passive
targeting prolongs systemic circulation, enhances tumor selectivity, and reduces off-target
effects, improving overall treatment efficacy. This approach is, however, not devoid of
disadvantages. The efficacy of passive targeting is often limited by factors such as tu-
mor heterogeneity, high interstitial pressure, abnormal vascularization, and incomplete
accumulation compared to normal tissues (increased by 20–30% only) [116]. Another strat-
egy of targeting, active targeting, also referred to as ligand-mediated targeting, involves
functionalizing nanocarriers with ligands that selectively bind to overexpressed receptors
on tumor cells, improving drug accumulation while minimizing off-target effects. These
specific ligands include antibodies, proteins, peptides, sugars, or small molecules (e.g.,
folic acid, hyaluronic acid). Such an approach enables selective binding to cancer cells as
ligand–receptor interactions facilitate internalization, enhancing the precision and efficacy
of NP-based therapies. The cost of production of such nanocarriers is, however, high, and
more importantly, in the case of some (e.g., with antibodies used as ligands), potential
immunogenicity is also a limitation [116–118].
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focus on different classes of NPs, such as metallic (primarily gold NPs), metal oxides,
polymeric, silica-based, and liposomal nanoparticles (recently summarized by [119]) to
enhance therapeutic efficacy and reduce the toxicity of the anticancer drugs. Studies have,
for instance, investigated the use of lipid-based nanoparticles to deliver docetaxel directly
to HNC cells, such as clinical trial NCT02479178 [120]. Werner et al. [121] conjugated folate
onto lipid polymer NP carriers of docetaxel, which enhanced their absorption in HNC cells
in a time-dependent manner, making them effective ‘radiosensitizers’.

Studies by Rahman et al. [122] investigated the systemic delivery of small interfering
RNA nanoparticles (siRNA NPs) targeting ribonucleotide reductase subunit M2 (RRM2),
and assessed the effective dosing and prolonged knockdown of the targeted protein to
achieve better therapeutic effect in HNSCC. siRNA NPs accumulated in HNSCC tumors
and maintained gene knockdown for at least 10 days. This treatment significantly reduced
tumor progression by inhibiting cell proliferation and inducing apoptosis in a mouse
xenograft model [122]. The system that relies on siRNA NP-based therapy, consisting of
siRNA encapsulated in a cyclodextrin-based polymer NP, was denoted CALAA-01, and was
one of the first siRNA-based NP therapies that entered a phase I clinical trial (NCT00689065)
to treat patients with solid cancers, though it was terminated due to safety concerns.
Another study using a mouse model demonstrated that siRNA-based therapy using pH-
responsive NPs can protect salivary glands (SGs) from radiation damage. Delivering Nkcc1
(targets Nkcc1 sodium–potassium–chloride cotransporter 1) and Pkcδ (protein kinase C
delta) siRNAs to submandibular glands (SMGs) reduced apoptosis and improved saliva
secretion for up to three months after radiation, suggesting that siRNA NPs could be
an effective way to protect salivary glands from radiation damage [123]. More recently,
NPs have been employed to deliver siRNA molecules that silence specific genes involved
in HNC progression. This strategy has shown potential in inhibiting tumor growth in
preclinical studies. Kampel et al. [124] demonstrated the therapeutic efficacy of anti-
E6/E7 siRNA (E6, E7—oncogenes expressed in HPV-positive HNCs) delivered via targeted
lipid-based nanoparticles (tLNPs) in an HPV-positive tumor model. The conjugation of anti-
EGFR antibodies to the LNPs enhanced both the delivery of the siRNA and its anti-tumor
effects, leading to a 50% greater reduction in tumor volume compared to control treatments
(LNPs, which are coated with isotype control antibodies), with superior suppression of
HPV oncogenes and increased apoptosis in both in vitro and in vivo models [124].

Recent studies focus also on gold NPs (AuNPs), which have the potential to enhance
RT efficacy in HNCs by acting as ‘radiosensitizers’, allowing for a reduced total radiation
dose and minimizing radiation-related toxicity [125]. The study by Huynh et al. [125]
suggests that AuNP radiosensitization could improve RT outcomes in HNC patients by
helping to overcome tumor hypoxia and the rapid regrowth of cancer cells, ultimately
reducing the required radiation dose and minimizing toxicity. These findings highlight the
potential of AuNPs to enhance the therapeutic ratio, particularly in RT given in smaller
and more frequent doses, and support further investigation into clinical applications [125].
Other studies have also explored AuNPs as well as other metal-based NPs, including
gadolinium, silver, and metal oxide-based NPs such as hafnium, zinc oxide, and iron
oxide, in the context of radiosensitization for HNC treatment (recently reviewed in [126]).
Recently, the use of the hafnium oxide-containing NP NBTXR3 was evaluated in a phase
II clinical trial to evaluate the effect of NBTXR3 and radiation therapy in combination
with pembrolizumab in patients with R/M-HNSCC (NCT04862455), holding promise in
increasing RT efficacy. NBTXR3, activated by RT in combination with anti-PD-1 therapy,
recently entered a phase I clinical trial, including a cohort of patients with locoregionally
recurrent (LRR)- or R/M-HNSCC who are resistant to anti-PD-1 therapy, with injectable
lesions located in the head and neck area, lung, or liver (NCT03589339).
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Interestingly, in recent years the use of NPs in photothermal therapy (PTT), a min-
imally invasive cancer treatment, has also been studied for various cancers, including
HNCs. The finding by Bu et al. [127] suggests that matrix metalloproteinase-degradable
(MMP-degradable) gelatin nanoparticles (Gel-Ns) effectively release the encapsulated pho-
tosensitizer indocyanine green (ICG) and signal transducer and activator of transcription
3 (STAT3) inhibitor NSC74859 in tumor tissue, enabling a dual approach for HNSCC treat-
ment, namely PTT and immunotherapy. Upon near-infrared (NIR) irradiation, the released
ICG facilitates efficient tumor destruction, while NSC potentiates immunity, leading to
enhanced therapeutic anticancer efficacy. In two HNSCC mouse models, Gel-N-ICG treat-
ment significantly inhibited tumor growth without noticeable influence on the body weight
of animals, highlighting the potential of protease-responsive nanoplatforms in overcoming
the challenges of TME [127].

Additionally, current research is also exploring the use of mRNA nano-vaccines in
preclinical models of HNC, either alone or in combination therapies. For instance, a
recent study by Salomon et al. [128] used the novel ribonucleic acid lipoplex (RNA-LPX)-
based HPV16 vaccine, E7 RNA-LPX, in combination with local radiotherapy (LRT), and
demonstrated its enhanced anti-tumor efficacy in HPV16-positive cancer models. The
combination therapy converts ‘cold’ tumors into immunologically ‘hot’ ones by increasing
intratumoral CD8+ T cell infiltration, while LRT reduces tumor mass and intratumoral
hypoxia, making tumor cells more susceptible to immune-mediated killing. Such vaccines
are considered a promising therapeutic approach for HPV16-positive cancer patients, as
highlighted by the study of Salomon et al. [128] and a previous study by Grunwitz et al.
who also showed that HPV16 E7 RNA-LPX vaccine effectively primes HPV16-specific CD8+
T cells, leading to tumor remission in mice and enhanced tumor immunity [129].

3.4. PROTAC Technology

Apart from traditional targeted therapies, immunotherapy or the use of nanotechnol-
ogy, targeted protein degradation (TPD) emerged as an innovative, promising therapeutic
strategy to selectively degrade disease-related proteins. This approach relies primarily
on the cell’s natural protein degradation mechanisms, such as the ubiquitin–proteasome
system (UPS), to selectively remove proteins related to disease states, including cancer
development (recently reviewed in [130–132]). The concept of TPD originated in 1999
via a patent application of Proteinex, Inc., Gaithersburg, MD (US) [133]. In 2001, the ‘de-
graders’ termed PROTACs were described by Raymond J. Deshaies and Craig M. Crews,
with co-investigators [134], as chimeric molecules targeting the protein of interest (POI,
in this case Met-AP-2—methionine aminopeptidase-2) to the ubiquitin ligase complex
Skp1-Cullin-F box (SCF, containing Hrt1) for ubiquitylation and degradation, opening a
new era of extensive research in the TPD field. Unlike traditional inhibitors that block
protein function, PROTACs simultaneously bind to a target protein and an E3 ubiquitin
ligase, enabling the elimination of POIs. This offers several advantages over traditional
therapies, including the potential to target the so-called ‘undruggable’ proteins [135,136]
and to overcome resistance mechanisms associated with conventional inhibitors [137,138].

Recently, PROTAC technology (Figure 6) has also been explored in treating HNC.
The comparison of targeted therapies versus PROTAC technology in the context of HNC
treatment is presented in Table 2. One notable example for HNSCC involves the devel-
opment of a PROTAC, TSM-1, designed based on a natural small molecule toosendanin
(TSN), to degrade STAT3, a protein often implicated in the progression of epithelial cancers,
including HNSCC. TSM-1 has demonstrated robust anti-tumor effects in STAT3-dependent
HNSCC models, particularly in patient-derived xenografts (PDXs) and patient-derived
organoids (PDOs). Functional investigation has shown that TSM-1 promotes cell cycle
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arrest and apoptosis in tumor cells by reducing the expression of critical downstream STAT3
effectors [139]. This study demonstrates the successful proof-of-concept of the PROTAC
strategy to degrade STAT3 in HNSCC, highlighting the potential of such degraders in
cancer drug development.
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strategy to improve RT outcomes in HNSCC [141]. Although PROTAC compounds hold 
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Figure 6. A schematic representation of the proteolysis-targeting chimera (PROTAC) mechanism of
action. A PROTAC molecule consists of a ligand for ubiquitin ligase (E3) recruitment, a linker, and a
second ligand that binds to the target protein of interest (POI). The PROTAC simultaneously engages
both the POI and the E3 ligase, facilitating the formation of a ternary complex. Once this complex is
formed, ubiquitin (Ub) molecules are transferred from the ubiquitin-conjugating enzyme (E2) to the
POI in an E3-dependent manner, leading to polyubiquitination. The polyubiquitinated POI is then
subjected to proteasomal degradation by the 26S proteasome. Created in BioRender. Blaszczak, E.
(2025) (https://BioRender.com/).

HPV-related cancers, including cervical cancer and HNSCC, have the potential to
metastasize to lymph nodes and in some cases also distant organs, e.g., the lungs. This may
be driven by the E6 and E7 oncoproteins that promote metastasis by disrupting p53 and Rb
tumor suppressors. Targeting E6 and E7 with PROTACs or proteolysis targeting antibod-
ies (PROTABs) presents a promising strategy to inhibit metastasis initiation, potentially
improving treatment outcomes in HPV-related cancers [140].

PROTAC technology has also been investigated in combination therapies. One such
study developed a novel ‘radiosensitizer’, RPB7H, which combines a PROTAC molecule
(BPA771) with hafnium dioxide NPs to enhance the effectiveness of RT in treating HNSCC.
This approach targets the BRD4-RAD51AP1 pathway, making HNSCC cells more sensitive
to RT by increasing DNA damage and preventing DNA repair. In animal models, RPB7H
nanoparticles selectively accumulate in tumor tissues, and when combined with X-ray
radiation, they significantly reduce tumor growth, offering a promising strategy to improve
RT outcomes in HNSCC [141]. Although PROTAC compounds hold promise in precision
and personalized medicine, they are not devoid of limitations. Translation into clinical
practice may be limited due to cancer heterogeneity [142]. Owing to their structural

https://BioRender.com/
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properties, PROTACs also face limitations, such as low solubility and limited cellular
permeability in vivo [143]. Understanding the full mechanism of action requires detailed
investigation. Moreover, their efficacy and safety need to be assessed across diverse cancer
types [142].

Table 2. The comparison of targeted therapies versus PROTAC technology in HNCs.

Feature Traditional Inhibitors Example References PROTACs Example References

Mechanism of action Inhibition of the activity of
oncogenic proteins [32] Induction of oncogenic

proteins’ degradation [131,144]

Examples of HNC targets EGFR, PD-L1, MET, PI3K [32] STAT3, LZK (leucine
zipper-bearing kinase) [139,145]

Therapy effect duration

Dependent on
pharmacokinetic exposure;
continuous presence of the
drug required

[146] Longer effect (prolonged
suppression) [147]

Selectivity Common off-target effects [148] Higher specificity due to
the E3 ligase recruitment [149]

HNC resistance
Frequent due to, e.g.,
EGFR mutations, MET
pathway activation

[150,151] Potentially lower due to
protein degradation [137]

Clinical stage in HNC Some FDA-approved, e.g.,
cetuximab [47] Still limited for this cancer

type [142]

4. Brief Summary and Future Perspectives
HNCs pose significant treatment challenges mainly due to their high heterogeneity,

relatively late diagnosis, resistance to conventional therapies, and high recurrence rate. The
pathogenesis is even more complex because of signaling pathways’ abnormalities, TME
inhibition, and genomic or epigenetic changes [82,152]. Moreover, risk factors, including
infection with HPV, smoking, or alcohol abuse play a significant role in the development
and progression of this complex disease [82]. In the light of the discussed limitations of
conventional therapies, there is a constant need to develop novel approaches to reduce
the problem of resistance and improve patient outcomes and quality of life. However,
important questions remain: How can these new therapies be optimized in combination
with standard treatments to enhance efficacy while minimizing these adverse effects? How
can personalized medicine approaches, guided by molecular profiling and biomarker-
driven strategies, with the possible aid of AI, transform patient care? Additionally, what
novel molecular targets can be exploited to develop more effective and less toxic treatments
for HNCs?

Targeted therapy using, e.g., EGFR inhibitors and immunotherapy with, e.g., ICIs,
has been approved as a treatment for HNC; however, some patients are resistant to these
therapies. Chemotherapy combined with immunotherapy has also shown the potential to
modulate immune responses, and optimizing the sequence and timing of these treatments
could significantly improve outcomes [153]. The search for molecular targets continues,
with some being already tested in phase III clinical trials for HNCs, for instance, VEGFR,
but with no significant survival benefits [73]. The integration of emerging technologies
like NPs and PROTACs may overcome some of the limitations of conventional therapies.
However, more studies are needed to assess their efficacy and safety for HNC treatment.
The assistance of artificial intelligence (AI), particularly in intensity-modulated radiation
therapy, may enhance RT precision, improving tumor targeting while minimizing damage
to healthy tissues [154].
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5. Conclusions
The diverse, yet aggressive nature of head and neck cancers has made it difficult

to identify effective molecular targets for developing improved therapies that could sig-
nificantly help many different patients. Resistance to conventional treatments, such as
chemotherapy and radiotherapy, continues to be a major challenge, contributing to poor
survival rates and severe toxicities that negatively impact patients’ quality of life. Under-
standing the molecular mechanisms underlying therapy resistance is thus crucial for ad-
vancing treatment strategies. Emerging therapies, including immune checkpoint inhibitors,
PROTAC-based approaches, and novel targeted agents, offer new hope for overcoming
resistance and improving patient outcomes. Addressing these challenges requires a mul-
tidisciplinary approach, integrating molecular oncology, clinical research, bioinformatic
approaches, and personalized medicine to define therapeutic strategies and advance more
effective treatment options for HNC patients.
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Abbreviations

ADC Antibody–drug conjugate
AI Artificial intelligence
AKT Serine/threonine kinase
AuNP Gold nanoparticle
BiTE Bispecific T-cell engagers
BsAbs Bispecific antibodies
BRD4 Bromodomain-containing protein 4
CAR-NK Chimeric antigen receptor natural killer
CAR-T Chimeric antigen receptor T
CD117 Cluster of differentiation 117
CDDP Cisplatin
CRT Chemoradiotherapy
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
DNMT DNA methyltransferase
EBV Epstein–Barr virus
EGFR Epidermal growth factor receptor
EPR Enhanced permeability and retention
ERK Extracellular signal-regulated kinase
EZH2 Enhancer of zeste homolog 2
FAS Fatty acid synthase
FDA Food and Drug Administration
FGFR Fibroblast growth factor receptor
5-FU 5-Fluorouracil
Gel-N Gelatin nanoparticles
HDAC Histone deacetylase
HER2 Human epidermal growth factor receptor 2
HNC Head and neck cancer
HNSCC Head and neck squamous cell carcinoma
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HPV Human papillomavirus
ICB Immune checkpoint blockage
ICG Indocyanine green
ICI Immune checkpoint inhibitor
IMRT Intensity-modulated radiotherapy
ITGB6 Integrin subunit beta 6
JAK Janus kinase
LA Locoregionally advanced
LRT Local radiotherapy
MEK Mitogen-activated protein kinase
MET Mesenchymal–epithelial transition factor
Met-AP-2 Methionine aminopeptidase-2
MMP Matrix metalloproteinase
mRNA Messenger RNA
mTOR Mechanistic target of rapamycin
NIR Near-infrared
Nkcc1 Sodium–potassium–chloride cotransporter 1
NP Nanoparticle
NPC Nasopharyngeal cancer
OS Overall survival
OSCC Oral squamous cell carcinoma
PCC Paclitaxel, carboplatin, and cetuximab
PD-1 Programmed cell death 1
PDGFR Platelet-derived growth factor receptor
PD-L1 Programmed death-ligand 1
PDO Patient-derived organoids
PDX Patient-derived xenografts
PFS Progression-free survival
PI3K Phosphatidylinositol 3-kinase
Pkcδ Protein kinase C delta
POI Protein of interest
PROTAB Proteolysis-targeting antibody
PROTAC Proteolysis-targeting chimera
PTT Photothermal therapy
R/M Recurrent or metastatic
Raf Rapidly accelerated fibrosarcoma
RET Rearranged during transfection
RNA-LPX Ribonucleic acid lipoplex
RR Response rates
RRM2 Ribonucleotide reductase subunit M2
RT Radiotherapy
SCF Skp1-Cullin-F box
SG Salivary glands
siRNA Small interfering RNA
SMG Submandibular glands
SQLE Squalene epoxidase
STAT3 Signal transducer and activator of transcription 3
tLNPs Targeted lipid-based nanoparticles
TAA Tumor-associated antigens
TME Tumor microenvironment
TPD Targeted protein degradation
Trop-2 Trophoblast cell surface antigen 2
TSA Tumor-specific antigens
TSN Toosendanin



Biomedicines 2025, 13, 1046 19 of 25

UPS Ubiquitin-proteasome system
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
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