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Targeted radionuclide therapy
for head and neck squamous cell
carcinoma: a review

Alexis M. Sanwick and lvis F. Chaple*

Department of Nuclear Engineering, University of Tennessee, Knoxville, TN, United States

Head and neck squamous cell carcinoma (HNSCC) is a type of head and neck
cancer that is aggressive, difficult to treat, and often associated with poor
prognosis. HNSCC is the sixth most common cancer worldwide, highlighting
the need to develop novel treatments for this disease. The current standard of
care for HNSCC usually involves a combination of surgical resection, radiation
therapy, and chemotherapy. Chemotherapy is notorious for its detrimental side
effects including nausea, fatigue, hair loss, and more. Radiation therapy can be a
challenge due to the anatomy of the head and neck area and presence of normal
tissues. In addition to the drawbacks of chemotherapy and radiation therapy, high
morbidity and mortality rates for HNSCC highlight the urgent need for alternative
treatment options. Immunotherapy has recently emerged as a possible
treatment option for cancers including HNSCC, in which monoclonal
antibodies are used to help the immune system fight disease. Combining
monoclonal antibodies approved by the US Food and Drug Administration,
such as cetuximab and pembrolizumab, with radiotherapy or platinum-based
chemotherapy for patients with locally advanced, recurrent, or metastatic
HNSCC is an accepted first-line therapy. Targeted radionuclide therapy can
potentially be used in conjunction with the first-line therapy, or as an additional
treatment option, to improve patient outcomes and quality of life. Epidermal
growth factor receptor is a known molecular target for HNSCC; however, other
targets such as human epidermal growth factor receptor 2, human epidermal
growth factor receptor 3, programmed cell death protein 1, and programmed
death-ligand 1 are emerging molecular targets for the diagnosis and treatment of
HNSCC. To develop successful radiopharmaceuticals, it is imperative to first
understand the molecular biology of the disease of interest. For cancer, this
understanding often means detection and characterization of molecular targets,
such as cell surface receptors, that can be used as sensitive targeting agents. The
goal of this review article is to explore molecular targets for HNSCC and dissect
previously conducted research in nuclear medicine and provide a possible path
forward for the development of novel radiopharmaceuticals used in targeted
radionuclide therapy for HNSCC, which has been underexplored to date.
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1 Introduction

The incidence of head and neck cancers (HNC) has risen
globally in recent decades and is projected to continue to rise (1,
2). Head and neck squamous cell carcinoma (HNSCC) makes up
more than 90% of head and neck cancers (3-6). HNSCC is a type of
cancer that grows in the oral cavity, pharynx, nasal cavity, paranasal
sinuses, salivary glands, and larynx (7, 8). Increasing cases of HNC
have been linked to human papillomavirus (HPV) infection (1, 9,
10). Although HPYV status has been determined to be an important
factor in HNSCC diagnosis and prognosis, this review will not focus
on HPV as it pertains to HNC. The current standard of care
requires a multidisciplinary approach that combines surgical
resection, radiation therapy, and adjuvant chemotherapy, of
which most are associated with significant acute and long-term
toxicities (11). Despite advances in treatment, HNSCCs are
associated with significant morbidity and mortality, with the 5-
year overall survival rate of patients ranging from 30% to 65% (12).
The substantial morbidity and mortality rates for HNSCC and the
toxicity associated with the standard treatment options emphasize
the need to seek alternatives. Nuclear medicine imaging and therapy
techniques may be considered more tolerable than traditional
chemotherapy because of their ability to specifically target cancer
cells without causing harm to surrounding healthy tissue. This
method may lead to better outcomes, including improved quality of
life for patients.

Although radiation therapy has been deemed a standard option
for the treatment of HNSCC, combining the use of monoclonal
antibodies (mAbs) with radiotherapy, or radioimmunotherapy, has
been of interest to amplify the effect of mAbs and trigger a strong
antitumor immune response (13, 14). Accumulating evidence
suggests that radioimmunotherapy can provoke tumor response
through direct and immunogenic killing of the tumor cells, and this
method is being investigated in numerous clinical trials
(NCT03811015, NCT03452137, NCT02586207, NCT02707588,
etc.) (15-17). In the early 1990s, the first radiolabeled mAb,
""Indium satumomab pendetide, was approved by the US Food
and Drug Administration (FDA) for diagnostic imaging of
colorectal and ovarian cancers, which helped pave the way for the
use of radiolabeled antibodies to image and treat diseases (18).
Although several mAbs alone have been approved for treatment of
HNSCC, limited clinical trials have involved radiolabeled antibodies
for imaging or therapy (19, 20).

Unlike traditional radiotherapy in which photons from an
external source are directed at a tumor, damaging not only the
cancerous cells, but also the healthy cells in the surrounding area,
targeted radionuclide therapy (TRT) uses ionizing radiation to kill
cells in a selective manner. TRT tethers a radionuclide to a targeting
agent that delivers the radionuclide and its DNA-damaging particle
emissions to a specific molecular target that is, typically, on the
surface of the malignant cell. Radionuclides that decay via the
emission of beta particles, alpha particles, or Auger electrons can be
used to damage, and ultimately kill cancerous cells (21). By
delivering the radionuclide directly to the tumor, fewer healthy
cells will be damaged during treatment. The development of TRT
for HNSCC may greatly improve patient outcomes.
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Advancing TRT in HNSCC relies on understanding the
mechanisms involved in the progression and development of this
type of cancer. The epidermal growth factor receptor (EGFR)
family, a group of molecular targets including EGFR (also known
as human epidermal growth factor receptor 1, [HER1]), HER2,
HER3, and HER4 play a role in the growth and survival of cancer
cells (22). Currently, the only FDA-approved EGFR targeting mAb
for HNSCC is cetuximab (23). However, due to recent advances in
understanding molecular biology of HNSCC, it is reasonable to
believe that targeted therapies using other molecular targets such as
HER?2 and HER3 that have been approved by the FDA for treatment
of other cancers such as breast cancer, metastatic gastric cancers,
and metastatic non-small cell lung cancer could be investigated for
applicability to HNSCC (24-26). In addition to studying other
EGER targets for HNSCC treatment, targets such as programmed
cell death protein 1 (PD-1) and programmed death-ligand 1 (PD-
L1) could be of interest. In 2016, the FDA granted approval for
pembrolizumab and nivolumab, which bind to PD-1 receptors for
patients with recurrent or metastatic HNSCC (27). The
development of novel diagnostic procedures and treatment
methods such as TRT is paramount for the improvement of
patient’s prognoses and quality of life, especially in HNSCC
because of the complex nature of everyday functions within the
head and neck area (7). This review article aims to discuss current
treatment options for patients with HNSCC and to present a
discussion on molecular targets that may be implicated in
HNSCC, as well as how radiopharmaceutical development in this
area could play a role in improved patient outcomes. This review
outlines several molecular targets, beginning with the most widely
studied EGFR. There are many molecular targets that exhibit
potential in future development of radiopharmaceuticals, some of
which are not exclusive to HNSCC.

2 Current treatment options

A multidisciplinary approach involving medical oncology,
surgical oncology, radiation oncology, pathology, and radiology is
required along with follow-up care, which may include physical or
occupational therapy, speech or swallow therapy, and nutritional
counseling to improve a patient’s quality of life (28). The current
standard of care in HNSCC is either surgical resection followed by
radiation therapy for early-stage disease or a combined
administration of both chemotherapy and radiation for organ
preservation, reserving surgery for residual disease (28-30).
Cetuximab in combination with radiotherapy or platinum-based
chemotherapy is the standard first-line therapy given for locally
advanced, recurrent, or metastatic HNSCC (31-33). For individuals
with recurrent disease not amenable to surgical resection or with
metastasis, chemotherapy (cisplatin, 5-fluorouracil, or carboplatin)
with or without immunotherapy is indicated for palliative treatment
(30). In recent years, immunotherapy has emerged as a new
treatment option that bolsters a person’s own immune system to
help kill cancer cells (34). For patients who are candidates for
immune checkpoint inhibitors (ICIs), pembrolizumab and
nivolumab have been approved for the treatment of patients with
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recurrent or metastatic HNSCC with disease progression (32, 33, 35,
36). Candidates for ICIs are patients whose tumors express PD-L1
with a combined positive score >1 as determined by an FDA-
approved test (PD-L1 IHC 22C3 pharmDx kit) (20). Although
pembrolizumab, nivolumab, and toripalimab-tpzi are all FDA-
approved targeting agents for HNSCC, no FDA-approved
radiopharmaceuticals exist for the diagnosis or treatment of HNSCC.

3 Molecular targets

HNSCC has multiple molecular alterations contributing to the
development and progression of disease and numerous oncogenic
targets that hold promise for targeted therapy have been
characterized (37). High EGFR expression stands out, especially in
HPV-associated HNSCC, which is an increasingly prominent risk
factor of this disease (37). Four different receptors are in the Erb-b2
receptor tyrosine kinase (ERBB) family: EGFR (HER1), HER2, HER3,
and HER4. Among the molecular targets that have been identified in
HNSCC, HER2 and HER3 have emerged as promising therapeutic
targets (38). EGFR can be activated either by binding to one of its
ligands (epidermal growth factor [EGF], transforming growth factor-
o [TGF- o], and amphiregulin) or by dimerization with other HER
family receptors, specifically favoring HER2 (39). Dimerization with
other HER family members leads to EGFR tyrosine kinase activity
followed by downstream phosphorylation of key tyrosine residues in
the receptor (7). These residues act as binding sites for intracellular
signaling, leading to the activation of EGFR-mediated signaling

EGFR- Iigands

Cetuximab
Pamtumumab

10.3389/fonc.2024.1445191

pathways (7). Activating EGFR results in downstream cascade
effects such as proliferation and pro-survival intracellular signaling
through the mitogen-activated protein kinases (MAPKs) cascade,
phosphatidylinositol-3-kinase (PI3K)/AKT/mammalian target of
rapamycin (mTOR) and Janus Kinase (JAK)/signal transducer and
activator of transcription (STAT) pathway (39-41). These
downstream signaling pathways are depicted in Figure 1, which is
adapted from Zhao et al. (42).

Preclinical and clinical studies have demonstrated the efficacy of
EGFR-targeted therapies, such as cetuximab and panitumumab, in
improving clinical outcomes in HNSCC patients (43-45).
Additionally, emerging evidence suggests that targeting HER2 and
HER3 may also be effective in HNSCC treatment (24). While
numerous targets and molecular pathways relevant to HNSCC
have been identified, most are not exclusive to HNSCC. This
review aims to summarize the molecular pathways and targets
that have been identified for use in TRT of HNSCC. Table 1 lists
the antibodies that are the focus of this review as well as the
respective molecular targets, while it should be noted that there
are indeed other prospective molecular markers that could be
studied for HNSCC targeted radiopharmaceutical development
(i.e, Pcl-XL, Cyclin D1, PI3K mTOR, CDK4/6, amongst others).
Although numerous antibodies relevant to HNSCC have been
identified, few have been radiolabeled for use in TRT. To develop
radiopharmaceuticals leveraging these characteristics, antibodies
can be incubated with a bifunctional chelator under mild
conditions to produce an antibody drug-conjugate. The resulting
conjugate can be radiolabeled to produce a radiolabeled mAb that
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Epidermal Growth Factor Receptor signaling pathways and mechanisms of anti-EGFR therapy (42). EGFR ligands bind the extracellular domain of
EGFR, leading to receptor activation and stimulating downstream signaling pathways that are crucial for cell growth and proliferation. Cetuximab or
Panitumumab prevents ligand binding to EGFR, thus blocking EGFR signaling and inhibiting cell growth and proliferation (42).
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TABLE 1 Antibodies and respective targeting agent(s).

10.3389/fonc.2024.1445191

Antibody Immunotherapeutic Molecular FDA Approval References
Strategy Target For HNSCC
Cetuximab Humanized mAb EGFR Yes (23, 34, 45-47)
Gefitinib TKI EGFR No (6, 48)
Erlotinib TKI EGFR No (6, 49)
Panitumumab a fully human, IgG2 anti-EGFR mAb EGFR No (50)
Afatinib TKI EGFR/HER2 No (51)
Lapatinib TKI EGFR/HER2 No (52-57)
Dacomitinib TKI EGFR/HER2 No (26, 58)
AC480 PanHER inhibitor EGFR/HER2 No (59)
Trastuzumab mAb HER2 No (25, 60)
Poziotinib TKI EGFR/HER2 No (61, 62)
Pertuzumab mAb HER2 No (60)
Patritumab fully humanized IgG1 mAb HER3 No (63)
Seribantumab fully humanized IgG2 mAb HER2/HER3 No (63)
Lumretuzumab | glycoengineered humanized mAb HER3 No (64)
Pembrolizumab | ICI mAb PD-1 Yes 27)
Nivolumab ICI mAb PD-1 Yes (50)
Durvalumab fully human IgG1 mAb PD-L1 No (65, 66)
Duligotuzumab | Dual-action humanized IgG1 mAb EGFR/HER3 No (24, 67, 68)
1SU104 Fully human anti-HER3 antibody HER3 No (63, 69, 70)
CDX-3379 Human mAb HER3 No (63, 71, 72)
AV-203 Humanized IgG1 mAb HER3 No (63, 73-75)
REGN1400 Fully human IgG mAb HER3 No (63, 76, 77)
Sym013 Mixture of 6 mAbs (3 pairs with each targeting EGFR, HER2 EGFR/ No (63, 78)
and HER3) HER2/HER3
IgG 3-43 Human antibody HER3 No (63, 79, 80)
cmAb U36 Chimeric mAb CD44v6 No (81-84)

HNC, head and neck cancer; HNSCC, head and neck squamous cell carcinoma; HPV, human papillomavirus; mAb, monoclonal antibody; FDA, food and drug administration; TRT, targeted
radionuclide therapy; EGFR, epidermal growth factor receptor; HER2, human epidermal growth factor receptor 2; HER3, human epidermal growth factor receptor 3; PD-1, programmed cell
death protein 1; PD-L1, programmed death-ligand 1; ICI, immune checkpoint inhibitor; EGF, epidermal growth factor; TGF- o, transforming growth factor-o; MAPK, mitogen-activated protein
kinase; PI3K, phosphatidylinositol-3-kinase; mTOR, mammalian target of rapamycin; JAK, janus kinase; STAT, signal transducer and activator of transcription; Ig, immunoglobulin; TKI,
tyrosine kinase inhibitor; NRG, neuroregulin; SPECT, single photon emission computed tomography; PET, positron emission tomography; CT, computed tomography; I8E_FDG, 'F-
fluorodeoxyglucose; LN, lymph node; SUV ., maximum standard uptake value; LET, linear energy transfer; TKI, tyrosine kinase inhibitor; HB-EGF, heparin-binding epidermal growth factor;

TGF, tumor growth factor.

can be administered in vivo for selective delivery to the tumor cells,
therefore, demonstrating a promising targeted treatment method
for HNSCC.

3.1 Epidermal growth factor receptor

EGEFR is expressed in healthy tissues throughout the body and
plays a role in cell growth, proliferation, and differentiation (85).
EGER overexpression has been implicated in several types of cancer
such as colorectal, breast, ovarian, pancreatic, bladder, and HNSCC
(85-87). EGFR is overexpressed in up to 90% of HNSCC cases and
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is associated with poor prognosis as well as resistance to
chemotherapy and radiation therapy (31, 88). EGFR-targeted
therapies incorporating mAbs and tyrosine kinase inhibitors have
been developed and demonstrate antitumor activity.

3.1.1 EGFR-targeted therapy using antibodies
Studies found that in combination with chemotherapy or
radiation therapy, cetuximab showed a clinical benefit in the
treatment of HNSCC, and the drug was approved by the FDA in
2006 (89, 90). In a review paper published in November of 2019,
Gougis et al. stated the only known targeted therapy that has shown
an overall survival benefit to HNSCC is cetuximab (46).
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Panitumumab is an immunoglobulin (Ig) G2 mAb that blocks
EGFR; IgG2 mAb is FDA-approved for the treatment of patients
with EGFR-expressing, metastatic colorectal cancer (42). The
benefit of panitumumab in these patients has led to the
translation of further studies for use in patients with EGFR-
expressing HNSCC. In a phase 2 trial of 46 high-risk, resected,
HPV-negative HNSCC patients, Fasano et al. targeted the EGFR
pathway using panitumumab in combination with cisplatin
chemoradiotherapy (39). This study concluded that panitumumab
in combination with cisplatin chemoradiotherapy is well-tolerated
and demonstrates improved clinical outcome when compared with
historical controls with standard treatment (39). In a phase III trial
(SPECTRUM), the efficacy and safety of panitumumab combined
with cisplatin and fluorouracil as a first line treatment for recurrent
or metastatic HNSCC was assessed. A retrospective analysis was
completed to assess tumor HVP status as a predictive biomarker
with p16-INK4A (p16). The study included 657 patients, in which
330 patients received chemotherapy only and 327 patients received
chemotherapy plus panitumumab. There was found to be no
significant improvement of median overall survival; however, the
median progression-free survival for pl6-negative patients was
improved for the panitumumab plus chemotherapy group (91).

Notably, resistance to cetuximab and panitumumab is common,
and several mechanisms of resistance have been identified,
including EGFR mutations and activation of alternative signaling
pathways. Alterations in the RAS-RAF-MAPK, PI3K-PTEN-AKT,
and JAK/STAT pathways activated by EGFR such as KRAS, NRAS,
BRAF, and PIK3CA gene mutations, can lead to downstream
signaling cascades from EGFR activation, leading to drug
resistance (42, 92, 93). Genetic alterations, including RAS, BRAF,
PIK3CA, EGFR S492R mutations, PTEN loss, and STAT3
phosphorylation in the members of EGFR signaling pathways,
contribute to the resistance through EGFR activation downstream
signaling cascades (42).

3.1.2 EGFR-targeted therapy using
small molecules

Although trials assessing the benefits of EGFR inhibitors in
HNSCC patients have been published, the benefits of tyrosine
kinase inhibitors (TKIs), such as gefitinib and erlotinib, in
advanced HNSCC are still unknown (48). Tang et al. analyzed
seven randomized controlled clinical trials and assessed the
effectiveness and safety of gefitinib-based therapy in patients with
advanced HNSCC in comparison with standard regimens. The
study found that the benefits from gefitinib-containing regimens
cannot prolong the overall survival or progression free survival or
improve overall response rate; however, for recurrent patients,
gefitinib tends to improve quality of life (48). According to the
review article authored by Byeon et al., gefitinib and erlotinib, which
target only EGFR, have not had clinical benefit in HNC; however,
afatinib, lapatinib and dacomitinib, which are multitarget TKIs that
target EGFR and HER?2, have shown potential in clinical trials (26,
49, 51, 52, 58). These multitarget TKIs are discussed further in
section 3.2.2. Another phase II study assessed the antitumor activity
of afatinib in comparison to cetuximab in 121 patients with
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recurrent or metastatic HNSCC. Afatinib showed more antitumor
activity than cetuximab, however, patients administered afatinib
had more intolerable adverse events (51).

3.2 Human epidermal growth factor
receptor 2

HER? is a type of EGFR that is overexpressed by some types of
breast cancers and other types of cancer such as ovary,
endometrium, bladder, lung, and colon. Pollock et al. found that
HER?2 is overexpressed in the range of 0% to 47% of HNSCC’s and
suggested that targeting HER2 may be effective in treating some
HNSCC’s (40, 94-96). Although the EGFR family of receptors are
mainly activated through ligand binding to the extracellular
domain, HER2 does not have a natural ligand and becomes
activated upon heterodimerization with another activated EGFR
family of receptors or homodimerization with another HER2
receptor (Figure 2) (40, 97-100). HER2 activation leads to
subsequent activation of downstream signaling pathways such as
PI3K/AKT, RAS/MEK/MAPK, JAK/STAT, and PKC, in turn
promoting cell proliferation, survival, differentiation, angiogenesis,
and invasion (40, 97-100). Activated PI3K/AKT also leads to the
degradation of cell-cycle inhibitor p27Kipl, promoting cell-cycle
progression (97).

3.2.1 HER2-targeted therapy using antibodies
Several HER2-targeted therapies have been developed,
including mAbs, such as trastuzumab and pertuzumab (25, 60).
These therapeutic agents can block HER2 signaling, either by
inhibiting its kinase activity or by preventing its interaction with
other EGFR family members. Trastuzumab is a humanized mAb
that blocks HER2 signaling and prevents HER2 dimerization and
intracellular tyrosine kinase activation (101). HER2-targeted
therapies using trastuzumab have shown clinical benefit in HER2-
positive breast cancer and gastric cancer and have been approved by
the FDA (102, 103). While not yet approved for HNSCC, numerous
clinical trials have investigated the clinical use of trastuzumab to
target HER2 in HNSCC. A phase 2 study of trastuzumab in 14
patients with advanced salivary gland tumors overexpressing HER2
reported that given as a single agent, trastuzumab had low activity
and did not provide clinical benefit (104). Another phase 2 study
conducted by Gillison et al. evaluated the response rate of HNSCC
patients to trastuzumab in metastatic or recurrent HNSCC based on
HER2 expression by immunohistochemistry. The authors
concluded that trastuzumab did not improve the response rate in
comparison to the standard of care cisplatin or paclitaxel and
attributed the ineffectiveness to the lack of HER2 expression (25).
The use of the anti-HER2-antibodies or HER2 inhibitors in
combination with irradiation have shown promise and could
potentially be a new path forward for treating HNSCC. A study
evaluating the effects of the combination of recombinant
humanized monoclonal antibody (rhumAb)HER2, an anti-HER2
antibody, with 4 Gy irradiation by x-rays demonstrated that
combined treatment enhanced growth inhibition effects in
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HNSCC cell lines when compared with rhumAbHER2 or
irradiation alone (105). While this is promising in vitro data,
further research should be conducted to verify the growth
inhibition effects in vivo.

3.2.2 HER2-targeted therapy using
small molecules

Afatinib is an irreversible kinase inhibitor that targets both
EGFR and HER2. In a preclinical trial administering afatinib, a
human HNSCC cell line with an overexpression of HER2 was used
to generate cetuximab-resistant clones from a cetuximab-sensitive
bladder cancer cell line in vivo. Cetuximab-sensitive xenografts were
exposed to increasing concentrations of cetuximab followed by
validation of the resistant phenotype in vivo and in vitro using
invasion assays. Cells were injected into 40 mice and then randomly
distributed into four treatment groups with 10 mice per group. Each
group was treated with cetuximab, afatinib, or both. The study
showed afatinib inhibited growth of the cetuximab-resistant cells in
vitro and increased growth inhibition in the cetuximab-resistant
xenografts when combined with cetuximab in vivo (106).

Lapatinib is a dual inhibitor of both EGFR and HER?2 tyrosine
kinases that acts by blocking growth signals, which stops the cell
from growing and dividing. When used with cisplatin, the efficacy
was further increased, suggesting that lapatinib heightens the
sensitivity of HNSCC towards cisplatin (53). Schrader et al.
studied the combination therapy of lapatinib and cisplatin and
its effects on colony formation of epithelial cells in HNSCC; the
study concluded that lapatinib inhibits colony formation of
epithelial HNSCC cells (53). Inhibition of tumor colony
formation holds significance in assessing therapeutic effectiveness
because the ability to impede the development of colony
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formations carries the potential to slow the advancement of the
cancer. Kondo et al. looked at the antitumor effects of lapatinib in
combination therapy with cisplatin or paclitaxel on HNSCC lines
both in vitro and in vivo; the study found that lapatinib did not
significantly inhibit angiogenesis. However, combination
treatment between lapatinib and chemotherapy further increased
the efficacy of antitumor activity by increasing apoptosis, and the
study surmised that lapatinib might provide a better treatment
path for HNSCC patients (54). Furthermore, a 2007 study assessed
the ability of a statistical model to analyze protein expression levels
of EGFR and HER?2 in response to lapatinib in 61 different human
tumor cell lines from 12 tumor types, two oncogene transformed
human cell lines, and two normal human cell cultures. The study
found that applying HPV status as a parameter along with the
expression of EGFR and HER2 improved the statistical model’s
ability to predict lapatinib sensitivity (55). Computational models
can help suggest causes and correlative factors in cancer that could
provide insight into tumor response and cancer progression
during treatment.

In a randomized phase 2 study, the effects of lapatinib
monotherapy were measured on 107 therapy-naive patients
presenting with locally advanced HNSCC. The study concluded
that short term lapatinib monotherapy did not demonstrate
statistically significant apoptotic changes but provided evidence of
clinical activity (56). In another phase 2 clinical study performed by
De Souza et al. to determine the efficacy and safety profile of lapatinib
in patients with recurrent or metastatic HNSCC, the results suggested
that lapatinib as a single agent was well-tolerated but was a weak
EGER inhibitor and lacked efficacy (57). Another randomized phase
2 study of oral lapatinib plus chemotherapy in patients with locally
advanced HNSCC assessed the activity and safety of concurrent
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chemoradiotherapy. Sixty-seven patients were randomly assigned to
concurrent chemoradiotherapy plus placebo or concurrent
chemoradiotherapy plus lapatinib. The progression-free survival
and overall survival rates at 18 months were determined to be 55%
versus 41% for the placebo group compared to 68% and 57% for the
group administered lapatinib, leading to the conclusion that lapatinib
combined with chemoradiotherapy was well-tolerated with numeric
increases in the complete response rates (52).

Poziotinib, a dual inhibitor of EGFR and HER2, has shown
efficacy against various types of cancers in phase 1 studies (61). In a
phase 2 study conducted with 49 patients with a median age of 62
years, Lee et al. concluded that poziotinib showed clinically
meaningful efficacy with manageable toxicity in patients with
heavily treated recurrent and/or metastatic HNSCC (61). Based
on these results, Li et al. drew the conclusion that poziotinib therapy
was “noninferior” to afatinib monotherapy in a review published in
January 2023 (62). In a review conducted in October 2022, Liu et al.
noted that poziotinib tested in patients with HER2-positive tumor
types such as gastric cancer, breast cancer, and HNSCC yielded
promising antitumor efficacy with manageable toxicity (61,
107-109).

AC480, a novel EGFR and HER?2 inhibitor, administered before
and during exposure to gamma radiation, was discovered to
enhance the radiosensitivity of HNSCC cells and significantly
reduce tumor size in vivo (59).

Although small molecules and antibodies have been studied for
treatment mechanisms against HNSCC, a gap in research has yet to
be filled for the strategic use of HER2 as a molecular target for TRT.
There is an urgent need for more clinical evidence to support the
role of HER2 targeting in HNSCC.

3.3 Human epidermal growth factor
receptor 3

Another member of the EGFR family is human epidermal
growth factor receptor 3 (HER3). Some studies have indicated
HER3 ligand neuregulin 1 (NRG) is expressed highly in HNSCC
and is correlated with poor prognosis (110-112). Clinical trials are
ongoing to evaluate the efficacy of HER3-targeted therapies, such as
mAbs and tyrosine kinase inhibitors, in HNSCC treatment (24).

A phase 1b study investigated the clinical efficacy and safety of
duligotuzumab, a dual action humanized IgGl mAb that targets
EGFR and HER3, in combination with chemotherapy in the
treatment of patients with recurrent or metastatic HNSCC. The
authors concluded that the addition of duligotuzumab revealed a
promising response rate of 67% but witnessed an increased
frequency of adverse events in patients (113). A 2022 review
paper published by Gandullo-Sanchez et al. reported ISU104, a
fully human anti-HER3 antibody, showed more than 70% tumor
growth inhibition in HNSCC in the studies they reviewed (113).
Additionally, the HER3-targeting human antibody, IgG 3-43,
exhibited efficacy in FaDu HNSCC murine xenograft models (24,
67). In a window-of-opportunity study, Duvvuri et al. concluded
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CDX-3379, a human mADb, alone or in combination with cetuximab
was well tolerated and caused tumor regression in HNSCC (63, 69,
70, 79, 80). AV-203, a humanized IgG1/HER3 inhibitory antibody,
has also been reported to inhibit tumor growth in HNC and
esophageal cancer models. Additionally, the authors concluded
that NRG1 can be used to predict response to HER3 inhibition by
AV-203 (63, 69, 70, 79, 80). Activation of HER3 is controlled by the
availability of NRG, but HER3 can also be activated by HER2 in
tumors that highly overexpress HER2 (63, 71, 72). To gain further
insight into HER3 signaling, REGN1400 (a potent blocking
antibody against HER3) was administered alone and in
combination with the EGFR blocking antibody REGN955. Both
agents were found to slow tumor growth as a single agent but had
increased efficacy in combination with the EGFR blocking antibody.
The results from this study suggest that EGFR and HER3 are
coactivated in many cell lines, and the combined blockade of both
receptors inhibits cell growth more effectively (76). A first-in-
human phase 1 study for patients with metastatic or advanced
HER3-positive carcinomas showed that lumretuzumab, a
glycoengineered humanized mAb, was well-tolerated and reported
signs of clinical activity (114).

Patritumab, a fully human IgGl mAb that inhibits ligand
binding to HER3, was studied in untreated recurrent and/or
metastatic HNSCC (24, 115). Forster et al. conducted a
randomized phase 2 study in which 87 patients were assigned to
receive patritumab or placebo, both in combination with cetuximab
and up to six cycles of platinum therapy, and concluded that no
statistically significant improvement occurred in progression-free
survival or overall survival, with the trend favoring the placebo
group in overall survival (24, 115). Although patritumab has been
shown to have limited activity, patritumab deruxtecan, an
antibody-drug conjugate, has shown encouraging response rates
in studies and trials for other HER3 positive cancers and is now
being extended to HNSCC (24, 113, 116, 117).

Sym013 (Pan-HER) is a mixture of six mAbs that comprises 3
pairs of mAbs, each targeting EGFR, HER2, and HER3 yielding
simultaneous inhibition of all three receptors. Sim013 has been
reported to effectively inhibit the growth of lung and HNSCC
cancer models in vitro and in vivo (118, 119). Sym013 causes
degradation of EGFR, HER2, and HER3, preventing ligand
binding to EGFR and HER3, and inhibiting activation of the AKT
and MAPK/ERK pathways (118). Francis et al. demonstrated that
Pan-HER combined with single or fractionated radiation showed a
potent antitumor effect and delayed regrowth in HNSCC
xenografts, including cetuximab-resistant models (78). Further
understanding of the molecular mechanisms involved in HER3
signaling and its interactions with other EGFR family members may
facilitate the development of effective HER3-targeted therapies for
HNSCC. Targeting HER3, either alone or in combination with
other EGFR family members could be a promising strategy for
HNSCC treatment or may pose a potential pathway to overcome
HER and HER?2 resistance mechanisms seen in some HNSCC cases.
The full potential of HER3 targeting is still unknown and remains to
be investigated through further preclinical and clinical trials.
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4 Other molecular targets

Immunotherapy leveraging ICIs is a more recent treatment
option under investigation for advanced HNSCC. ICIs block
checkpoint pathways in the cell by preventing checkpoint
proteins on T-cells from binding to similar proteins on tumor
cells, which bolsters the immune cells and restores the antitumor
immune responses that promote the elimination of cancer cells
(120). Currently, the main ICIs for immunotherapy that have been
used in the treatment of HNSCC target PD-1 receptors and PD-L1
receptors (33, 120, 121).

Pembrolizumab is a humanized mAb that binds to PD-1 and
blocks its interaction with PD-L1 (27). The FDA granted
accelerated approval in August 2016 for pembrolizumab for
treatment of patients with recurrent or metastatic HNSCC with
disease progression on or after platinum-based chemotherapy in
August 2016, making it the first drug to receive approval for the
treatment of patients with HNSCC since cetuximab was approved
for this indication in 2006 (27). Approval was based on the objective
response rate and duration of response in patients in a
nonrandomized multi-cohort trial conducted by Larkens et al.
(27). In a randomized trial, Ferris et al. found that nivolumab, a
mAb that binds to PD-1, had fewer toxic effects compared with
standard therapy (chemotherapy or cetuximab) and prolonged
survival rates in patients that had disease progression after
platinum-based chemotherapy treatment in HNSCC (50). Based
on the data from this clinical trial, the FDA approved nivolumab in
November 2016 (50, 122).

Durvalumab is a mAb that binds to PD-L1 receptors (65). In a
phase 1/2 study which included 62 patients with recurrent or
metastatic HNSCC, Segal et al. evaluated durvalumab monotherapy
and achieved an objective response rate of 11% (123, 124). In the
phase 2 study, which included 112 patients with recurrent or
metastatic HNSCC that had progressed after one line of platinum-
based therapy, Zandberg et al. demonstrated durvalumab
monotherapy treatment had an objective response rate of 16.2%
with a median duration of response of 10.3 months in patients with
25% or more tumor cells expressing PD-L1 (123-125). Fujiwara et al.
initiated a preliminary dose escalation phase designed to assess the
safety, tolerability, and pharmacokinetics of escalating doses and
different dosing schedules of durvalumab monotherapy; their study
determined that durvalumab at the doses and regimens evaluated was
safe and well-tolerated in Japanese patients with advanced solid
tumors (66, 126). Doki et al. found durvalumab monotherapy
demonstrated acceptable safety profiles and clinical benefit in a
phase 1 study for patients from Asia with HNSCC who had
progressed on previous systemic chemotherapy (66). However,
their study noted that of the 32 patients with HNSCC, 19 of the
patients had a PD-LI expression > 1% and only 8 patients had a PD-LI
expression = 25% (66).

Fibroblast activation protein (FAP) is a cell surface serine
protease that has been identified as a biomarker of cancer-
associated fibroblasts (127). FAP is highly expressed in more than
90% of epithelial tumors and is nearly undetectable in healthy
tissue, making it a potential target for HNSCC (128). Fibroblast
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activated protein inhibitors (FAPIs) have been developed to provide
a basis for FAP targeting radiopharmaceuticals and will be
discussed further in the next section.

CD44v6 is an oncogenic variant of the cell surface molecule
CD44 that is overexpressed in HNSCC, lung, skin, esophageal, and
cervical cancers (129). CD44v6 overexpression has been observed in
more than 90% of primary and metastatic HNSCC and is associated
with disease progression and radioresistance, making it an attractive
molecular target (81-83).

5 Radiolabeled antibodies

The use of radiopharmaceuticals for the treatment of many
types of cancer is an active area of research. However, development
of radiopharmaceuticals for HNSCC is still lacking. Clinical studies
on TRT for HNSCC are limited likely because of the small amount
of preclinical research. This section aims to cover the breadth of
research in radiolabeled antibodies for diagnostic imaging and TRT
for HNSCC, but the research focus in this area is small to date.
Diagnostic imaging agent development is a crucial step in
determining potential TRT analogs. Although brief, several
diagnostic imaging radiopharmaceuticals are discussed herein,
followed by subsequent studies discussing therapeutic
radiopharmaceuticals that leverage properties of alpha- or beta-
emitting radionuclides. Either alone or in combination with
conventional therapies, radiopharmaceuticals can improve the
therapeutic efficacy of mAbs (130-132). Radionuclides including
*Cu, ®*Ga, and ¥Zr have been used to radiolabel mAbs for
diagnostic imaging. Radionuclides including *°Y, "*'I, 'Ly,
188pe, and 2*°Ac have used to radiolabel mAbs for TRT. These
radionuclides have been evaluated in several HNSCC studies and
will be discussed further in the sections below.

5.1 Radiopharmaceuticals for imaging

Radiopharmaceuticals for diagnostic imaging make use of
target-specific molecules, while leveraging the nuclear properties
of these radionuclides to obtain high resolution images, giving
insight into disease status and extent. **Zr-Df-nivolumab has
been used to image the biodistribution of PD-1 expressing tumors
in a humanized murine model of lung cancer. The tracer
demonstrated high binding to stimulated PD-1-expressing T-cells
in vitro and in vivo (133). This study concluded that the positron
emission tomography (PET) resolution was great enough to support
their claim of PD-1 being a good target for tumor imaging in vivo as
well as the possibility as a target for therapy (130, 134, 135).
Although this study focused on imaging lung cancer, it might
prove beneficial for other cancers, such as cases of HNSCC that
express PD-1, as well (136).

To identify patients who may benefit from EGFR targeted
therapy, an '''In-labeled cetuximab tracer was developed for
single photon emission computed tomography (SPECT)
imaging of nude mice bearing FaDu HNSCC xenografts. Tumor
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uptake was favorable and correlated well with intratumoral
distribution determined by autoradiography and EGFR
immunohistochemistry. However, tumor accumulation and blood
clearance rates were low. The tumor-to-background contrast
increased with time requiring later imaging timepoints, and
therefore made the tracer less suitable for clinical applications
(137). In a follow-up study, the authors developed and
characterized an '''In-cetuximab-F(ab’), tracer using the same
model and found that '''In-cetuximab-F(ab’), displayed higher
tumor-to-blood ratios making it more suitable for EGFR
visualization (137, 138). #Zr-cetuximab was developed for in
vitro and in vivo studies using tumor cell lines with varying EGFR
expression levels. In vitro studies demonstrated EGFR uptake;
however, a disparity was shown between antibody uptake and
expression levels in vivo indicating that EGFR expression levels
alone are not sufficient for predicting patient response (139).
Cetuximab resistance poses a problem for patients with HNSCC,
resulting in increased tumor recurrence rates and showing limited
clinical efficacy. Cetuximab resistance in HNSCC was investigated
using *°Zr-cetuximab, and the study found that it was a suitable
radiopharmaceutical to identify EGFR downregulation in vitro and
in vivo, demonstrating the potential applicability for monitoring
patient resistance during cetuximab therapy (140). A phase 1 trial to
determine the safety of **Zr-cetuximab assessed tumor uptake in
HNC and non-small cell lung cancer patients and determined that
no additional toxicity was associated with its administration in
comparison with unlabeled cetuximab (141). Studies recommend
imaging 6 to 7 days after *Zr-cetuximab injection, which is
approximately two half-lives of the radionuclide used (*Zr)
(141, 142).

4Cu-panitumumab was implemented to acquire small-animal
positron emission tomography (PET) images in mice bearing
human HNSCC xenograft tumors, and the in vivo kinetics of
antibody was visualized (143). The study determined that no
correlation exists between PET resolution and EGFR protein
expression level. The tumors with the lowest EGFR expression
had the highest distribution of the tracer, and the highest EGFR
expression had the lowest tracer distribution (143). In a clinical
study, the safety and specificity of **Zr-panitumumab for diagnosis
of HNSCC in patients was studied and compared with '®F-
fluorodeoxyglucose (‘*F-FDG) PET/computed tomography (CT).
The combined ability of '*F-FDG PET/CT and **Zr-panitumumab
PET/CT to detect HNSCC was improved with a specificity of 96.3%
in comparison with 74.1% with '*F-EDG PET/CT alone. The
authors concluded that *Zr-panitumumab PET/CT imaging is
safe and may be of use for discriminating incidental findings
from "®F-FDG PET/CT from true positive lesions (144). Current
clinical trials using '''In-panitumumab are ongoing to evaluate the
safety and effectiveness for identifying the first lymph nodes (LNs)
to which cancer has spread from the primary tumor in patents with
HNSCC undergoing surgery (NCT05901545).

The diagnostic imaging performance of a *Zr-labeled-chimeric
mAb U36, which targets CD44v6, was evaluated in patients with
HNSCC who were determined to be at high risk of neck lymph node
metastases. The tracer was able to detect all the primary tumors and
72% of positive levels, indicating that the tracer performed at least
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as good as CT/magnetic resonance imaging (MRI) for detection of
metastases in HNSCC patients (145, 146).

Clinical studies have been conducted using radiolabeled FAPIs
for PET imaging of primary and metastatic HNSCC. In a study
aimed to compare the detection capability of **Ga-FAPI-46 PET/
CT compared with '*F-FDG PET/CT, the authors found that **Ga-
FAPI-46 PET/CT and '®F-FDG PET/CT demonstrate comparable
diagnostic performance (147). Giesel et al. compared **Ga-FAPI-2
and °®Ga-FAPI-4 to '®F-FDG and provided a preliminary
dosimetry estimate. The authors found that the normal organs
showed a low tracer uptake and the ®®Ga-labeled FAPI tracers
performed equally at 1-hour post-injection. The study concluded
that the FAPI tracers provided tumor-to-background contrast ratios
greater than or equal to those of E_FDG (148). A head-to-head
comparison of **Ga-FAPI-04 PET/CT to '*F-FDG PET/CT was
conducted to compare the diagnostic value of **Ga-FAPI-04 PET/
CT and '""F-FDG PET/CT imaging for primary lesions and
metastatic lymph nodes in 21 tonsil cancer patients. The study
found that ®*Ga-FAPI-04 PET/CT was more efficient in detecting
primary lesions but had a lower maximum standard uptake value
than '"®F-FDG PET/CT. Additionally, **Ga-FAPI-04 PET/CT
demonstrated an improved distinction between the primary
tumor and contralateral normal tonsil tissue. There was not a
statistically significant difference in the maximum standard
uptake value or the tumor-to-background ratio for lymph node
analysis comparing **Ga-FAPI-04 PET/CT to "*F-FDG PET/CT;
however, the specificity and accuracy of ®*Ga-FAPI-04 PET/CT was
higher. The study concluded that ®®Ga-FAPI-04 PET/CT is
complementary to '*F-FDG PET/CT by improving the detection
of primary lesions and the diagnostic accuracy of lymph node
metastases in tonsil cancer (149).

5.2 Therapeutic radiopharmaceuticals

Therapeutic radionuclides can be classified into three broad
categories, based on whether they emit alpha particles, beta
particles, or Auger electrons. Alpha particle-emitting
radionuclides are positively charged, heavy particles with
significantly higher energies, very short path lengths, and have a
high linear energy transfer (LET). Beta () particles are negatively
charged electrons emitted from the nucleus with a long range and
low LET, and Auger electron emitters emit electrons with a higher
LET than beta particles but have a lower LET than alpha particles
(130, 150, 151). A biomolecule (peptide, small molecule,
monoclonal antibody, etc.) can be used to transport the
radionuclide to the cell of interest. The antibody binds to its
target, and the radionuclide then emits damaging ionizing
radiation via its respective emission pathway during decay (130,
151). Radiolabeled antibodies rely on the decay characteristic of the
employed radionuclide for therapy. Therefore, the notorious
immune response that can be associated with unlabeled mAbs
can be reduced because the radiolabeled antibodies do not rely on
targeting signaling pathways to cause antitumor effects; they rely on
the mAb to bring the radionuclide to the malignant cells, therefore
less mAb can be injected (130, 152). Currently, no FDA-approved
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radiolabeled antibodies exist for the treatment of HNSCC; however,
there are radiolabeled antibodies that are approved for use in
clinical practice for other types of cancer that may be applied for
treatment of HNSCC with similar molecular characteristics.

Parakh et al. provided an overview of the radiolabeled, intact
antibodies currently in clinical use as well as those in development
for cancers other than HNSCC. The study concluded that
radioimmunotherapy demonstrated therapeutic efficacy in
hematological cancers; however, the benefit of radiolabeled
antibodies in the treatment of solid tumors has been less effective
and several strategies are being investigated to improve their
therapeutic index (130). Tumors with high antigen expression
treated with fractionated radioimmunotherapy protocols (multiple
doses rather than single dose) or radioimmunotherapy in
combination with other agents, such as chemotherapy, have
shown the best response (130, 133). Targeting patients with
minimal residual disease using pre-targeting strategies and using
newer radionuclides, combined therapeutic modalities, improved
labeling techniques, and locoregional application are among the
strategies proposed and being evaluated to improve the success rate
of radioimmunotherapy (130, 132).

Few studies have been conducted using radiolabeled antibodies
for HNSCC therapy. Preclinical studies investigated cell toxicity and
cell binding properties of '’ Lu-panitumumab and '””Lu-cetuximab
using UM-SCC-22B tumor models. Both '”’Lu-panitumumab and
77Lu-cetuximab exhibited favorable tumor targeting efficacy and
significantly delayed tumor growth. However, '”’Lu-panitumumab
had a higher tumor uptake and more effectively inhibited tumor
growth (130, 133). Another study looked at 20Y_cetuximab as a
radioimmunotherapy agent. UM-SCC-22B and SCC1 HNSCC cells
were xenografted in nude mice and PET imaged using '*F-FDG and
%*Cu- cetuximab to monitor the therapeutic effect of *°Y-
cetuximab. The authors found that UM-SCC-22B tumors, which
had a lower EGFR expression, were more responsive to *°Y-
cetuximab treatment than SCCI1 tumors (130, 132). The
combination of *°Y-cetuximab with fractionated radiotherapy was
investigated in FaDu-tumor bearing mice. The mice were treated
with fractionated radiotherapy alone, fractionated radiotherapy
plus cold cetuximab, or fractionated radiotherapy plus *°Y-
cetuximab and PET imaged using *®Y-cetuximab as a tracer. The
authors found that low to moderate external beam doses can
enhance antibody uptake, and the combination of *’Y-cetuximab
and fractionated radiotherapy substantially increased tumor
control compared to fractionated radiotherapy alone (153). The
effects of cetuximab in combination with alpha-emitting
radioimmunotherapy on a panel of HNSCC lines have been
investigated. The cells were treated with cetuximab in
combination with "' At-chimeric mAb (cmAb) U36, and the cell
uptake, internalization, and cell proliferation were assessed.
Cetuximab in combination with *''At-cmAb U36 mediated
increased growth inhibition compared with radioimmunotherapy
or cetuximab alone. However, cetuximab exerted radioprotective
effects on the cell lines, suggesting interactions between CD44v6
and EGFR (136).

A phase 1 study investigated the safety, maximum tolerated
dose, pharmacokinetics, dosimetry, immunogenicity, and
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therapeutic potential of a '®°Re-labeled anti-CD44v6 chimeric
mAb U36 (cmAb U36) in HNSCC patients. In total, 13 patients
with recurrent or metastatic HNSCC were administered **™Tc-
cmADb U36 for planar and SPECT imaging, followed by '**Re-cmAb
U36 one week later. The authors concluded that "**Re-cmAb U36
was well tolerated and could be safely administered with a dose-
limiting myelotoxicity at 41 mCi/m>. Additionally, using 99mrpe
cmAb U36 to predict the pharmacokinetics of '**Re-cmAb U36 can
provide insight into dose selection (154).

Proof-of-principle radioimmunotherapy studies conducted by
Harris et al. have investigated the use of '**Re-labeled mAbs to treat
HPV-related HNSCC by targeting E6 and E7 oncogenes (155, 156).
Although beyond the scope of this review, we direct the interested
reader to these studies.

Limited TRT studies have been done for HNSCC; however,
there are new clinical trials underway including using >*>Ac in TRT
of HNSCC (NCT03746431) (157). The results of these clinical trials
will hopefully prove to be an exciting addition to current treatment
options for patients living with HNSCC.

6 Discussion and future directions

The identification of new molecular targets is crucial in
developing radiopharmaceuticals for TRT of HNSCC. Precision
medicine will help stratify patients based on their specific disease
characteristics; therefore, predictive biomarkers and a deep
understanding of the mechanisms occurring at the molecular level
are needed in order to understand, and ultimately treat, all patients
regardless of the cancer subtype. Thus far, research has focused on
targeted pharmaceuticals using mAbs or ICIs; however, weak
evidence exists of success because of monotherapies and drug
resistance have been noted. The combination of targeting agents
with other therapies can enhance treatment efficacies to achieve
improved outcomes and overcome barriers associated with
monotherapies. TRT has significant potential by bringing
cytotoxic radionuclides directly to the site of disease, minimizing
the need for conventional radiotherapy or chemotherapies that
obliterate healthy cells in the process. Success in TRT relies on
understanding the properties, expressions, and interactions of
molecular targets.

The EGFR family is a promising target that is commonly
overexpressed in HNSCC. The challenge of targeting EGFRs
arises from the expression in many normal tissues. Anti-EGFR
agents such as cetuximab targeting the extracellular domain of
EGFR have already been FDA-approved but have demonstrated
limited benefits in combination with other treatments. Although
EGEFR is overexpressed in more than 80% of HNSCC tumors, no
clear predictive response exists with cetuximab efficacy. However,
some studies have hypothesized cetuximab makes the cells more
radiosensitive. The enhanced radiosensitivity exerted after
cetuximab administration could be leveraged by radiolabeling
cetuximab with therapeutic radionuclides and should be
investigated for therapeutic efficacy in future studies. In addition
to this, patients could see benefit from cetuximab radiolabeled with
diagnostic PET or SPECT radionuclides which would provide
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information on receptor status, and in turn give insight as to
whether patients would benefit from EGFR-targeted therapy.
Stratifying patients based on receptor expression in early stages of
their disease could certainly lead to improved prognosis (158, 159).

Tyrosine kinase inhibitors (TKIs) targeting the intracellular
EGFR domain have shown clinical benefits in some cases, but a
significant need still exists for more research to identify patients
who may see a positive response with these therapies. Previous
clinical studies involving TKIs have been conducted with broad
patient populations, which limits the probability of success in the
trials. This can be overcome by focusing on identification and
analysis of biomarkers to select patients for these clinical trials that
will most likely respond to TKI treatments. Thus far, no TKIs have
been approved by the FDA for HNSCC treatment and further
research is warranted to determine the clinical benefit. While
EGFR-targeting TKIs have shown limited success, multitargeting
TKIs such as afatinib or lapatinib have shown clinical potential and
could be the focus of future radiolabeling experiments.

Few studies incorporate radiopharmaceuticals for the diagnosis
or treatment of HNSCC; however, the number of successful clinical
trials and FDA-approved radiopharmaceuticals in other types of
cancers such as **’Ra dichloride (Xofigo) and 771 u-DOTATOC
(Lutathera) demonstrate the clinical efficacy of radiopharmaceuticals
and suggest the potential use in HNSCC. The current use of TRT has
already identified a number of targets that can be translated to the
diagnosis and treatment of HNSCC and more continue to evolve with
the increasing number of clinical studies.

Further identification of radiometals for use in the TRT
radiopharmaceuticals should focus on the half-life, nuclear decay
characteristics, and pricing and availability of the isotope. The
isotope should have enough range and high-enough energies to
effectively kill the tumor while limiting the radiation dose to the
healthy tissue. The radionuclides should be compatible with the
pharmacokinetics and the biological half-life of the targeting vector.
The future of TRT is fueled by a strong understanding and
optimization of the radiochemistry involved with radionuclide
production to bolster current production and separation
techniques and produce these radionuclides on a large scale.
From a theranostics standpoint, identification is needed of
chemically and dosimetrically compatible radioisotopes that can
be labeled for both imaging and therapy.

The future of TRT in HNSCC relies on identification of
promising targets and biomarkers followed by preclinical and
clinical trials, incorporating a theranostic approach with a
comparison with current imaging and treatment techniques that
are already in place. Advancement relies on identifying treatments
that are advantageous over the current standard of care and that
concurrently increase the patient’s quality of life. Success of TRT in
HNSCC relies on a balance between developing a stronger
knowledgebase of the predictive biomarkers and their
downstream signaling pathways to better predict successful
target-target vector interactions, as well as identification of
radiometals that will provide the necessary absorbed dose to
successfully damage the tumor cells while minimizing the dose to
healthy tissue. Numerous mAbs and small molecules have been
discussed in this review along with their binding affinities to the
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EGER family. By leveraging the EGFR expressions in the tumor, the
aforementioned target vectors with high binding affinities could be
radiolabeled with the potential for success in TRT.

7 Conclusion

HNSCC is the most common type of cancer arising in the head
and neck and can develop in the oral cavity, pharynx, nasal cavity,
paranasal sinuses, salivary glands, and larynx (7, 8). The current
standard of care is either surgical resection followed by adjuvant
radiation and chemotherapy or definitive chemoradiation and often
comes with considerable limitations and toxicities. The significant
burden of morbidity and mortality associated with HNSCC
highlights the urgency to explore innovative therapeutic strategies
that can enhance treatment efficacy and improve the patient’s
quality of life.

The discovery of immunotherapy and the role of the immune
system in the treatment of HNSCC has been the focus of early efforts in
treating this disease. ICIs have shown promise in the treatment of
HNSCC since the 2016 FDA approvals of pembrolizumab and
nivolumab for patients with recurrent or metastatic disease, followed
by the 2019 approval of pembrolizumab as a first-line therapy. In
addition to ICIs such as PD-1 and PD-L1, molecular targets in the
EGFR family (EGFR, HER2, and HER3) could be considered a
potential focal point for targeted therapy. Preclinical and clinical
studies including the EGFR-targeting mAbs cetuximab and
panitumumab have demonstrated clinical efficacy (42, 51, 89, 90).
Although studies are limited to date, the molecular targets discussed in
this review show promise towards HNSCC treatment via TRT.
Through the development of radiopharmaceuticals that are able to
specifically target molecular markers that are overexpressed on cancer
cells, ionizing radiation can be delivered directly to cancer cells while
sparing healthy tissue. This method addresses one of the major
challenges of traditional therapies, and this potential treatment
alternative could substantially reduce the cytotoxicity associated with
standard chemotherapy, offering patients a treatment option with fewer
adverse effects and improved overall well-being. Current immunoPET
advancements in HNSCC research have leveraged the nuclear
properties of radionuclides such as *Zr and **Cu conjugated to
EGFR-targeting mAbs to obtain high-resolution images of tracer
uptake in HNSCC patients. Thus far, some labeled mAbs have
proven successful in identifying primary or metastatic lesions and
have been deemed clinically safe. These mAbs could be improved upon
by developing radiolabeled versions for diagnostic imaging and TRT.
Few radioimmunotherapy studies have been conducted for HNSCC in
vivo, and no FDA-approved radiolabeled antibodies exist for the
treatment of HNSCC, although some are approved for use in other
types of disease. This existing use case indicates a potential avenue of
novel scientific developments with the potential to significantly
improve patient care.

The information offered in this review highlights the promising
molecular targets within the EGFR family, including EGFR, HER2, and
HER3, as well as ICIs such as PD-1 and PD-L1, which represent
potential molecular targets for TRT. Preclinical and clinical evidence
shows the growing body of research that supports the feasibility and
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potential benefits of this therapeutic approach, although much still
needs to be learned at the molecular level. In combination with
traditional treatment modalities, the application of new inhibitors,
mAbs, and small molecules in targeting holds great promise and can
give insight into more knowledge of the disease. Identification of
predictive effectors is of high demand to identify patients who may
be candidates for these novel treatments and who may see more
favorable treatment outcomes than the current standard of care.
Although progress has been made in developing targeted
therapies for HNSCC, this review underscores the need for
extensive and rigorous research in the field of TRT. The
exploration of predictive biomarkers, a deep understanding of
treatment mechanisms, optimization of treatment protocols, and
the development of radiopharmaceuticals specifically tailored for
HNSCC are all areas that require focused attention. The integration
of TRT into the treatment landscape of HNSCC offers hope for
patients and clinicians alike. The ongoing commitment to research,
innovation, and collaboration between multidisciplinary teams holds
the promise of transforming HNSCC treatment, ultimately leading to
improved outcomes, prolonged survival, and enhanced quality of life
for individuals battling this challenging disease. As the field continues
to evolve, TRT stands as a beacon of progress in the pursuit of more
effective and less toxic treatment options for HNSCC patients.

Author contributions

AS: Writing - original draft, Writing - review & editing. IC:
Writing - review & editing.

References

1. Gormley M, Creaney G, Schache A, Ingarfield K, Conway DI. Reviewing the
epidemiology of head and neck cancer: definitions, trends and risk factors. Br Dental J.
(2022) 233:780-6. doi: 10.1038/s41415-022-5166-x

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer ] Clin. (2021) 71(3):209-49. doi: 10.3322/caac.21660

3. Jemal A, Siegel R, Ward E, Murray T, Xu J, Thun MJ. Cancer statistics, 2007. CA:
Cancer J Clin. (2007) 57:43-66. doi: 10.3322/canjclin.57.1.43

4. Gupta B, Johnson NW, Kumar N. Global epidemiology of head and neck cancers:
a continuing challenge. Oncology. (2016) 91:13-23. doi: 10.1159/000446117

5. LiD, Li X, Zhao J, Tan F. Advances in nuclear medicine-based molecular imaging
in head and neck squamous cell carcinoma. J Trans Med. (2022) 20:358. doi: 10.1186/
$12967-022-03559-5

6. Xu H, Stabile LP, Gubish CT, Gooding WE, Grandis JR, Siegfried JM. Dual
blockade of EGFR and c-met abrogates redundant signaling and proliferation in head
and neck carcinoma cells. Clin Cancer Res. (2011) 17:4425-38. doi: 10.1158/1078-
0432.CCR-10-3339

7. Johnson DE, Burtness B, Leemans CR, Lui VWY, Bauman JE, Grandis JR. Head
and neck squamous cell carcinoma. Nat Rev Dis Primers. (2020) 6:92. doi: 10.1038/
$41572-020-00224-3

8. Vigneswaran N, Williams MD. Epidemiologic trends in head and neck cancer and
aids in diagnosis. Oral Maxillofac Surg Clin North Am. (2014) 26:123-41. doi: 10.1016/
j.coms.2014.01.001

9. Gillison ML, Chaturvedi AK, Anderson WF, Fakhry C. Epidemiology of human
papillomavirus-positive head and neck squamous cell carcinoma. J Clin Oncol. (2015)
33:3235-42. doi: 10.1200/JCO.2015.61.6995

10. Mehanna H, Beech T, Nicholson T, El-Hariry I, McConkey C, Paleri V, et al.
Prevalence of human papillomavirus in oropharyngeal and nonoropharyngeal head
and neck cancer-systematic review and meta-analysis of trends by time and region.
Head Neck. (2013) 35:747-55. doi: 10.1002/hed.22015

Frontiers in Oncology

12

10.3389/fonc.2024.1445191

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Financial
support from the University of Tennessee Department of Nuclear
Engineering was received to publish this work.

Acknowledgments

We would like to thank the Department of Nuclear Engineering
at the University of Tennessee, Knoxville.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

11. Rosenberg AJ, Vokes EE. Optimizing treatment de-escalation in head and neck
cancer: current and future perspectives. Oncologist. (2021) 26:40-8. doi: 10.1634/
theoncologist.2020-0303

12. Hashim D, Genden E, Posner M, Hashibe M, Boffetta P. Head and neck cancer
prevention: from primary prevention to impact of clinicians on reducing burden. Ann
Oncol. (2019) 30:744-56. doi: 10.1093/annonc/mdz084

13. Zolkind P, Uppaluri R. Checkpoint immunotherapy in head and neck cancers.
Cancer Metastasis Rev. (2017) 36:475-89. doi: 10.1007/s10555-017-9694-9

14. Runnels J, Bloom JR, Hsieh K, Dickstein DR, Shi Y, Jones BM, et al. Combining
radiotherapy and immunotherapy in head and neck cancer. Biomedicines. (2023)
11:2097. doi: 10.3390/biomedicines11082097

15. Zhou X, Wang X. Radioimmunotherapy in HPV-associated head and neck
squamous cell carcinoma. Biomedicines. (2022) 10:1990. doi: 10.3390/
biomedicines10081990

16. Cheng J, Ekberg T, Engstrom M, Nestor M, Jensen HJ, Tolmachev V, et al.
Radioimmunotherapy with astatine-211 using chimeric monoclonal antibody U36 in
head and neck squamous cell carcinoma. Laryngoscope. (2007) 117:1013-8.
doi: 10.1097/MLG.0b013e31804bla6d

17. Niu G, Sun X, Cao Q, Courter D, Koong A, Le QT, et al. Cetuximab-based
immunotherapy and radioimmunotherapy of head and neck squamous cell carcinoma.
Clin Cancer Res. (2010) 16:2095-105. doi: 10.1158/1078-0432.CCR-09-2495

18. Bohdiewicz PJ. Indium-111 satumomab pendetide: the first FDA-approved
monoclonal antibody for tumor imaging. J Nucl Med Technol. (1998) 26:155-63;
quiz 70-1.

19. Song H, Sgouros G. Radioimmunotherapy of solid tumors: searching for the
right target. Curr Drug Deliv. (2011) 8:26-44. doi: 10.2174/156720111793663651

20. Cohen EEW, Bell RB, Bifulco CB, Burtness B, Gillison ML, Harrington KJ, et al.
The Society for Immunotherapy of Cancer consensus statement on immunotherapy for
the treatment of squamous cell carcinoma of the head and neck (HNSCC). J
Immunother Cancer. (2019) 7:184. doi: 10.1186/s40425-019-0662-5

frontiersin.org


https://doi.org/10.1038/s41415-022-5166-x
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/canjclin.57.1.43
https://doi.org/10.1159/000446117
https://doi.org/10.1186/s12967-022-03559-5
https://doi.org/10.1186/s12967-022-03559-5
https://doi.org/10.1158/1078-0432.CCR-10-3339
https://doi.org/10.1158/1078-0432.CCR-10-3339
https://doi.org/10.1038/s41572-020-00224-3
https://doi.org/10.1038/s41572-020-00224-3
https://doi.org/10.1016/j.coms.2014.01.001
https://doi.org/10.1016/j.coms.2014.01.001
https://doi.org/10.1200/JCO.2015.61.6995
https://doi.org/10.1002/hed.22015
https://doi.org/10.1634/theoncologist.2020-0303
https://doi.org/10.1634/theoncologist.2020-0303
https://doi.org/10.1093/annonc/mdz084
https://doi.org/10.1007/s10555-017-9694-9
https://doi.org/10.3390/biomedicines11082097
https://doi.org/10.3390/biomedicines10081990
https://doi.org/10.3390/biomedicines10081990
https://doi.org/10.1097/MLG.0b013e31804b1a6d
https://doi.org/10.1158/1078-0432.CCR-09-2495
https://doi.org/10.2174/156720111793663651
https://doi.org/10.1186/s40425-019-0662-5
https://doi.org/10.3389/fonc.2024.1445191
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Sanwick and Chaple

21. Sgouros G, Bodei L, McDevitt MR, Nedrow JR. Radiopharmaceutical therapy in
cancer: clinical advances and challenges. Nat Rev Drug Discovery. (2020) 19:589-608.
doi: 10.1038/s41573-020-0073-9

22. Arteaga C. Targeting HERI/EGFR: a molecular approach to cancer therapy.
Semin Oncol. (2003) 30:3-14. doi: 10.1016/S0093-7754(03)70010-4

23. Wen Y, Grandis JR. Emerging drugs for head and neck cancer. Expert Opin
Emerg Drugs. (2015) 20:313-29. doi: 10.1517/14728214.2015.1031653

24. Saddawi-Konefka R, Schokrpur S, Lui AJ, Gutkind JS. HER2 and HER3 as
therapeutic targets in head and neck cancer. Cancer J. (2022) 28:339-45. doi: 10.1097/
PP0O.0000000000000622

25. Gillison ML, Glisson BS, O’Leary E, Murphy BA, Levine MA, Kies MS, et al.
Phase II trial of trastuzumab (T), paclitaxel (P) and cisplatin (C) in metastatic (M) or
recurrent (R) head and neck squamous cell carcinoma (HNSCC): Response by tumor
EGFR and HER2/neu status. J Clin Oncol. (2006) 24:5511-. doi: 10.1200/
jc0.2006.24.18_suppl.5511

26. Kim HS, Kwon HJ, Jung I, Yun MR, Ahn M-], Kang BW, et al. Phase II clinical
and exploratory biomarker study of dacomitinib in patients with recurrent and/or
metastatic squamous cell carcinoma of head and neck. Clin Cancer Res. (2015) 21:544-
52. doi: 10.1158/1078-0432.CCR-14-1756

27. Larkins E, Blumenthal GM, Yuan W, He K, Sridhara R, Subramaniam S, et al.
FDA approval summary: pembrolizumab for the treatment of recurrent or metastatic
head and neck squamous cell carcinoma with disease progression on or after platinum-
containing chemotherapy. Oncologist. (2017) 22:873-8. doi: 10.1634/
theoncologist.2016-0496

28. Anderson G, Ebadi M, Vo K, Novak ], Govindarajan A, Amini A. An updated
review on head and neck cancer treatment with radiation therapy. Cancers (Basel).
(2021) 13:4912. doi: 10.3390/cancers13194912

29. Goel B, Tiwari AK, Pandey RK, Singh AP, Kumar S, Sinha A, et al. Therapeutic
approaches for the treatment of head and neck squamous cell carcinoma-An update on
clinical trials. Transl Oncol. (2022) 21:101426. doi: 10.1016/j.tranon.2022.101426

30. Marur S, Forastiere AA. Head and neck squamous cell carcinoma: update on
epidemiology, diagnosis, and treatment. Mayo Clinic Proc. (2016) 91:386-96.
doi: 10.1016/j.mayocp.2015.12.017

31. Wise-Draper TM, Bahig H, Tonneau M, Karivedu V, Burtness B. Current
therapy for metastatic head and neck cancer: evidence, opportunities, and challenges.
Am Soc Clin Oncol Educ Book. (2022) 42):527-40. doi: 10.1200/EDBK_350442

32. Kordbacheh F, Farah CS. Current and emerging molecular therapies for head
and neck squamous cell carcinoma. Cancers (Basel). (2021) 13:5471. doi: 10.3390/
cancers13215471

33. Tian Y, Zhang L, Jin N, Wan Z, Zhang H, Zhang H, et al. Clinical response to
neoadjuvant immunotherapy combined with targeted therapy and chemotherapy in
oral squamous cell carcinoma: experience in three patients. Onco Targets Ther. (2022)
15:353-9. doi: 10.2147/OTT.S355349

34. Hargadon KM, Johnson CE, Williams CJ. Immune checkpoint blockade therapy
for cancer: An overview of FDA-approved immune checkpoint inhibitors. Int
Immunopharmacology. (2018) 62:29-39. doi: 10.1016/j.intimp.2018.06.001

35. Park JC, Krishnakumar HN, Saladi SV. Current and future biomarkers for
immune checkpoint inhibitors in head and neck squamous cell carcinoma. Curr Oncol.
(2022) 29:4185-98. doi: 10.3390/curroncol29060334

36. Burtness B, Harrington K]J, Greil R, Souli¢res D, Tahara M, de Castro GJr., et al.
Pembrolizumab alone or with chemotherapy versus cetuximab with chemotherapy for
recurrent or metastatic squamous cell carcinoma of the head and neck (KEYNOTE-
048): a randomized, open-label, phase 3 study. Lancet. (2019) 394:1915-28.
doi: 10.1016/S0140-6736(19)32591-7

37. Klein JD, Grandis JR. The molecular pathogenesis of head and neck cancer.
Cancer Biol Ther. (2010) 9:1-7. doi: 10.4161/cbt.9.1.10905

38. Harari PM, Wheeler DL, Grandis JR. Molecular target approaches in head and
neck cancer: epidermal growth factor receptor and beyond. Semin Radiat Oncol. (2009)
19:63-8. doi: 10.1016/j.semradonc.2008.09.009

39. Fasano M, Della Corte CM, Viscardi G, Di Liello R, Paragliola F, Sparano F, et al.
Head and neck cancer: the role of anti-EGFR agents in the era of immunotherapy. Ther
Adv Med Oncol. (2021) 13:1758835920949418. doi: 10.1177/1758835920949418

40. Pollock NI, Grandis JR. HER2 as a therapeutic target in head and neck squamous
cell carcinoma. Clin Cancer Res. (2015) 21:526-33. doi: 10.1158/1078-0432.CCR-14-
1432

41. Roskoski R. The ErbB/HER receptor protein-tyrosine kinases and cancer.
Biochem Biophys Res Commun. (2004) 319:1-11. doi: 10.1016/j.bbrc.2004.04.150

42. Zhao B, Wang L, Qiu H, Zhang M, Sun L, Peng P, et al. Mechanisms of resistance
to anti-EGFR therapy in colorectal cancer. Oncotarget. (2016) 8:3980-4000.
doi: 10.18632/oncotarget.v8i3

43. Ferris RL, Geiger JL, Trivedi S, Schmitt NC, Heron DE, Johnson JT, et al. Phase IT
trial of post-operative radiotherapy with concurrent cisplatin plus panitumumab in
patients with high-risk, resected head and neck cancer. Ann Oncol. (2016) 27:2257-62.
doi: 10.1093/annonc/mdw428

44. Harari PM, Harris J, Kies MS, Myers JN, Jordan RC, Gillison ML, et al.
Postoperative chemoradiotherapy and cetuximab for high-risk squamous cell
carcinoma of the head and neck: Radiation Therapy Oncology Group RTOG-0234. |
Clin Oncol. (2014) 32:2486-95. doi: 10.1200/JCO.2013.53.9163

Frontiers in Oncology

10.3389/fonc.2024.1445191

45. Vermorken JB, Mesia R, Rivera F, Remenar E, Kawecki A, Rottey S, et al.
Platinum-based chemotherapy plus cetuximab in head and neck cancer. N Engl | Med.
(2008) 359:1116-27. doi: 10.1056/NEJM0a0802656

46. Gougis P, Moreau Bachelard C, Kamal M, Gan HK, Borcoman E, Torossian N,
et al. Clinical development of molecular targeted therapy in head and neck squamous
cell carcinoma. JNCI Cancer Spectr. (2019) 3:pkz055. doi: 10.1093/jncics/pkz055

47. Xing DT, Khor R, Gan H, Wada M, Ermongkonchai T, Ng SP. Recent research
on combination of radiotherapy with targeted therapy or immunotherapy in head and
neck squamous cell carcinoma: A review for radiation oncologists. Cancers (Basel).
(2021) 13:5716. doi: 10.3390/cancers13225716

48. Tang X, He J, Li B, Zheng Y, Li K, Zou S, et al. Efficacy and safety of gefitinib in
patients with advanced head and neck squamous cell carcinoma: A meta-analysis of
randomized controlled trials. ] Oncol. (2019) 2019:6273438. doi: 10.1155/2019/6273438

49. Byeon HK, Ku M, Yang J. Beyond EGFR inhibition: multilateral combat
strategies to stop the progression of head and neck cancer. Exp Mol Med. (2019)
51:1-14. doi: 10.1038/s12276-018-0202-2

50. Ferris RL, Blumenschein G, Fayette J, Guigay J, Colevas AD, Licitra L, et al.
Nivolumab for recurrent squamous-cell carcinoma of the head and neck. New Engl |
Med. (2016) 375:1856-67. doi: 10.1056/NEJMoal602252

51. Seiwert TY, Fayette J, Cupissol D, Del Campo JM, Clement PM, Hitt R, et al. A
randomized, phase II study of afatinib versus cetuximab in metastatic or recurrent
squamous cell carcinoma of the head and neck. Ann Oncol. (2014) 25:1813-20.
doi: 10.1093/annonc/mdu216

52. Harrington K, Berrier A, Robinson M, Remenar E, Housset M, de Mendoza FH,
et al. Randomised Phase II study of oral lapatinib combined with chemoradiotherapy in
patients with advanced squamous cell carcinoma of the head and neck: Rationale for
future randomised trials in human papilloma virus-negative disease. Eur ] Cancer.
(2013) 49:1609-18. doi: 10.1016/j.ejca.2012.11.023

53. Schrader C, Boehm A, Reiche A, Diet A, Mozet C, Wichmann G. Combined
effects of lapatinib and cisplatin on colony formation of head and neck squamous cell
carcinoma. Anticancer Res. (2012) 32:3191.

54. Kondo N, Tsukuda M, Ishiguro Y, Kimura M, Fujita K, Sakakibara A, et al.
Antitumor effects of lapatinib (GW572016), a dual inhibitor of EGFR and HER-2, in
combination with cisplatin or paclitaxel on head and neck squamous cell carcinoma.
Oncol Rep. (2010) 23:957-63. doi: 10.3892/or

55. Rusnak DW, Alligood KJ, Mullin R]J, Spehar GM, Arenas-Elliott C, Martin AM,
et al. Assessment of epidermal growth factor receptor (EGFR, ErbB1) and HER2
(ErbB2) protein expression levels and response to lapatinib (Tykerb® GW572016) in
an expanded panel of human normal and tumor cell lines. Cell Proliferation. (2007)
40:580-94. doi: 10.1111/j.1365-2184.2007.00455.x

56. del Campo JM, Hitt R, Sebastian P, Carracedo C, Lokanatha D, Bourhis J, et al.
Effects of lapatinib monotherapy: results of a randomised phase II study in therapy-
naive patients with locally advanced squamous cell carcinoma of the head and neck. Br
J Cancer. (2011) 105:618-27. doi: 10.1038/bjc.2011.237

57. de Souza JA, Davis DW, Zhang Y, Khattri A, Seiwert TY, Aktolga S, et al. A phase
IT study of lapatinib in recurrent/metastatic squamous cell carcinoma of the head and
neck. Clin Cancer Res. (2012) 18:2336-43. doi: 10.1158/1078-0432.CCR-11-2825

58. Elicin O, Ozsahin M. Current role of dacomitinib in head and neck cancer. Expert
Opin Investigational Drugs. (2016) 25:735-42. doi: 10.1080/13543784.2016.1177022

59. Torres MA, Raju U, Molkentine D, Riesterer O, Milas L, Ang KK. AC480,
formerly BMS-599626, a pan Her inhibitor, enhances radiosensitivity and
radioresponse of head and neck squamous cell carcinoma cells in vitro and in vivo.
Investigational New Drugs. (2011) 29:554-61. doi: 10.1007/s10637-010-9389-3

60. Swain SM, Shastry M, Hamilton E. Targeting HER2-positive breast cancer:
advances and future directions. Nat Rev Drug Discovery. (2023) 22:101-26.
doi: 10.1038/s41573-022-00579-0

61. Lee JH, Heo SG, Ahn B-C, Hong MH, Cho BC, Lim SM, et al. A phase II study of
poziotinib in patients with recurrent and/or metastatic head and neck squamous cell
carcinoma. Cancer Med. (2021) 10:7012-20. doi: 10.1002/cam4.4231

62. Li Q, Tie Y, Alu A, Ma X, Shi H. Targeted therapy for head and neck cancer:
signaling pathways and clinical studies. Signal Transduction Targeted Ther. (2023) 8:31.
doi: 10.1038/541392-022-01297-0

63. Gandullo-Sanchez L, Ocaiia A, Pandiella A. HER3 in cancer: from the bench to
the bedside. J Exp Clin Cancer Res. (2022) 41:310. doi: 10.1186/s13046-022-02515-x

64. Bensch F, Lamberts LE, Smeenk MM, Jorritsma-Smit A, Lub-de Hooge MN,
Terwisscha van Scheltinga AGT, et al. (89)Zr-Lumretuzumab PET Imaging before and
during HER3 Antibody Lumretuzumab Treatment in Patients with Solid Tumors. Clin
Cancer Res. (2017) 23:6128-37. doi: 10.1158/1078-0432.CCR-17-0311

65. Syed YY. Durvalumab: first global approval. Drugs. (2017) 77:1369-76.
doi: 10.1007/s40265-017-0782-5

66. Doki Y, Ueno M, Hsu CH, Oh DY, Park K, Yamamoto N, et al. Tolerability and
efficacy of durvalumab, either as monotherapy or in combination with tremelimumab,
in patients from Asia with advanced biliary tract, esophageal, or head-and-neck cancer.
Cancer Med. (2022) 11:2550-60. doi: 10.1002/cam4.4593

67. Jimeno A, Machiels J-P, Wirth L, Specenier P, Seiwert TY, Mardjuadi F, et al.
Phase Ib study of duligotuzumab (MEHD7945A) plus cisplatin/5-fluorouracil or
carboplatin/paclitaxel for first-line treatment of recurrent/metastatic squamous cell
carcinoma of the head and neck. Cancer. (2016) 122:3803-11. doi: 10.1002/cncr.30256

frontiersin.org


https://doi.org/10.1038/s41573-020-0073-9
https://doi.org/10.1016/S0093-7754(03)70010-4
https://doi.org/10.1517/14728214.2015.1031653
https://doi.org/10.1097/PPO.0000000000000622
https://doi.org/10.1097/PPO.0000000000000622
https://doi.org/10.1200/jco.2006.24.18_suppl.5511
https://doi.org/10.1200/jco.2006.24.18_suppl.5511
https://doi.org/10.1158/1078-0432.CCR-14-1756
https://doi.org/10.1634/theoncologist.2016-0496
https://doi.org/10.1634/theoncologist.2016-0496
https://doi.org/10.3390/cancers13194912
https://doi.org/10.1016/j.tranon.2022.101426
https://doi.org/10.1016/j.mayocp.2015.12.017
https://doi.org/10.1200/EDBK_350442
https://doi.org/10.3390/cancers13215471
https://doi.org/10.3390/cancers13215471
https://doi.org/10.2147/OTT.S355349
https://doi.org/10.1016/j.intimp.2018.06.001
https://doi.org/10.3390/curroncol29060334
https://doi.org/10.1016/S0140-6736(19)32591-7
https://doi.org/10.4161/cbt.9.1.10905
https://doi.org/10.1016/j.semradonc.2008.09.009
https://doi.org/10.1177/1758835920949418
https://doi.org/10.1158/1078-0432.CCR-14-1432
https://doi.org/10.1158/1078-0432.CCR-14-1432
https://doi.org/10.1016/j.bbrc.2004.04.150
https://doi.org/10.18632/oncotarget.v8i3
https://doi.org/10.1093/annonc/mdw428
https://doi.org/10.1200/JCO.2013.53.9163
https://doi.org/10.1056/NEJMoa0802656
https://doi.org/10.1093/jncics/pkz055
https://doi.org/10.3390/cancers13225716
https://doi.org/10.1155/2019/6273438
https://doi.org/10.1038/s12276-018-0202-2
https://doi.org/10.1056/NEJMoa1602252
https://doi.org/10.1093/annonc/mdu216
https://doi.org/10.1016/j.ejca.2012.11.023
https://doi.org/10.3892/or
https://doi.org/10.1111/j.1365-2184.2007.00455.x
https://doi.org/10.1038/bjc.2011.237
https://doi.org/10.1158/1078-0432.CCR-11-2825
https://doi.org/10.1080/13543784.2016.1177022
https://doi.org/10.1007/s10637-010-9389-3
https://doi.org/10.1038/s41573-022-00579-0
https://doi.org/10.1002/cam4.4231
https://doi.org/10.1038/s41392-022-01297-0
https://doi.org/10.1186/s13046-022-02515-x
https://doi.org/10.1158/1078-0432.CCR-17-0311
https://doi.org/10.1007/s40265-017-0782-5
https://doi.org/10.1002/cam4.4593
https://doi.org/10.1002/cncr.30256
https://doi.org/10.3389/fonc.2024.1445191
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Sanwick and Chaple

68. Bostrom J, Yu SF, Kan D, Appleton BA, Lee CV, Billeci K, et al. Variants of the
antibody herceptin that interact with HER2 and VEGF at the antigen binding site.
Science. (2009) 323:1610-4. doi: 10.1126/science.1165480

69. Kim M, Hur Y, Seo S, Lim H, Kim K, Sohn Y, et al. Abstract 830: ISU104, a fully
human antibody targeting a specific epitope on the ErbB3, displays potent inhibition of
tumor growth in multiple xenograft tumor models. Cancer Res. (2018) 78:830-.
doi: 10.1158/1538-7445.AM2018-830

70. Hong M, Yoo Y, Kim M, Kim JY, Cha JS, Choi MK, et al. A novel therapeutic
anti-erbB3, ISU104 exhibits potent antitumorigenic activity by inhibiting ligand
binding and erbB3 heterodimerization. Mol Cancer Ther. (2021) 20:1142-52.
doi: 10.1158/1535-7163.MCT-20-0907

71. Duvvuri U, George J, Kim S, Alvarado D, Neumeister VM, Chenna A, et al.
Molecular and clinical activity of CDX-3379, an anti-erbB3 monoclonal antibody, in
head and neck squamous cell carcinoma patients. Clin Cancer Res. (2019) 25:5752-8.
doi: 10.1158/1078-0432.CCR-18-3453

72. Bauman JE, Saba NF, Wise-Draper TM, Adkins D, O’Brien PE, Heath-Chiozzi
M, et al. CDX3379-04: Phase II evaluation of CDX-3379 in combination with
cetuximab in patients with advanced head and neck squamous cell carcinoma
(HNSCQ). J Clin Oncol. (2019) 37:6025-. doi: 10.1200/JC0O.2019.37.15_suppl.6025

73. Vincent S, Fleet C, Bottega S, McIntosh D, Winston W, Chen T, et al. Abstract
2509: AV-203, a humanized ERBB3 inhibitory antibody inhibits ligand-dependent and
ligand-independent ERBB3 signaling in vitro and in vivo. Cancer Res. (2012) 72:2509-.
doi: 10.1158/1538-7445.AM2012-2509

74. Meetze K, Vincent S, Tyler S, Mazsa EK, Delpero AR, Bottega S, et al. Neuregulin
1 expression is a predictive biomarker for response to AV-203, an ERBB3 inhibitory
antibody, in human tumor models. Clin Cancer Res. (2015) 21:1106-14. doi: 10.1158/
1078-0432.CCR-14-2407

75. Liao H, Zhang C, Chen Z, Gao Y, Li Z, Wang L, et al. CAN017, a novel anti-
HER3 antibody, exerted great potency in mouse avatars of esophageal squamous cell
carcinoma with NRGI1 as a biomarker. Am ] Cancer Res. (2021) 11:1697-708.

76. Zhang L, Castanaro C, Luan B, Yang K, Fan L, Fairhurst JL, et al. ERBB3/HER2
signaling promotes resistance to EGFR blockade in head and neck and colorectal cancer
models. Mol Cancer Ther. (2014) 13:1345-55. doi: 10.1158/1535-7163.MCT-13-1033

77. Zhang L, Luan B, Yang K, Castanaro C, Papadopoulos N, Thurston G, et al.
Abstract 2718: REGN1400, a fully-human ERBB3 antibody, potently inhibits tumor
growth in preclinical models, both as a monotherapy and in combination with EGFR or
HER?2 blockers. Cancer Res. (2012) 72:2718-. doi: 10.1158/1538-7445.AM2012-2718

78. Francis DM, Huang S, Armstrong EA, Werner LR, Hullett C, Li C, et al. Pan-
HER inhibitor augments radiation response in human lung and head and neck cancer
models. Clin Cancer Res. (2016) 22:633-43. doi: 10.1158/1078-0432.CCR-15-1664

79. Méller Y, Morkel M, Schmid J, Beyes S, Hendrick J, Strotbek M, et al. Oncogenic Ras
triggers hyperproliferation and impairs polarized colonic morphogenesis by autocrine ErbB3
signaling. Oncotarget. (2016) 7:53526-39. doi: 10.18632/oncotarget.v7i33

80. Schmitt LC, Rau A, Seifert O, Honer J, Hutt M, Schmid S, et al. Inhibition of
HER3 activation and tumor growth with a human antibody binding to a conserved
epitope formed by domain IIT and IV. mAbs. (2017) 9:831-43. doi: 10.1080/
19420862.2017.1319023

81. Orian-Rousseau V. CD44, a therapeutic target for metastasizing tumors. Eur |
Cancer. (2010) 46:1271-7. doi: 10.1016/j.¢jca.2010.02.024

82. Verel I, Heider KH, Siegmund M, Ostermann E, Patzelt E, Sproll M, et al. Tumor
targeting properties of monoclonal antibodies with different affinity for target antigen
CD44V6 in nude mice bearing head-and-neck cancer xenografts. Int ] Cancer. (2002)
99:396-402. doi: 10.1002/ijc.10369

83. Borjesson PK, Postema EJ, de Bree R, Roos JC, Leemans CR, Kairemo K], et al.
Radioimmunodetection and radioimmunotherapy of head and neck cancer. Oral
Oncol. (2004) 40:761-72. doi: 10.1016/j.oraloncology.2003.11.009

84. van Gog FB, Brakenhoff RH, Snow GB, van Dongen GA. Rapid elimination of
mouse/human chimeric monoclonal antibodies in nude mice. Cancer Immunol
Immunother. (1997) 44:103-11. doi: 10.1007/s002620050362

85. Zheng C, Shen R, Li K, Zheng N, Zong Y, Ye D, et al. Epidermal growth factor
receptor is overexpressed in neuroblastoma tissues and cells. Acta Biochim Biophys
Sinica. (2016) 48:762-7. doi: 10.1093/abbs/gmw064

86. Casagrande M, Cremolini C, Loupakis F, Aprile G. A perspective on the current
management of advanced colorectal cancer. Future Oncol. (2013) 9:1687-91.
doi: 10.2217/fon.13.189

87. Wykosky J, Fenton T, Furnari F, Cavenee WK. Therapeutic targeting of
epidermal growth factor receptor in human cancer: successes and limitations. Chin |
cancer. (2011) 30:5. doi: 10.5732/¢jc.010.10542

88. Kalyankrishna S, Grandis JR. Epidermal growth factor receptor biology in head
and neck cancer. J Clin Oncol. (2006) 24:2666-72. doi: 10.1200/JC0.2005.04.8306

89. Lee YS, Johnson DE, Grandis JR. An update: emerging drugs to treat squamous
cell carcinomas of the head and neck. Expert Opin Emerg Drugs. (2018) 23:283-99.
doi: 10.1080/14728214.2018.1543400

90. Bonner JA, Harari PM, Giralt ], Azarnia N, Shin DM, Cohen RB, et al.
Radiotherapy plus cetuximab for squamous-cell carcinoma of the head and neck.
New Engl ] Med. (2006) 354:567-78. doi: 10.1056/NEJMo0a053422

91. Vermorken JB, Stohlmacher-Williams J, Davidenko I, Licitra L, Winquist E,
Villanueva C, et al. Cisplatin and fluorouracil with or without panitumumab in patients

Frontiers in Oncology

14

10.3389/fonc.2024.1445191

with recurrent or metastatic squamous-cell carcinoma of the head and neck
(SPECTRUM): an open-label phase 3 randomised trial. Lancet Oncol. (2013) 14:697-
710. doi: 10.1016/S1470-2045(13)70181-5

92. De Roock W, Claes B, Bernasconi D, De Schutter J, Biesmans B, Fountzilas G,
et al. Effects of KRAS, BRAF, NRAS, and PIK3CA mutations on the efficacy of
cetuximab plus chemotherapy in chemotherapy-refractory metastatic colorectal
cancer: a retrospective consortium analysis. Lancet Oncol. (2010) 11:753-62.
doi: 10.1016/S1470-2045(10)70130-3

93. Hsu H-C, Thiam TK, Lu Y-J, Yeh CY, Tsai W-S, You JF, et al. Mutations of
KRAS/NRAS/BRAF predict cetuximab resistance in metastatic colorectal cancer
patients. Oncotarget. (2016) 7:22257-70. doi: 10.18632/oncotarget.v7il6

94. Cavalot A, Martone T, Roggero N, Brondino G, Pagano M, Cortesina G.
Prognostic impact of HER-2/neu expression on squamous head and neck
carcinomas. Head Neck. (2007) 29:655-64. doi: 10.1002/hed.20574

95. Sardari Y, Pardis S, Tadbir AA, Ashraf MJ, Fattahi MJ, Ebrahimi H, et al. HER2/
neu expression in head and neck squamous cell carcinoma patients is not significantly
elevated. Asian Pac ] Cancer Prev. (2012) 13:2891-6. doi: 10.7314/
APJCP.2012.13.6.2891

96. Angiero F, Sordo RD, Dessy E, Rossi E, Berenzi A, Stefani M, et al. Comparative
analysis of c-erbB-2 (HER-2/neu) in squamous cell carcinoma of the tongue: does over-
expression exist? And what is its correlation with traditional diagnostic parameters? J
Oral Pathol Med. (2008) 37:145-50. doi: 10.1111/j.1600-0714.2007.00603.x

97. Najjar MK, Manore SG, Regua AT, Lo H-W. Antibody-drug conjugates for the
treatment of HER2-positive breast cancer. Genes. (2022) 13:2065. doi: 10.3390/
genes13112065

98. Citri A, Yarden Y. EGF-ERBB signaling: towards the systems level. Nat Rev Mol
Cell Biol. (2006) 7:505-16. doi: 10.1038/nrm1962

99. Olayioye MA. Intracellular signaling pathways of ErbB2/HER-2 and family
members. Breast Cancer Res. (2001) 3:385. doi: 10.1186/bcr327

100. Stover DR, Becker M, Liebetanz J, Lydon NB. Src phosphorylation of the
epidermal growth factor receptor at novel sites mediates receptor interaction with src
and P850, (). J Biol Chem. (1995) 270:15591-7. doi: 10.1074/jbc.270.26.15591

101. Tse C, Gauchez AS, Jacot W, Lamy PJ. HER2 shedding and serum HER2
extracellular domain: biology and clinical utility in breast cancer. Cancer Treat Rev.
(2012) 38:133-42. doi: 10.1016/j.ctrv.2011.03.008

102. Jeyakumar A, Younis T. Trastuzumab for HER2-positive metastatic breast
cancer: clinical and economic considerations. Clin Med Insights Oncol. (2012) 6:179—
87. doi: 10.4137/CMO.S6460

103. Gunturu KS, Woo Y, Beaubier N, Remotti HE, Saif MW. Gastric cancer and
trastuzumab: first biologic therapy in gastric cancer. Ther Adv Med Oncol. (2013)
5:143-51. doi: 10.1177/1758834012469429

104. Haddad R, Colevas AD, Krane JF, Cooper D, Glisson B, Amrein PC, et al.
Herceptin in patients with advanced or metastatic salivary gland carcinomas. A phase I
study. Oral Oncol. (2003) 39:724-7. doi: 10.1016/S1368-8375(03)00097-6

105. Uno M, Otsuki T, Kurebayashi J, Sakaguchi H, Isozaki Y, Ueki A, et al. Anti-
HER2-antibody enhances irradiation-induced growth inhibition in head and neck
carcinoma. Int J Cancer. (2001) 94:474-9. doi: 10.1002/ijc.1493

106. Quesnelle KM, Grandis JR. Dual kinase inhibition of EGFR and HER2
overcomes resistance to cetuximab in a novel in vivo model of acquired cetuximab
resistance. Clin Cancer Res. (2011) 17:5935-44. doi: 10.1158/1078-0432.CCR-11-0370

107. Liu GH, Chen T, Zhang X, Ma XL, Shi HS. Small molecule inhibitors targeting
the cancers. MedComm (2020). (2022) 3:e181. doi: 10.1002/mco02.181

108. Kim T-Y, Han HS, Lee K-W, Zang DY, Rha SY, Park Y, et al. A phase I/II study of
poziotinib combined with paclitaxel and trastuzumab in patients with HER2-positive advanced
gastric cancer. Gastric Cancer. (2019) 22:1206-14. doi: 10.1007/s10120-019-00958-4

109. Park YH, Lee K-H, Sohn JH, Lee KS, Jung KH, Kim J-H, et al. A phase II trial of
the pan-HER inhibitor poziotinib, in patients with HER2-positive metastatic breast
cancer who had received at least two prior HER2-directed regimens: results of the
NOV120101-203 trial. Int J Cancer. (2018) 143:3240-7. doi: 10.1002/ijc.31651

110. Wang Z, Goto Y, Allevato MM, Wu VH, Saddawi-Konefka R, Gilardi M, et al.
Disruption of the HER3-PI3K-mTOR oncogenic signaling axis and PD-1 blockade as a
multimodal precision immunotherapy in head and neck cancer. Nat Commun. (2021)
12:2383. doi: 10.1038/s41467-021-22619-w

111. Zhang ], Saba NF, Chen G, Shin DM. Targeting HER (ERBB) signaling in head
and neck cancer: An essential update. Mol Aspects Med. (2015) 45:74-86. doi: 10.1016/
j-mam.2015.07.001

112. Alvarado D, Ligon GF, Lillquist JS, Seibel SB, Wallweber G, Neumeister VM,
et al. ErbB activation signatures as potential biomarkers for anti-ErbB3 treatment in
HNSCC. PloS One. (2017) 12:e0181356. doi: 10.1371/journal.pone.0181356

113. Yonesaka K, Tanizaki ], Maenishi O, Haratani K, Kawakami H, Tanaka K, et al.
HER3 augmentation via blockade of EGFR/AKT signaling enhances anticancer activity
of HER3-targeting patritumab deruxtecan in EGFR-mutated non-small cell lung
cancer. Clin Cancer Res. (2022) 28:390-403. doi: 10.1158/1078-0432.CCR-21-3359

114. Meulendijks D, Jacob W, Martinez-Garcia M, Taus A, Lolkema MP, Voest EE,
et al. First-in-human phase I study of lumretuzumab, a glycoengineered humanized
anti-HER3 monoclonal antibody, in patients with metastatic or advanced HER3-
positive solid tumors. Clin Cancer Res. (2016) 22:877-85. doi: 10.1158/1078-0432.CCR-
15-1683

frontiersin.org


https://doi.org/10.1126/science.1165480
https://doi.org/10.1158/1538-7445.AM2018-830
https://doi.org/10.1158/1535-7163.MCT-20-0907
https://doi.org/10.1158/1078-0432.CCR-18-3453
https://doi.org/10.1200/JCO.2019.37.15_suppl.6025
https://doi.org/10.1158/1538-7445.AM2012-2509
https://doi.org/10.1158/1078-0432.CCR-14-2407
https://doi.org/10.1158/1078-0432.CCR-14-2407
https://doi.org/10.1158/1535-7163.MCT-13-1033
https://doi.org/10.1158/1538-7445.AM2012-2718
https://doi.org/10.1158/1078-0432.CCR-15-1664
https://doi.org/10.18632/oncotarget.v7i33
https://doi.org/10.1080/19420862.2017.1319023
https://doi.org/10.1080/19420862.2017.1319023
https://doi.org/10.1016/j.ejca.2010.02.024
https://doi.org/10.1002/ijc.10369
https://doi.org/10.1016/j.oraloncology.2003.11.009
https://doi.org/10.1007/s002620050362
https://doi.org/10.1093/abbs/gmw064
https://doi.org/10.2217/fon.13.189
https://doi.org/10.5732/cjc.010.10542
https://doi.org/10.1200/JCO.2005.04.8306
https://doi.org/10.1080/14728214.2018.1543400
https://doi.org/10.1056/NEJMoa053422
https://doi.org/10.1016/S1470-2045(13)70181-5
https://doi.org/10.1016/S1470-2045(10)70130-3
https://doi.org/10.18632/oncotarget.v7i16
https://doi.org/10.1002/hed.20574
https://doi.org/10.7314/APJCP.2012.13.6.2891
https://doi.org/10.7314/APJCP.2012.13.6.2891
https://doi.org/10.1111/j.1600-0714.2007.00603.x
https://doi.org/10.3390/genes13112065
https://doi.org/10.3390/genes13112065
https://doi.org/10.1038/nrm1962
https://doi.org/10.1186/bcr327
https://doi.org/10.1074/jbc.270.26.15591
https://doi.org/10.1016/j.ctrv.2011.03.008
https://doi.org/10.4137/CMO.S6460
https://doi.org/10.1177/1758834012469429
https://doi.org/10.1016/S1368-8375(03)00097-6
https://doi.org/10.1002/ijc.1493
https://doi.org/10.1158/1078-0432.CCR-11-0370
https://doi.org/10.1002/mco2.181
https://doi.org/10.1007/s10120-019-00958-4
https://doi.org/10.1002/ijc.31651
https://doi.org/10.1038/s41467-021-22619-w
https://doi.org/10.1016/j.mam.2015.07.001
https://doi.org/10.1016/j.mam.2015.07.001
https://doi.org/10.1371/journal.pone.0181356
https://doi.org/10.1158/1078-0432.CCR-21-3359
https://doi.org/10.1158/1078-0432.CCR-15-1683
https://doi.org/10.1158/1078-0432.CCR-15-1683
https://doi.org/10.3389/fonc.2024.1445191
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Sanwick and Chaple

115. Forster MD, Dillon MT, Kocsis J, Remenar E, Pajkos G, Rolland F, et al.
Patritumab or placebo, with cetuximab plus platinum therapy in recurrent or
metastatic squamous cell carcinoma of the head and neck: A randomised phase II
study. Eur ] Cancer. (2019) 123:36-47. doi: 10.1016/j.¢jca.2019.08.017

116. Janne PA, Baik CS, Su W-C, Johnson ML, Hayashi H, Nishio M, et al. Efficacy
and safety of patritumab deruxtecan (HER3-DXd) in EGFR inhibitor-resistant, EGFR-
mutated (EGFRm) non-small cell lung cancer (NSCLC). J Clin Oncol. (2021) 39:9007-.
doi: 10.1200/JC0O.2021.39.15_suppl.9007

117. Pascual T, Oliveira M, Ciruelos E, Bellet Ezquerra M, Saura C, Gavila J, et al.
SOLTI-1805 TOT-HER3 study concept: A window-of-opportunity trial of patritumab
deruxtecan, a HER3 directed antibody drug conjugate, in patients with early breast
cancer. Front Oncol. (2021) 11. doi: 10.3389/fonc.2021.638482

118. Gaborit N, Lindzen M, Yarden Y. Emerging anti-cancer antibodies and
combination therapies targeting HER3/ERBB3. Hum Vaccines Immunotherapeutics.
(2016) 12:576-92. doi: 10.1080/21645515.2015.1102809

119. Jacobsen HJ, Poulsen TT, Dahlman A, Kjeer I, Koefoed K, Sen JW, et al. Pan-
HER, an antibody mixture simultaneously targeting EGFR, HER2, and HER3,
effectively overcomes tumor heterogeneity and plasticity. Clin Cancer Res. (2015)
21:4110-22. doi: 10.1158/1078-0432.CCR-14-3312

120. Poulose JV, Kainickal CT. Immune checkpoint inhibitors in head and neck
squamous cell carcinoma: A systematic review of phase-3 clinical trials. World J Clin
Oncol. (2022) 13:388-411. doi: 10.5306/wjco.v13.i5.388

121. Bauml JM, Aggarwal C, Cohen RB. Immunotherapy for head and neck cancer:
where are we now and where are we going? Ann Transl Med. (2019) 7:S75.
doi: 10.21037/atm.2019.03.58

122. Cramer JD, Burtness B, Ferris RL. Immunotherapy for head and neck cancer:
Recent advances and future directions. Oral Oncol. (2019) 99:104460. doi: 10.1016/
j.oraloncology.2019.104460

123. Siu LL, Even C, Mesia R, Remenar E, Daste A, Delord J-P, et al. Safety and
efficacy of durvalumab with or without tremelimumab in patients with PD-L1-low/
negative recurrent or metastatic HNSCC: the phase 2 CONDOR randomized clinical
trial. JAMA Oncol. (2019) 5:195-203. doi: 10.1001/jamaoncol.2018.4628

124. Segal NH, Ou SHI, Balmanoukian AS, Massarelli E, Brahmer JR, Weiss J, et al.
9490 - Updated safety and efficacy of durvalumab (MEDI4736), an anti-PD-L 1
antibody, in patients from a squamous cell carcinoma of the head and neck (SCCHN)
expansion cohort. Ann Oncol. (2016) 27:vi328. doi: 10.1200/JC0.2016.67.9761

125. Zandberg DP, Algazi AP, Jimeno A, Good JS, Fayette ], Bouganim N, et al.
Durvalumab for recurrent or metastatic head and neck squamous cell carcinoma:
Results from a single-arm, phase II study in patients with >25% tumor cell PD-L1
expression who have progressed on platinum-based chemotherapy. Eur | Cancer.
(2019) 107:142-52. doi: 10.1016/j.ejca.2018.11.015

126. Fujiwara Y, Iguchi H, Yamamoto N, Hayama M, Nii M, Ueda S, et al.
Tolerability and efficacy of durvalumab in Japanese patients with advanced solid
tumors. Cancer Science. (2019) 110:1715-23. doi: 10.1111/cas.14003

127. Hamson EJ, Keane FM, Tholen S, Schilling O, Gorrell MD. Understanding
fibroblast activation protein (FAP): substrates, activities, expression and targeting for
cancer therapy. Proteomics Clin Appl. (2014) 8:454-63. doi: 10.1002/prca.201300095

128. Zi F, He ], He D, Li Y, Yang L, Cai Z. Fibroblast activation protein alpha in
tumor microenvironment: recent progression and implications (review). Mol Med Rep.
(2015) 11:3203-11. doi: 10.3892/mmr.2015.3197

129. Heider KH, Kuthan H, Stehle G, Munzert G. CD44v6: a target for antibody-
based cancer therapy. Cancer Immunol Immunother. (2004) 53:567-79. doi: 10.1007/
500262-003-0494-4

130. Parakh S, Lee ST, Gan HK, Scott AM. Radiolabeled antibodies for cancer
imaging and therapy. Cancers (Basel). (2022) 14:1454. doi: 10.3390/cancers14061454

131. Bruins WSC, Zweegman S, Mutis T, van de Donk NWCJ. Targeted therapy
with immunoconjugates for multiple myeloma. Front Immunol. (2020) 11.
doi: 10.3389/fimmu.2020.01155

132. Bethge WA, Sandmaier BM. Targeted cancer therapy using radiolabeled
monoclonal antibodies. Technol Cancer Res Treat. (2005) 4:393-405. doi: 10.1177/
153303460500400407

133. Kraeber-Bodéré F, Bodet-Milin C, Rousseau C, Eugeéne T, Pallardy A, Frampas
E, et al. Radioimmunoconjugates for the treatment of cancer. Semin Oncol. (2014)
41:613-22. doi: 10.1053/j.seminoncol.2014.07.004

134. Rezaei N. Cancer immunology. Heidelberg, Germany: Springer (2015).

135. Larson SM, Carrasquillo JA, Cheung NK, Press OW. Radioimmunotherapy of
human tumors. Nat Rev Cancer. (2015) 15:347-60. doi: 10.1038/nrc3925

136. England CG, Jiang D, Ehlerding EB, Rekoske BT, Ellison PA, Hernandez R,
et al. (89)Zr-labeled nivolumab for imaging of T-cell infiltration in a humanized
murine model of lung cancer. Eur ] Nucl Med Mol Imaging. (2018) 45:110-20.
doi: 10.1007/s00259-017-3803-4

137. Hoeben BA, Molkenboer-Kuenen JD, Oyen W], Peeters W], Kaanders JH,
Bussink J, et al. Radiolabeled cetuximab: dose optimization for epidermal growth factor
receptor imaging in a head-and-neck squamous cell carcinoma model. Int J Cancer.
(2011) 129:870-8. doi: 10.1002/ijc.25727

138. van Dijk LK, Hoeben BA, Kaanders JH, Franssen GM, Boerman OC, Bussink J.
Imaging of epidermal growth factor receptor expression in head and neck cancer with

Frontiers in Oncology

10.3389/fonc.2024.1445191

SPECT/CT and 111In-labeled cetuximab-F(ab’)2. J Nucl Med. (2013) 54:2118-24.
doi: 10.2967/jnumed.113.123612

139. Aerts HJ, Dubois L, Perk L, Vermaelen P, van Dongen GA, Wouters BG, et al.
Disparity between in vivo EGFR expression and 89Zr-labeled cetuximab uptake
assessed with PET. J Nucl Med. (2009) 50:123-31. doi: 10.2967/jnumed.108.054312

140. Benedetto R, Massicano A, Crenshaw B, Rocha E, AraA%o E, Lapi S.  *Zr-
DFO-cetuximab as a molecular agent to identify Cetuximab resistance in Head and
Neck Squamous Cell Carcinoma<span class="underline”/>. J Nucl Med. (2018)
59:1150b-b. doi: 10.1089/cbr.2018.2616

141. van Loon J, Even AJ, Aerts HJ, Ollers M, Hoebers F, van Elmpt W, et al. PET
imaging of zirconium-89 labelled cetuximab: A phase I trial in patients with head and
neck and lung cancer. Radiotherapy Oncol. (2017) 122:267-73. doi: 10.1016/
j.radonc.2016.11.020

142. Even A. ].G. H-VO, Elmpt W, Winnepenninckx VJL, Heukelom J, Tesselaar
MET, Vogel WV, et al. Quantitative assessment of Zirconium-89 labeled cetuximab
using PET/CT imaging in patients with advanced head and neck cancer: a theragnostic
approach. Oncotarget. (2017) 8:3870-80. doi: 10.18632/oncotarget.v8i3

143. Niu G, Li Z, Xie J, Le QT, Chen X. PET of EGFR antibody distribution in head
and neck squamous cell carcinoma models. J Nucl Med. (2009) 50:1116-23.
doi: 10.2967/jnumed.109.061820

144. Lee YJ, van den Berg NS, Duan H, Azevedo EC, Ferri V, Hom M, et al. 89Zr-
panitumumab combined with 18F-FDG PET improves detection and staging of head
and neck squamous cell carcinoma. Clin Cancer Res. (2022) 28:4425-34. doi: 10.1158/
1078-0432.CCR-22-0094

145. Borjesson PK, Jauw YW, Boellaard R, de Bree R, Comans EF, Roos JC, et al.
Performance of immuno-positron emission tomography with zirconium-89-labeled
chimeric monoclonal antibody U36 in the detection of lymph node metastases in head
and neck cancer patients. Clin Cancer Res. (2006) 12:2133-40. doi: 10.1158/1078-
0432.CCR-05-2137

146. Schrijvers AH, Quak JJ, Uyterlinde AM, van Walsum M, Meijer CJ, Snow GB,
et al. MAb U36, a novel monoclonal antibody successful in immunotargeting of
squamous cell carcinoma of the head and neck. Cancer Res. (1993) 53:4383-90.

147. Promteangtrong C, Siripongsatian D, Jantarato A, Kunawudhi A, Kiatkittikul
P, Yaset S, et al. Head-to-head comparison of (68)Ga-FAPI-46 and (18)F-FDG PET/CT
for evaluation of head and neck squamous cell carcinoma: A single-center exploratory
study. J Nucl Med. (2022) 63:1155-61. doi: 10.2967/jnumed.121.262831

148. Giesel FL, Kratochwil C, Lindner T, Marschalek MM, Loktev A, Lehnert W,
et al. (68)Ga-FAPI PET/CT: biodistribution and preliminary dosimetry estimate of 2
DOTA-containing FAP-targeting agents in patients with various cancers. ] Nucl Med.
(2019) 60:386-92. doi: 10.2967/jnumed.118.215913

149. Ji M, Ma G, Liu C, Gu B, Du X, Ou X, et al. Head-to-head comparison of [(68)
Ga]Ga-DOTA-FAPI-04 and [(18)F]FDG PET/CT for the evaluation of tonsil cancer
and lymph node metastases: a single-center retrospective study. Cancer Imaging. (2024)
24:56. doi: 10.1186/540644-024-00699-3

150. Sgouros G. Alpha-particles for targeted therapy. Advanced Drug Delivery Rev.
(2008) 60:1402-6. doi: 10.1016/j.addr.2008.04.007

151. Pouget J-P, Navarro-Teulon I, Bardi¢s M, Chouin N, Cartron G, Pelegrin A,
et al. Clinical radioimmunotherapy—the role of radiobiology. Nat Rev Clin Oncol.
(2011) 8:720-34. doi: 10.1038/nrclinonc.2011.160

152. Gill MR, Falzone N, Du Y, Vallis KA. Targeted radionuclide therapy in
combined-modality regimens. Lancet Oncol. (2017) 18:e414-e23. doi: 10.1016/51470-
2045(17)30379-0

153. Dietrich A, Andreeff M, Koi L, Bergmann R, Schubert M, Schreiner L, et al.
Radiotherapy enhances uptake and efficacy of (90)Y-cetuximab: A preclinical trial.
Radiother Oncol. (2021) 155:285-92. doi: 10.1016/j.radonc.2020.11.013

154. Colnot DR, Quak JJ, Roos JC, van Lingen A, Wilhelm AJ, van Kamp GJ, et al.
Phase I therapy study of 186Re-labeled chimeric monoclonal antibody U36 in
patients with squamous cell carcinoma of the head and neck. J Nucl Med. (2000)
41:1999-2010.

155. Harris M, Wang XG, Jiang Z, Goldberg GL, Casadevall A, Dadachova E.
Radioimmunotherapy of experimental head and neck squamous cell carcinoma
(HNSCC) with E6-specific antibody using a novel HPV-16 positive HNSCC cell line.
Head Neck Oncol. (2011) 3:9. doi: 10.1186/1758-3284-3-9

156. Harris M, Wang X, Jiang Z, Phaeton R, Koba W, Goldberg G, et al. Combined
treatment of the experimental human papilloma virus-16-positive cervical and head
and neck cancers with cisplatin and radioimmunotherapy targeting viral E6
oncoprotein. Br ] Cancer. (2013) 108:859-65. doi: 10.1038/bjc.2013.43

157. Martiniova L, Zielinski RJ, Lin M, DePalatis L, Ravizzini GC. The role of
radiolabeled monoclonal antibodies in cancer imaging and ADC treatment. Cancer J.
(2022) 28:446-53. doi: 10.1097/PPO.0000000000000625

158. Sihver W, Pietzsch ], Krause M, Baumann M, Steinbach ], Pietzsch HJ.
Radiolabeled cetuximab conjugates for EGFR targeted cancer diagnostics and
therapy. Pharm (Basel). (2014) 7:311-38. doi: 10.3390/ph7030311

159. Burley TA, Da Pieve C, Martins CD, Ciobota DM, Allott L, Oyen W]JG, et al.
Affibody-based PET imaging to guide EGFR-targeted cancer therapy in head and neck
squamous cell cancer models. ] Nucl Med. (2019) 60:353-61. doi: 10.2967/
jnumed.118.216069

frontiersin.org


https://doi.org/10.1016/j.ejca.2019.08.017
https://doi.org/10.1200/JCO.2021.39.15_suppl.9007
https://doi.org/10.3389/fonc.2021.638482
https://doi.org/10.1080/21645515.2015.1102809
https://doi.org/10.1158/1078-0432.CCR-14-3312
https://doi.org/10.5306/wjco.v13.i5.388
https://doi.org/10.21037/atm.2019.03.58
https://doi.org/10.1016/j.oraloncology.2019.104460
https://doi.org/10.1016/j.oraloncology.2019.104460
https://doi.org/10.1001/jamaoncol.2018.4628
https://doi.org/10.1200/JCO.2016.67.9761
https://doi.org/10.1016/j.ejca.2018.11.015
https://doi.org/10.1111/cas.14003
https://doi.org/10.1002/prca.201300095
https://doi.org/10.3892/mmr.2015.3197
https://doi.org/10.1007/s00262-003-0494-4
https://doi.org/10.1007/s00262-003-0494-4
https://doi.org/10.3390/cancers14061454
https://doi.org/10.3389/fimmu.2020.01155
https://doi.org/10.1177/153303460500400407
https://doi.org/10.1177/153303460500400407
https://doi.org/10.1053/j.seminoncol.2014.07.004
https://doi.org/10.1038/nrc3925
https://doi.org/10.1007/s00259-017-3803-4
https://doi.org/10.1002/ijc.25727
https://doi.org/10.2967/jnumed.113.123612
https://doi.org/10.2967/jnumed.108.054312
https://doi.org/10.1089/cbr.2018.2616
https://doi.org/10.1016/j.radonc.2016.11.020
https://doi.org/10.1016/j.radonc.2016.11.020
https://doi.org/10.18632/oncotarget.v8i3
https://doi.org/10.2967/jnumed.109.061820
https://doi.org/10.1158/1078-0432.CCR-22-0094
https://doi.org/10.1158/1078-0432.CCR-22-0094
https://doi.org/10.1158/1078-0432.CCR-05-2137
https://doi.org/10.1158/1078-0432.CCR-05-2137
https://doi.org/10.2967/jnumed.121.262831
https://doi.org/10.2967/jnumed.118.215913
https://doi.org/10.1186/s40644-024-00699-3
https://doi.org/10.1016/j.addr.2008.04.007
https://doi.org/10.1038/nrclinonc.2011.160
https://doi.org/10.1016/S1470-2045(17)30379-0
https://doi.org/10.1016/S1470-2045(17)30379-0
https://doi.org/10.1016/j.radonc.2020.11.013
https://doi.org/10.1186/1758-3284-3-9
https://doi.org/10.1038/bjc.2013.43
https://doi.org/10.1097/PPO.0000000000000625
https://doi.org/10.3390/ph7030311
https://doi.org/10.2967/jnumed.118.216069
https://doi.org/10.2967/jnumed.118.216069
https://doi.org/10.3389/fonc.2024.1445191
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Targeted radionuclide therapy for head and neck squamous cell carcinoma: a review
	1 Introduction
	2 Current treatment options
	3 Molecular targets
	3.1 Epidermal growth factor receptor
	3.1.1 EGFR-targeted therapy using antibodies
	3.1.2 EGFR-targeted therapy using small molecules

	3.2 Human epidermal growth factor receptor 2
	3.2.1 HER2-targeted therapy using antibodies
	3.2.2 HER2-targeted therapy using small molecules

	3.3 Human epidermal growth factor receptor 3

	4 Other molecular targets
	5 Radiolabeled antibodies
	5.1 Radiopharmaceuticals for imaging
	5.2 Therapeutic radiopharmaceuticals

	6 Discussion and future directions
	7 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


