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Simple Summary: Squamous cell carcinoma is the most common type of oral cavity cancer. It can
spread along and invade nerves in a process called perineural invasion. Perineural invasion can
increase the chances of tumor recurrence and reduce survival in patients with oral cancer. Under-
standing how oral cancer interacts with nerves to facilitate perineural invasion is an important area
of research. Targeting key events that contribute to perineural invasion in oral cavity cancer may
reduce tumor recurrence and improve survival. In this review, we describe the impact of perineural
invasion in oral cancer and the mechanisms that contribute to perineural invasion. Highlighting the
key events of perineural invasion is important for the identification and testing of novel therapies for
oral cancer with perineural invasion.

Abstract: The most common oral cavity cancer is squamous cell carcinoma (SCC), of which per-
ineural invasion (PNI) is a significant prognostic factor associated with decreased survival and an
increased rate of locoregional recurrence. In the classical theory of PNI, cancer was believed to
invade nerves directly through the path of least resistance in the perineural space; however, more
recent evidence suggests that PNI requires reciprocal signaling interactions between tumor cells
and nerve components, particularly Schwann cells. Specifically, head and neck SCC can express
neurotrophins and neurotrophin receptors that may contribute to cancer migration towards nerves,
PNI, and neuritogenesis towards cancer. Through reciprocal signaling, recent studies also suggest
that Schwann cells may play an important role in promoting PNI by migrating toward cancer cells,
intercalating, and dispersing cancer, and facilitating cancer migration toward nerves. The interactions
of neurotrophins with their high affinity receptors is a new area of interest in the development
of pharmaceutical therapies for many types of cancer. In this comprehensive review, we discuss
diagnosis and treatment of oral cavity SCC, how PNI affects locoregional recurrence and survival,
and the impact of adjuvant therapies on tumors with PNI. We also describe the molecular and cellular
mechanisms associated with PNI, including the expression of neurotrophins and their receptors, and
highlight potential targets for therapeutic intervention for PNI in oral SCC.

Keywords: perineural invasion; PNI; oral cavity; squamous cell carcinoma; radiation; chemotherapy;
neurotrophin; Schwann cells; nerve
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1. Introduction

Head and neck cancers are the sixth most common cancers in the United States and
responsible for nearly 2% of all deaths related to cancer [1]. Approximately 95% of all
head and neck cancers are squamous cell carcinoma (SCC); of which, oral cavity SCC is
the most common (excluding non-melanoma cutaneous cancers) [2]. The incidence of oral
cavity cancer has gradually increased over the past 20 years [3]. Globally, there were more
than 375,000 new cases of oral cavity cancers (including cancers of the lip) and more than
175,000 deaths in 2020 [4].

According to the scientific literature, up to 80% of oral cavity SCC demonstrate
perineural invasion (PNI) [5–10]. PNI occurs when a tumor invades the perineurium space
that surrounds a nerve; it is a significant pathological feature in oral cavity SCC because it is
associated with pain and multiple cranial neuropathies affecting important functions, such
as cutaneous and mucosal sensation, facial mobility, speech, and swallowing. Specifically,
PNI has poor prognostic indications in oral cavity SCC and is associated with decreased rate
of overall survival, increased rate of local recurrence and regional metastasis, and increased
disease-specific mortality [11–15]. Currently, there are no target-directed therapies for PNI
in patients with oral cavity SCC, in part because the exact molecular mechanisms of PNI
are unknown.

Traditionally, cancer is thought to invade nerves by entering the path of least resistance
in the perineural space [16]. However, recent studies suggest that PNI is more complex,
involving reciprocal signaling between the tumor itself and the Schwann cells and neurons
that compose the nerve [17–22]. In this narrative review, we discuss the clinical impact
of PNI in oral cavity SCC and the molecular and cellular mechanisms contributing to
PNI, including potential roles for Schwann cells. We also provide potential avenues
for therapeutic intervention that may alter the progression of PNI in patients with oral
cavity SCC.

2. Clinical Overview of Oral Squamous Cell Carcinoma
2.1. Clinical Presentation

Patients with oral cavity SCC frequently present with white or red mucosal changes
referred to as leukoplakia or erythroplakia, respectively. These lesions can involve the oral
tongue (anterior 2/3), floor of mouth, hard palate, buccal mucosa, retromolar trigone, and
upper and lower mucosal lip, and gingiva [23]. Lesions may also present as a lump, a
thickening, or persistent sores or ulcers that fail to resolve [24]. Patients with oral cavity
cancer can have severe oral pain, loosening of the teeth, changes in taste, tongue weakness
or atrophy, trouble chewing or swallowing, difficulty moving the tongue or jaw, or changes
in their ability to speak or articulate words [25]. When oral cavity SCC is associated
with PNI, patients may report numbness of the tongue, lip, or other areas of the mouth.
Because the oral cavity is richly innervated (Figure 1), PNI in oral cavity SCC can also
present as pain, paresthesia, dysesthesia, or motor deficits of cranial nerves V, VII, X, and
XII [26,27]. Other symptoms and signs include otalgia, blood in oral secretions, neck mass,
and unintentional weight loss.

2.2. Diagnosis

The first steps in diagnosing oral cavity SCC are obtaining a complete history and
performing a head and neck physical exam. Eliciting risk factors is an important part of the
clinical history as tobacco use and alcohol consumption are significant risk factors for the
development of oral cavity SCC. In fact, alcohol, smoked tobacco, and smokeless tobacco
use have been shown to be synergistic [28]. Outside the United States, another significant
risk factor to consider is betel quid (paan), which is frequently chewed in parts of India
and southeast Asia. Betel quid is often mixed with other carcinogens such as tobacco and
crushed areca nut (also known as betel nut). When combined with smoking tobacco and
alcohol, betel quid also has a synergistic effect on the risk of oral cancer occurrence [29].
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Figure 1. Nerves affected by perineural invasion in oral cavity cancer. The oral cavity cancer site consists of several sub-
sites: oral tongue (anterior 2/3), floor of mouth, hard palate, retromolar trigone, buccal mucosa, upper and lower mucosal 
lip, and gingiva. The oral tongue (anterior 2/3) receives taste innervation from the chorda tympani (CN VII). The posterior 
1/3 of the oral tongue belongs to the oropharynx and receives taste and sensory innervations by the glossopharyngeal 
nerve (CN IX). Motor innervation of the tongue is primarily supplied by the hypoglossal nerves (CN XII). Sensory inner-
vation of the oral cavity is supplied by the maxillary (CN V2) and mandibular (CN V3) nerves. Perineural invasion in oral 
cavity cancer may involve any of the aforementioned nerves. 
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A head and neck physical exam should encompass: (1) visual inspection and palpa-
tion of the oral cavity lesion to define extent of the lesion, (2) cranial nerve exam to assess 
for signs of PNI, and (3) palpation for cervical lymphadenopathy to assess for potential 
regional metastasis. A flexible fiberoptic laryngoscopy can help determine the full extent 
of lesions, rule out other primary lesions in the upper aerodigestive tract, and evaluate 
airway for operative planning [30]. 

Although there is a plethora of benign lesions that may present in a similar fashion 
(including but not limited to oral lichen planus, hairy leukoplakia, aphthous ulcers, pyo-
genic granulomas, and oral papilloma), persistent lesions that fail to resolve spontane-
ously or progressively worsen over a period of weeks should be biopsied to rule out ma-
lignancy [31,32]. If patients also present with palpable neck masses, needle aspiration with 
cytologic analysis may be diagnostic. 

Computed tomography (CT) with contrast is a commonly ordered imaging modality 
that evaluates the extent of the oral cavity tumor, presence of lymphadenopathy, and in-
volvement of nearby critical structures such as major cervical vasculature. However, su-
perficial mucosal lesions of the oral cavity may not be evident on radiographic imaging. 
CT scans are advantageous for detecting osseous involvement, particularly cortical ero-
sions of the mandible and maxilla, with a sensitivity of up to 80% [33,34]. Bone erosion 
involving cranial nerve canals and widening of cranial nerve foramina suggest the pres-
ence of PNI [35]. 

Figure 1. Nerves affected by perineural invasion in oral cavity cancer. The oral cavity cancer site consists of several subsites:
oral tongue (anterior 2/3), floor of mouth, hard palate, retromolar trigone, buccal mucosa, upper and lower mucosal lip,
and gingiva. The oral tongue (anterior 2/3) receives taste innervation from the chorda tympani (CN VII). The posterior 1/3
of the oral tongue belongs to the oropharynx and receives taste and sensory innervations by the glossopharyngeal nerve
(CN IX). Motor innervation of the tongue is primarily supplied by the hypoglossal nerves (CN XII). Sensory innervation of
the oral cavity is supplied by the maxillary (CN V2) and mandibular (CN V3) nerves. Perineural invasion in oral cavity
cancer may involve any of the aforementioned nerves.

A head and neck physical exam should encompass: (1) visual inspection and palpation
of the oral cavity lesion to define extent of the lesion, (2) cranial nerve exam to assess for
signs of PNI, and (3) palpation for cervical lymphadenopathy to assess for potential regional
metastasis. A flexible fiberoptic laryngoscopy can help determine the full extent of lesions,
rule out other primary lesions in the upper aerodigestive tract, and evaluate airway for
operative planning [30].

Although there is a plethora of benign lesions that may present in a similar fashion
(including but not limited to oral lichen planus, hairy leukoplakia, aphthous ulcers, pyo-
genic granulomas, and oral papilloma), persistent lesions that fail to resolve spontaneously
or progressively worsen over a period of weeks should be biopsied to rule out malig-
nancy [31,32]. If patients also present with palpable neck masses, needle aspiration with
cytologic analysis may be diagnostic.

Computed tomography (CT) with contrast is a commonly ordered imaging modality
that evaluates the extent of the oral cavity tumor, presence of lymphadenopathy, and
involvement of nearby critical structures such as major cervical vasculature. However,
superficial mucosal lesions of the oral cavity may not be evident on radiographic imaging.
CT scans are advantageous for detecting osseous involvement, particularly cortical erosions
of the mandible and maxilla, with a sensitivity of up to 80% [33,34]. Bone erosion involving
cranial nerve canals and widening of cranial nerve foramina suggest the presence of
PNI [35].

Magnetic resonance (MR) imaging is better at characterizing soft tissue involvement of
the head and neck. Hybrid methods of MR imaging may even be useful in detecting lymph
node micro-metastasis [34]. Although MR imaging with and without gadolinium is less spe-
cific for detecting osseous erosion than CT, foraminal enlargement, replacement of normal
fat within the neural foramen, nerve enlargement, and nerve enhancement on MR imaging
are key signs of PNI [33,36]. CT of the chest with or without contrast or positron emission
tomography with 2-deoxy-2-[fluorine-18]fluoro-D-glucose integrated with CT (18F-FDG
PET/CT) are tests utilized for detecting distant metastases in patients with advanced
nodal disease or identifying primary lung cancers in smokers [35]. Figure 2 demonstrates
radiographic evidence of PNI on MR imaging in a patient with left buccal SCC.
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Figure 2. Radiographic signs of perineural spread. T1-weighted magnetic resonance (MR) images
with gadolinium from a patient with left buccal squamous cell carcinoma and perineural invasion.
(A) Axial image showing enlargement and enhancement of the left inferior alveolar canal (yellow
arrow). (B) Axial image showing enhancement of the intracanalicular and tympanic segments of the
facial nerve (yellow arrows) as well as the greater superficial petrosal nerve (red arrow). (C) Coronal
image showing enlargement and tumor involvement of the mandibular branch of the left trigeminal
nerve at the foramen ovale (yellow arrow).

At a minimum, diagnosis and staging of oral SCC entails examination with manual
palpation, flexible fiberoptic laryngoscopy, biopsy of the lesion, and appropriate imag-
ing [37]. Panendoscopy, involving direct laryngoscopy, bronchoscopy, and esophagoscopy,
can help in defining tumor extension into other subsites and identifying synchronous
primary tumors, particularly in patients that drink alcohol and smoke tobacco [38,39].

2.3. Staging

The American Joint Committee on Cancer (AJCC) Staging of Oral Cavity Cancers
(8th edition) is summarized in Table 1 [40]. Greatest tumor dimension, depth of invasion,
and extracapsular nodal extension are important features in oral cavity cancer staging,
because of their prognostic value in determining disease-specific survival [41–43]. Although
PNI has been associated with worse disease-specific survival [44,45], it has not been
incorporated into the staging of oral cavity SCC.

Table 1. American Joint Committee on Cancer (AJCC) 8th edition staging criteria for oral cavity cancer.

Primary Tumor (T)

TX Primary tumor cannot be assessed

Tis Carcinoma in situ

T1 Tumor ≤ 2 cm and DOI ≤ 5 mm

T2 Tumor ≤ 2 cm, DOI > 5 mm and ≤10 mm; or Tumor > 2 cm but ≤4 cm and
DOI ≤ 10 mm

T3 Tumor > 4 cm; or any tumor with DOI > 10 mm but ≤20 mm

T4a

Moderately Advanced Local Disease:
Tumor invades adjacent structures only (e.g., through cortical bone of the

mandible or maxilla, or involves the maxillary sinus or skin of the face); or
Extensive tumor with bilateral tongue involvement; and/or

DOI > 20 mm

T4b
Very advanced local disease:

Tumor invades masticator space, pterygoid plates, or skull base and/or
encases the internal carotid artery
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Table 1. Cont.

Clinical Assessment of Regional Lymph Nodes (cN)

NX Regional lymph nodes cannot be assessed

N0 No regional lymph node metastasis

N1 Metastasis in a single ipsilateral lymph node, ≤3 cm and ENE−
N2a Metastasis in a single ipsilateral node, >3 cm and ≤6 cm and ENE−
N2b Metastases in multiple ipsilateral nodes, ≤6 cm and ENE–

N2c Metastases in bilateral or contralateral lymph nodes, ≤6 cm and ENE−
N3a Metastasis in a lymph node > 6 cm and ENE−

N3b
Metastasis in any lymph node(s) with ENE+ clinically; or

Metastasis in a single ipsilateral node, >3 cm and ENE+; or
Metastasis to multiple ipsilateral, contralateral, or bilateral nodes and ENE+

Pathologic Assessment of Regional Lymph Nodes (pN)

NX Regional lymph nodes cannot be assessed

N0 No regional lymph node metastasis

N1 Metastasis in a single ipsilateral lymph node, ≤3 cm and ENE−

N2a Metastasis in a single ipsilateral node, ≤3 cm and ENE+; or
Metastasis in a single ipsilateral node > 3 cm and ≤6 cm and ENE−

N2b Metastases in multiple ipsilateral nodes, ≤6 cm and ENE–

N2c Metastases in bilateral or contralateral lymph nodes, ≤6 cm and ENE−
N3a Metastasis in a lymph node > 6 cm and ENE−

N3b

Metastasis in a single ipsilateral node > 3 cm with ENE+; or
Metastasis to multiple ipsilateral, contralateral, or bilateral nodes, any with

ENE+; or
Metastasis to a single contralateral node of any size and ENE+

Distant Metastasis (M)

M0 No distant metastases

M1 Distant metastases

AJCC Prognostic Stage Groups

Stage 0 Tis N0 M0

Stage I T1 N0 M0

Stage II T2 N0 M0

Stage III T3 N0 M0

T1–T3 N1 M0

Stage IVa
T4a N0 M0

T4a N1 M0

T1–T4a N2 M0

Stage IVb Any T N3 M0

T4b Any N M0

Stage IVc Any T Any N M1
Abbreviations: DOI, depth of invasion; ENE, extranodal extension.

2.4. Treatment Overview

The main treatment options for patients with oral cavity SCC are surgery, radiation
therapy, and chemotherapy. Based on the National Comprehensive Cancer Center Guide-
lines, treatment of oral cavity SCC depends largely on the clinical stage of the cancer and
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the presence of adverse pathological features [46]. Adverse features include ENE, positive
margins, close margins (less than 5 mm), pT3 or pT4 primary tumors, pN2 or pN3 nodal
disease, nodal disease in levels IV or V, vascular invasion, lymphatic invasion, and PNI.

Although localized tumors (T1–2, N0) can be treated with either surgical resection
or definitive radiotherapy, surgery is generally preferred. Because of the high rate of
osteoradionecrosis of the mandible, definitive radiotherapy with external beam radiation is
generally reserved for patients who are poor surgical candidates (with significant medical
co-morbidities) or when surgical resection would lead to unacceptable severe functional
impairment [47–49]. Elective neck dissection involving levels I–III or I–IV (ipsilateral or
bilateral depending on the location of the primary tumor) or sentinel lymph node biopsy
may also be considered in early-stage tumors [46,50]. More advanced tumors (T3, N0; T1–3,
N1–3; T4a, any N) are usually treated with definitive surgical resection of the primary lesion
with ipsilateral and/or bilateral neck dissections for levels I–IV [37,46,50]. While post-
operative radiotherapy may be considered for advanced tumors with no adverse features,
advanced oral cavity SCC with ENE and/or positive margins are generally treated with
post-operative concurrent chemoradiation. In the absence of ENE and positive margins,
post-operative radiation or chemoradiation are generally considered when other risk factors
are present, such as pN2–3 or PNI [46].

Treatment of very advanced tumors without distant metastasis (T4b, any N; unre-
sectable nodal disease) can include: (1) concurrent chemoradiation, (2) induction chemother-
apy followed by radiotherapy or chemoradiation, (3) definitive radiotherapy with or with-
out chemotherapy, or (4) palliative radiation or chemotherapy [46]. The most common
chemotherapy agent utilized is cisplatin, but other systemic therapies may be considered
within and outside clinical trials for early and advanced disease (carboplatin, 5-fluorouracil,
taxanes, and cetuximab) [51].

2.5. Treatment Considerations

In addition to oncologic resection of the primary tumor with 1 cm clinical margins,
surgical resection may also include marginal or segmental mandibulectomy if the tu-
mor abuts the periosteum or invades bone, respectively. A partial or total maxillectomy
may be necessary for oral cavity cancers that invade the upper gums or hard palate [52].
Furthermore, clearing nerve margins with PNI may require more extensive resection at
the skull base. Reconstruction generally follows the reconstructive ladder, beginning with
primary closure, secondary intention, or skin grafts for smaller defects. Larger defects may
require local tissue transfers and/or free tissue transfer with or without vascularized bone
for the restoration of function and cosmesis [53–55].

The need for adjuvant therapy for the primary lesion and neck depends largely on the
final pathological evaluation of surgical specimens. Adjuvant radiotherapy or chemoradia-
tion is frequently applied postoperatively to treat microscopic disease and decrease risk of
locoregional recurrence. Indications for adjuvant therapy can include ENE, positive or close
margins, pT3 or pT4 tumors, pN2 or pN3 nodal disease, lymphovascular invasion, and
perineural invasion [46,50]. Dosing for post-operative radiation with intensity-modulated
radiation therapy (IMRT) or three-dimensional conformal radiation therapy (3D conformal
RT) depends on the risk. High risk areas with adverse features such as positive margins
receive 60–66 Gy (2 Gy/fraction), while low-to-intermediate risk areas of suspected subclin-
ical spread may receive 44–50 Gy (2.0 Gy/fraction) to 54–63 Gy (1.6–1.8 Gy/fraction) [46].
Although several chemotherapeutic agents have been used for head and neck SCC, high-
dose cisplatin is the preferred chemotherapeutic agent for post-operative chemoradiation
for oral cavity SCC [56–58]. Other variations of cytotoxic anti-cancer agents have also been
used including other platinum-based (carboplatin), taxane-based (docetaxel, paclitaxel),
and pyrimidine-based treatments (5-fluorouracil) [51].

Over the past two decades, there have been significant developments in targeted
therapies for head and neck SCC, in attempts to improve overall survival and limit side
effects such as bone marrow suppression. Epidermal growth factor receptors (EGFR) are
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cell surface receptors of the ErbB family. EGFRs are overexpressed in up to 90% of head
and neck SCC, and over expression of EGFR is associated with poorer disease-free and
cause-specific survival outcomes [59,60]. Cetuximab is an anti-EGFR immunoglobulin
G1 monoclonal antibody approved by the Food and Drug Administration (FDA) for
the treatment of head and neck SCC. Cetuximab is indicated as a radiosensitizer for the
treatment of locoregionally advanced head and neck SCC and as a monotherapy for patients
with recurrent or metastatic cancer who failed platinum-based chemotherapy [61,62].
However, several studies have found cetuximab in combination with radiotherapy to be
inferior overall survival to cisplatin and radiotherapy for the treatment of locoregionally
advanced head and neck SCC [63,64].

Head and neck SCC also express a relatively high level of programed cell death-ligand
1 (PD-L1), which is a protein that has an important role in suppressing the adaptive im-
mune system. Thus, immunotherapies have become an important part in the treatment
of recurrent and metastatic, head and neck SCC after surgery and adjuvant chemoradi-
ation with platinum-based agents. The immune checkpoint inhibitors, pembrolizumab
and nivolumab, were recently approved by the FDA for cisplatin-refractory recurrent or
metastatic head and neck SCC. Pembrolizumab is also approved as a first-line therapy
for PD-L1+ recurrent or metastatic SCC [65,66]. In a multi-institutional clinical trial, pem-
brolizumab significantly extended overall survival when compared to standard doses of
methotrexate, docetaxel, or cetuximab in patients with head and neck SCC [67]. Similarly,
nivolumab was shown to prolong survival in patients with platinum-refractory head and
neck SCC when compared to standard therapy, with an approximate 20% increase in
1-year survival rates [68]. The consideration of immunotherapy in head and neck SCC
is important because research suggests that PNI may alter immune targets in the tumor
microenvironment [69].

3. Definitions for Perineural Invasion (PNI)

Nerve sheaths are composed of three layers: the endoneurium, perineurium, and
epineurium. The endoneurium is the innermost layer that surrounds individual axons
and Schwann cells, the perineurium surrounds nerve fascicles, and the epineurium is the
outermost layer of dense connective tissue encapsulating nerves [70]. On histopathology,
PNI can be broadly defined as the extension of cancer cells around, into, or through a
nerve [71]. More specific histopathologic definitions for PNI are tumor involvement within
any three layers of the nerve sheath or tumor cells surrounding at least 33% of the nerve’s
circumference [72]. However, the determination of PNI on histologic sections remains
highly subjective among pathologists, in part from the lack of universal guidelines and the
variability on histology of how tumors interact with nerves [73,74]. PNI growth patterns
can include complete encirclement, incomplete “crescent-like” encirclement, “onion skin”
sandwiching, partial invasion, and neural permeation [75]. In ambiguous cases of nerve
involvement, complete or near-total circumferential nerve encirclement, intraneural disease,
and perineural tracking seen in adjacent sections is supportive of PNI [76]. Figure 3
illustrates PNI on hematoxylin and eosin staining of histologic sections of oral cavity SCC.

Radiographically, PNI in head and neck cancer can be seen as: (1) direct invasion of
nerve, (2) nerve enlargement, (3) nerve enhancement with contrast agents, (4) widening or
erosion of skull base foramina, and/or (5) obliteration of the perineural fat at foraminal
openings or the pterygopalatine fossa [36]. Some patients with oral cavity cancer will be
diagnosed with clinical PNI because they have presenting symptoms and/or radiological
features of PNI. Others will have ‘incidental PNI’, when PNI is discovered on histopatho-
logical analysis of tumor specimens in the absence of clinical or radiographic features of
PNI [77].
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Figure 3. Histopathology of perineural involvement in oral cavity squamous cell carcinoma (SCC). Hematoxylin and eosin-
stained histopathological sections of oral cavity SCC demonstrating various types of perineural invasion: (A) perineural
spread along a longitudinal cut of nerve (10×), (B) complete encirclement (60×), and (C) incomplete “crescent-like”
encirclement of nerves superiorly (40×).

4. Clinical Impact of Perineural Invasion in Oral Cavity Squamous Cell Carcinoma
4.1. Prevalence of Perineural Invasion

Oral cavity SCC has a particular affinity for nerve involvement. In the scientific
literature, rates of PNI in oral cavity cancer vary considerably between 6% to 82% [5–10].
Although PNI has been associated with worse locoregional recurrence and disease-specific
survival [11–15,78], PNI has not been incorporated into the AJCC tumor staging criteria
in oral cavity SCC [11–15,78]. In the AJCC Staging Manual, PNI upstages cutaneous SCC
of the head and neck to T3 disease, regardless of tumor size or DOI [79]. However, the
National Comprehensive Cancer Network lists PNI as an adverse feature in oral cavity
cancer that warrants adjuvant treatment with radiotherapy or chemoradiation. In this
section, we will discuss the relationship of PNI on locoregional control and survival and
review the literature on how adjuvant therapy may affect outcomes in oral cavity SCC
with PNI.

4.2. Impact of Perineural Invasion on Locoregional Control and Survival

PNI has been repeatedly shown to be a poor prognosticator in oral SCC. In a retro-
spective case-control study at a single tertiary care center that compared the clinical and
histopathological features of 17 oral cavity SCC patients with PNI to controls matched for
age, sex, and tumor stage, Laske et al. found that PNI was associated with a 30.3% and
33.3% reduction in 5-year overall and recurrence-free survival, respectively. The 5-year
recurrence-free survival rates for early stage (stages I–II) and advanced stage (stages III–IV)
oral cavity SCC with PNI were 60.0% and 41.7%, respectively. This is in comparison to
controls without PNI that had 5-year recurrence-free survival rates of 94.1% and 73.5%
for early and advanced stage oral SCC, respectively [44]. A larger retrospective cohort
study investigating the prognostic features of oral and oropharyngeal SCC in 634 patients
at a single institution in Mexico found that PNI, when defined as tumor cells invading
≥1 mm of nerve trunk, was significantly associated with locoregional disease recurrence on
bivariate analysis. This significance remained on multivariate analysis with a hazard ratio
of 8.28. Mean follow-up time was 3.02 years [80]. Similarly, Zanoni et al. retrospectively
studied disease features impacting the survival outcomes of 2082 patients with oral cavity
SCC who received surgical treatment at a tertiary care center between 1985–2015, with a
mean follow-up time of 37.6 months. They found that PNI was present in 24% of patients
and was an independent predictor of 5-year overall (risk ratio [RR] 1.26, 95% CI 1.05–1.51;
p = 0.012) and disease-specific survival (RR 1.36, 95% CI 1.03–1.79; p = 0.028) on multivari-
ate analysis [45].

The effect that PNI has on survival is also evident in early tumor (T) stages of disease.
Low et al. conducted a retrospective study evaluating 121 patients with AJCC 7th edition
T1N0 oral cavity SCC who underwent surgical treatment of disease at a single Australian
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institution with an average of 3.2 years follow-up. They found that PNI was associated
with significantly decreased locoregional control on univariate Kaplan-Meier analysis,
with rates of 92% and 53% for absence and presence of PNI, respectively. Although this
study was limited in that only five patients had PNI, PNI was almost always observed in
those with multiple adverse pathologic features such as lymphovascular invasion and poor
tumor differentiation. In this study, the presence of two or more of these features portended
significantly increased rates locoregional failures on univariate survival analysis [81]. In a
larger study where 442 patients with oral SCC were classified as having pathologic T1 or T2
disease based on AJCC 7th edition staging criteria, a retrospective review of a prospectively
maintained database in India revealed that 30 patients with T1 disease and 81 with T2
disease had PNI. On survival analysis, median follow-up time was 25 months and PNI
was independently predictive of worse overall survival on multivariable analysis (odds
ratio [OR] 2.03, 95% CI 1.06–3.89; p = 0.032). When considering AJCC 8th edition tumor
staging and PNI, Kaplan-Meier 5-year overall survival rates for T1 disease without and
with PNI were 90% and 75%, respectively, while that for T2 disease without and with PNI
were 77% and 50%, respectively. These differences in survival with PNI became even more
significant when corrected for depth of invasion (p < 0.001) [82].

Although the effect of PNI on predicting poor survival is well-established, the effects
of PNI are not homogenous and are dependent on various histopathological definitions
of PNI. Laske et al. also found that when patients were separated by histopathological
subtype of PNI, where type A was defined as intraneural invasion (n = 14) and Type B was
defined as circumferential growth of tumor around nerve (n = 12), the approximate 30%
decrease in 5-year recurrence-free survival persisted for both groups when compared to
non-PNI controls, but there was no significant difference in survival between subtypes [44].
Meanwhile, a retrospective study including 229 patients with oral SCC and PNI who under-
went radical surgery at a Taiwanese hospital were classified as having either intratumoral
(n = 153) or extratumoral (n = 76) PNI, if diseased nerves were ≤0 mm or >0 mm away
from the primary tumor site, respectively. Extratumoral PNI disease resulted in worse
5-year locoregional control (63.7% vs. 79.5%), disease-free survival (53.8 vs. 72.9%), and
overall survival (54.1% vs. 72%), when compared to intratumoral PNI on Kaplan-Meier
univariate analysis. This significance persisted on multivariate analysis, supporting that
extratumoral PNI is a more aggressive feature of disease than PNI occurring within the
main tumor specimen [83]. Similarly, Caponio et al. conducted a retrospective review
of patients with oral tongue SCC to assess relationships between unifocal or multifocal
PNI, intratumoral or peritumoral PNI, and survival. They found that intratumoral PNI
was associated with lymph node metastasis, while multifocal PNI, regardless of intra- or
peritumoral pattern, predicted poor disease specific survival [84].

4.3. Surgical Resection and Elective Neck Dissection for Perineural Invasion

PNI may also predict nodal spread of disease, impacting surgical decision making
in a clinically or pathologically node-negative neck. Chatzistefanou et al. sought to
determine the impact of PNI-positive oral SCC on neck management in a retrospective
case control study. At a tertiary care cancer center, 39 patients with PNI-positive disease
were compared to patients with PNI-negative tumors and matched for features such as age,
T stage, negative surgical margins, lack of lymphovascular invasion, and pN0 disease for a
mean follow-up time of 42.7 months. PNI independently predicted lymph node metastasis
(OR 3.97; p = 0.005) and regional recurrence (OR 5.59, 95% CI 0.57–271.08; p = 0.009) on
multivariate analysis, and elective neck dissection was associated with lower rates of
regional recurrence in PNI positive patients (OR 0.025, 95% CI 0.001–0.645; p = 0.026) [85].
These findings indicate that elective neck dissection is beneficial for disease management
in patients with pN0 disease irrespective of T stage.

Other studies considered the impact of PNI in predicting cervical nodal disease in
early, T1 stage tumors. For example, Nguyen et al. conducted a retrospective cohort study
assessing 70 patients with AJCC 8th edition T1N0 oral SCC who underwent either elective
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neck dissection or neck observation at a single institution. In this cohort, 10 patients had
PNI, and all patients were followed for at least 24 months, with a median of 55 months
follow-up. They found that the presence of PNI was associated with a higher risk of nodal
disease (p = 0.002) on categorical analysis, and PNI significantly affected 2-year disease-free
survival on multivariate analysis (hazard ratio [HR] 3.15, 95% CI 1.21–8.19; p = 0.018),
suggesting that patients with PNI-positive disease might benefit from an elective neck
dissection [86]. Feng et al. conducted a multicenter, multinational, ambispective cohort
study of 283 patients with AJCC 8th edition clinical T1N0 oral SCC and at least 2 years of
follow-up to determine what disease features predicted cervical metastasis. Although only
eight patients were positive for PNI, its presence resulted in a higher risk of neck metastasis
on Cox regression univariate analysis when compared to PNI-negative disease (HR 4.25,
95% CI 1.29–13.96; p = 0.017). On multivariate analysis, however, only DOI and tumor
grade predicted neck metastasis [87]. Although these studies are promising in guiding the
management of T1N0 oral SCC patients with PNI, they are limited by small numbers of
PNI-positive patients.

4.4. Adjuvant Radiotherapy or Chemoradiation for Perineural Invasion

Despite the evidence showing that PNI is a poor prognostic indicator and may necessi-
tate escalation of surgical treatment in oral SCC, the indication for adjuvant radiotherapy in
the presence of isolated PNI is less clear. In a retrospective study from Taiwan, 460 patients
with pathologic T1–3N0 (AJCC 5th edition) oral SCC were reviewed. Of these, 68 had PNI,
and 24 patients with PNI-positive disease underwent adjuvant radiotherapy. Of those with
PNI-positive disease, the authors found no significant differences in 5-year local control or
overall survival when comparing those treated with or without adjuvant radiotherapy on
Kaplan-Meier analysis [88].

However, a retrospective study of over 1500 patients with oral SCC at a tertiary cancer
center, 310 of whom were PNI-positive, found that although patients with PNI and early
stage N0 oral SCC had significantly poorer disease-free and overall survival (HR 2.79
and 2.54, respectively) on multivariate analysis, the addition of adjuvant radiotherapy
led to significantly improved survival (HR 2.9, p = 0.022) [89]. In another study, Rajappa
et al. retrospectively analyzed the records of 169 patients with PNI-positive, primary,
T1-T2, N0 oral cavity SCC in India. They defined PNI as evidence of a tumor within
any layer of the nerve sheath. A total of 118 PNI-positive patients received adjuvant
radiotherapy and median follow-up was 45 months. Those treated with postoperative
radiotherapy had significantly less nodal recurrence than those treated with observation
(8 versus 10 patients, respectively; p = 0.013), but there were no differences in rates of
local, locoregional, or overall recurrence between groups. Additionally, adjuvant treatment
was associated with better disease-free survival in Kaplan–Meier analysis (p = 0.047), but
there was no significant overall survival benefit (p = 0.54) [90]. A 2013 study by Chinn
et al. retrospectively investigated 88 patients with pathologic N0 oral SCC treated at a
tertiary care center found similarly mixed results. In total, 20 patients had PNI-positive
disease and 14 of them were treated with adjuvant radiotherapy. On univariate survival
analysis, PNI-positive patients who received adjuvant radiotherapy had a significantly
improved disease-free interval of 6.5 years when compared to their non-adjuvant therapy
cohort’s survival of 1.7 years (p = 0.012). Locoregional control was similarly improved
(6.7 versus 1.9 years, respectively; p = 0.047). However, there were no differences in overall
and disease-specific survival. An analysis of specific histopathologic features of PNI in
relation to outcomes was also performed but was inconclusive and underpowered [91].

Adjuvant chemotherapy, in addition to radiotherapy, is another treatment option that
is not fully characterized in the context of PNI-positive oral SCC. One retrospective study
compared the outcomes of 34 patients with oral SCC who were treated with adjuvant radio-
therapy (64.7% with PNI) to 34 who were treated with concurrent chemoradiation (61.8%
with PNI). Median follow up was 86.4 months, and results revealed that postoperative
concurrent chemoradiation led to significantly improved 5-year overall survival when
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compared to radiotherapy alone (67.2% versus 35.3%, respectively; p = 0.018). Recurrence-
free survival for the chemoradiation group was also higher, at 75.4%, when compared
to the radiation only group, at 42.6% (p < 0.01). This study did not directly compare the
effect of PNI on outcomes between groups [92]. In a multi-institutional study that included
1282 patients with oral SCC, 196 were treated with adjuvant chemoradiation, of whom
128 had PNI. On multivariate analysis, disease-free survival was significantly worse in
those with PNI (HR 3.08, 95% CI 1.71–5.53, p < 0.001) and significantly better in those
receiving at least 200 mg/m2 adjuvant cisplatin (HR 0.951, 95% CI 0.91–0.99; p = 0.007),
with median survival approximately double that of the lower dose cohort [93]. To gain
further insight into how radiation and chemotherapy may affect oral SCC tumors with PNI,
the mechanisms of PNI must be elicited, the histopathological definition of PNI should be
standardized, and prospective investigations are warranted.

5. Potential Mechanisms of Perineural Invasion
5.1. Cellular Observations in Perineural Invasion

PNI has previously been described with a broad definition, encompassing everything
from direct tumor invasion into every layer of the peripheral nerve sheath to tumor
abutment of cancer. One of the most cited definitions for PNI offered by Batsakis in 1985,
defined PNI as tumor cell invasion in, around, and through the nerves [71]. Given this frame
of reference, PNI was thought to be a unilateral process dependent upon cancer invasion,
with a tumor invading the perineural space through the path of least resistance [72].
However, we are beginning to understand that the perineural microenvironment which
involves constituents of nerve may play a significant role in facilitating PNI.

PNI is more likely a complex and dynamic process that relies on reciprocal signal-
ing between the tumor and components of the nerve (e.g., Schwann cells and neurons).
Recent evidence suggests that SCC can communicate with nerves long before physical
contact between cell types occur [17,18,21,22,27,94,95]. Head and neck SCC may secrete
neurotrophic factors into the local environment that are detected by Schwann cells and
neurons. Once detected, Schwann cells and neurons can secrete other neurotrophic factors
that lead to downstream events, promoting cancer cell invasion and neurite outgrowth.
The interactions of secreted neurotrophins with their high affinity receptors between cancer
and nerve is a new area of interest in the pathogenesis of PNI [8,21,22,96].

Schwann cells may also play an important role in the development of PNI in can-
cer [17,18,97]. Schwann cells are the predominant glial cell of the peripheral nervous system
and serve different functions in its myelinating and non-myelinating forms. Myelinating
Schwann cells function by insulating neuronal axons but can dedifferentiate into its non-
myelinating phenotype, express different proteins such as glial fibrillary acidic protein
(GFAP) and execute several tasks to repair nerves after injury. Recent studies with pancre-
atic cancer suggest that Schwann cells can promote PNI by dedifferentiating, migrating
towards cancer, dispersing cancer cells, and trafficking cancer cells back to nerves [17,18].

Discoveries in pancreatic and prostate cancer have led researchers to focus on cellular
interactions influencing cell migration, motility, invasion, and epithelial to mesenchymal
transition (EMT) to understand the complex nature of PNI [18,98–102]. In particular, the
neurotrophins and their high-affinity receptors have been a major area of interest. In the
following sections, we will highlight several neurotrophic factors and receptors that have
been implicated in PNI in oral cavity SCC, discuss mechanisms of action, and describe
potential avenues for therapeutic intervention. Figure 4 illustrates the neurotrophins and
receptors that have been associated with PNI in head and neck SCC.
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5.2. Nerve Growth Factor and Tropomyosine Receptor Kinase A

Nerve growth factor (NGF) is a member of the neurotrophin family of neurotrophic
factors that activates two types of membrane receptors: (1) tropomyosine receptor kinase
A (TrkA) tyrosine kinases and (2) p75 neurotrophin receptors (p75NTR), a member of the
tumor necrosis factor (TNF) receptor family [103]. By binding to its high-affinity receptors,
NGF can modulate cell survival, differentiation, proliferation, migration, and invasion,
depending on the receptor and cell type. NGF, TrkA, and p75NTR have been shown to be
overexpressed in several human solid malignancies [104], and recent evidence supports
their role in the pathogenesis of PNI in oral SCC [105–108].

In a retrospective study, Kolokythas et al. analyzed NGF and TrkA expression in
archived tissue from 42 early stage (T1/T2) oral tongue SCC, half of which demonstrated
PNI. They found that PNI-positive tumors had significantly higher immunostaining for
NGF (p = 0.0001) and TrkA (p = 0.039), when compared to PNI-negative tumors. In their
study, malignant cells from PNI-positive tumors demonstrated strong cytoplasmic ex-
pression of NGF and TrkA, while malignant cells from PNI-negative tumors had weak
cytoplasmic expression, suggesting that NGF-TrkA signaling may play an important role
in PNI in oral SCC [96].

Other investigations have also demonstrated associations between NGF expression
and PNI in oral SCC. Shen et al. performed immunohistochemical staining for NGF on
116 oral tongue SCC specimens and found that high NGF expression levels were signifi-
cantly associated with PNI (p = 0.0009) among other factors, including nodal metastasis
(p = 0.004) and advanced clinical stage (p < 0.0001) [109]. Using the Cancer Genome Atlas
database, Lin et al. analyzed NGF and TrkA gene expression in head and neck SCC [110].
They found that tumors expressed high gene expression levels of NGF and TrkA, when
compared to normal tissues. Although there was no difference in TrkA gene expression
between the PNI-positive and PNI-negative tumor specimens, they showed that NGF gene
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expression was elevated in PNI-positive tumors. The authors also performed immunohis-
tochemistry for TrkA and NGF in 115 head and neck SCC tumors and 50 adjacent normal
tissue samples [110]. Similarly, they demonstrated that tumors had higher protein expres-
sion levels of NGF and TrkA than matched adjacent tumors. Although high TrkA protein
expression was not correlated with PNI status, high NGF protein expression significantly
correlated with PNI (p = 0.0024), larger tumor size (p = 0.0172), and higher pathological
grade (p = 0.0227). In a similar retrospective investigation assessing NGF expression in
diagnostic biopsies of oral carcinoma, Yu et al. demonstrated that NGF expression was
associated with nodal metastasis (p = 0.036) and PNI (p = 0.0005). In addition, they found
that PNI was an independent predictor of nodal metastasis (p = 0.004) and disease-free
survival (p = 0.019) [111], which highlights the importance of understanding how NGF
promotes the development of PNI in oral SCC.

Because PNI is a poor prognostic factor in oral SCC, some researchers have ventured to
elucidate the molecular mechanisms associated with NGF/TrkA and PNI and identify im-
portant targets for therapeutic intervention. In a retrospective analysis of 132 tissue sections
of oral SCC, Alkhadar et al. demonstrated that tumors with PNI expressed NGF and TrkA
with greater frequency than tumors without PNI. In cancer cells, NGF was present as intense
staining of cytoplasm and nuclei, while TrkA was found diffusely in the cytoplasm and
along the surface membrane. Although nerve tissue also had moderate to strong expression
of NGF and TrkA, the authors showed that the expression of NGF was positively corre-
lated with TrkA expression in tumor samples (Spearman’s correlation coefficient = 0.65) [8].
Their findings suggest that NGF/TrkA may facilitate interactions between oral SCC and
neurons that could lead to PNI. To further corroborate their findings, Alkhadar et al. per-
formed migration and invasion assays using various oral and salivary cancer cell lines
and demonstrated that NGF triggered phosphoinositide-3 kinase (PI3K)/protein kinase B
(Akt) signaling to initiate cancer cell migration and dispersion [112]. Furthermore, they
showed that Akt inhibition with MK2206 blocked NGF-induced cancer cell migration and
dispersion, which lends more evidence to the link between NGF and PNI in oral SCC and
reveals potential targets for therapeutic intervention.

Experiments performed by Grille et al. suggested that PI3K/Akt signaling can enhance
motility and invasiveness of SCC cell lines by EMT [113]. EMT is a cellular process by
which epithelial cells lose their polarity and intercellular adhesive properties, shift toward
a mesenchymal phenotype, and become more motile and invasive [110,113,114]. In a series
of in vitro assays using real-time polymerase chain reaction and immunofluorescent assays,
Lin et al. demonstrated that NGF induces gene and protein expression changes that reflect
EMT. The authors also showed that NGF enhanced cancer cell migration and invasion in a
transwell assay. Furthermore, blocking TrkA signaling reversed EMT in both in vitro and
in vivo models of head and neck SCC. These findings support the theory that NGF/TrkA
expression in the perineural niche acts as a potent chemoattractant for cancers cells during
the PNI process by triggering EMT and promoting cancer cell invasion. Although there
has been more focus on NGF and TrkA as important contributors to PNI in oral SCC, other
neurotrophic factors have also been implicated.

5.3. Brain Derived Neurotrophic Factor and Tropomyosine Receptor Kinase B

Brain-derived neurotrophic factor (BDNF) is also part of the neurotrophin family.
BDNF binds to its high-affinity receptor tropomyosin receptor kinase B (TrkB) and plays a
critical role in neuronal survival, morphogenesis, and plasticity [115]. In various malig-
nances, BDNF/TrkB signaling can promote cell survival, cell proliferation, metastasis, and
neovascularization. Overexpression of BDNF has been associated with increased invasive-
ness in several cancers [116–118] and implicated in the pathogenesis of PNI in pancreatic
cancer [119–122]. BDNF and TrkB are overexpressed in head and neck SCC and have
been implicated in tumor progression and invasiveness in patients with head and neck
SCC [123–125]. Recent studies have also demonstrated a potential role for BDNF/TrkB
signaling in the development of PNI in oral SCC.
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Kupferman et al. performed transcriptional profiling and immunohistochemical anal-
ysis of BDNF and TrkB in 71 archival head and neck SCC specimens. They found a positive
correlation between BDNF and TrkB messenger RNA (mRNA) expression (p < 0.005) and
significant upregulation of both proteins in >50% of tumor specimens, when compared
to normal mucosa. The authors went further to test the effect of BDNF on cell migration
and invasion using several head and neck SCC cell lines, which included two oral SCC cell
lines (OSC19 and MDA1986). They found that OSC19 and MDA1986 had high expression
levels of TrkB, and BDNF treatment enhanced the migratory and invasive properties of
the cancer cells. Through a series of experiments in vitro and in vivo, they also showed
that BDNF activates TrkB, which leads to upregulation of Akt signaling, induction of EMT,
tumor progression, and increased migration and invasion in head and neck SCC [125].
The authors also demonstrated that TrkB knockdown with short-interfering RNA (siRNA)
suppressed BDNF-mediated chemotaxis and invasion by the oral SCC cell line, OSC19.
In OSC19 cells, stable TrkB inhibition (through retroviral vectors containing a short hairpin
RNA (shRNA) targeting TrkB) blocked BDNF-induced EMT and cell migration, further
supporting the role of BDNF/TrkB signaling in tumor progression, migration, and invasion
in oral SCC.

In another translational research study, Yilmaz et al. analyzed 20 head and neck SCC
tumors and found that TrkB was expressed in 30% of tumors and was absent in normal
mucosa [123]. To understand the role of TrkB on tumor progression and cell migration,
the authors performed viability and wound scratch assays on several head and neck SCC
cell lines, respectively. They demonstrated that TrkB inhibition with AZ64 suppressed
cell proliferation and inhibited cancer cell migration in both a time- and dose-dependent
manner. Dudas et al. also conducted a series of experiments investigating the role of
BDNF/TrkB in oral SCC. In their experiments, they co-cultured oral fibroblasts and lingual
SCC cells and showed that fibroblasts transformed into carcinoma-associated fibroblasts
(CAFs), which is a significant source of BDNF that could facilitate EMT in lingual SCC [126].
Overall, these studies show a clear role for BDNF/TrkB in EMT, migration, and invasion
of oral SCC; however, a definitive link between BDNF/TrkB and PNI in oral SCC has not
been fully established.

To understand the potential role of TrkB and Schwann cells in PNI, Ein et al. conducted
migration and invasion assays by co-culturing human Schwann cells and human tongue
SCC (SCC9) in 2D plates and performed time-lapse imaging. Cancer cells preferentially
migrated toward Schwann cells and, upon contact, there was significant intercalation and
mixing of both cell types. In co-culture, the addition of BDNF did not affect migration of
Schwann or cancer cells but enhanced the intercalation of cell types and increased Schwann
cell-associated cancer cell dispersion. In contrast, TrkB inhibition with ANA-12 initiated
Schwann cell de-differentiation and activation (by upregulation of GFAP) and increased
Schwann cell migration towards cancer. TrkB inhibition also reduced intercalation of
Schwann and cancer cells, which led to the development of a well-defined border between
cell types, resembling a barrier to cancer cell invasion. Although the association between
SC de-differentiation with TrkB inhibition and the prevention of cancer cell dispersion is
not entirely clear, these findings demonstrate a phenomenon that may be protective against
PNI that need further investigation.

5.4. Glial Cell-Derived Neurotrophic Factor and Receptors

One of the most well-studied neurotrophic factors is glial cell-derived neurotrophic
factor (GDNF), which binds to its receptor GDNF family receptor-alpha 1 (GFRalpha1) and
activates its cognate RET (rearranged during transfection) receptor tyrosine kinase [127].
GDNF has been shown to play a major role in the migration of cancer cells and PNI in
several cancers. In human pancreatic adenocarcinoma (MiaPaCa-2) cells, GDNF binds to
its receptor GFRalpha1, activates the RET co-receptor, and promotes mitogen-activated
protein kinase (MAPK) signaling to induce cancer cell migration towards nerve in vitro
and animal models of PNI [128,129]. A similar relationship between GDNF, RET signal-
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ing, and PNI was also demonstrated in prostate cancer [130]. Furthermore, pre-clinical
studies using pyrazolopyrimidine-1 have shown that RET inhibition can suppress nerve
invasion toward the spinal cord and prevent paralysis in mice implanted with pancreatic
cancer [129]. Several studies investigating head and neck SCC also highlight a role for
GDNF in promoting cancer cell migration and PNI.

In a translational investigation, Chuang et al. analyzed GDNF expression in tissue
from human oral SCC and normal mucosa. With immunohistochemistry, they found
higher GDNF expression in oral cavity SCC, when compared to normal mucosal tissues.
With migration assays utilizing human oral SCC lines (SCC4 and HSC3), they also demon-
strated that GDNF increased migratory activity of cancer cells through transwell assays in a
dose-dependent manner. Through a series of inhibitor, neutralizing antibody, and knockout
studies using short interfering RNA (siRNA), the authors show that GDNF-associated
cancer cell migration occurs through GFRa1 receptor activation and regulation of matrix
metalloproteinase (MMP)-9 and MMP-13 through a MAPK/activator protein-1 (AP-1)
pathway [131].

Lin et al. investigated the relationship between GDNF, PD-L1, and PNI in head and
neck SCC. Using RNA sequencing data from a large cohort of head and neck SCC tumors
in the Cancer Genome Atlas database, they found that tumors with PNI expressed more
GDNF mRNA expression than those without PNI. PD-L1 mRNA expression levels were
also higher in GDNF-positive samples overall. The authors also conducted immunohisto-
chemistry for GDNF and PD-L1 in 145 paraffin-embedded head and neck SCC tumors and
discovered a positive correlation between GDNF and PD-L1 protein expression (r = 0.38,
p < 0.001) [132]. Tumors were then stratified by PNI status and GDNF expression was
found to be significantly higher in tumors with PNI (p = 0.0193). When focusing on specific
areas with PNI, the tumor cells around the nerve demonstrated strong PD-L1 staining
while the nerves expressed strong GDNF staining. Furthermore, the relative PD-L1 expres-
sion was significantly elevated in areas of PNI compared to matched tissues without PNI
(p < 0.001). Lastly, Kaplan–Meier and Cox regression analyses showed that GDNF and PNI
were correlated with decreased overall survival, and GDNF was an independent predictor
of overall survival in patients with head and neck SCC [132].

Lin et al. also co-cultured dorsal root ganglia with head and neck SCC (HN4) cells
in Matrigel and observed cancer cells migrating toward and along neurites in the control
group. Treatment with regorafenib (RET inhibitor) reduced cancer invasion along neu-
rites, suggesting that GDNF may have a critical role in PNI in head and neck SCC [132].
To further elucidate this relationship, head and neck SCC cell lines were cultured in Ma-
trigel with dorsal root ganglia-conditioned media, and PD-L1 mRNA and protein ex-
pression was quantified. Cancer significantly upregulated PD-L1 expression through
JAK2-STAT1 signaling, and inhibition of RET blocked this effect [132]. Overall, the findings
of this study suggest that: (1) nerves may secrete GDNF and promote PNI in head and neck
SCC, and (2) GDNF can enhance PD-L1 expression around the perineural nice to promote
cancer cell evasion from the immune system.

5.5. Galanin and Galanin Receptors

Galanin is a neuropeptide that binds G-protein coupled receptors, Galanin receptors 1
(GALR1), 2 (GALR2), and 3 (GALR3). GAL has many neurotrophic and neuroprotective
roles and exerts its actions through Akt and ERK signaling pathways [133]. Galanin is
expressed in several malignant tumors [134–138] and has a multitude of downstream
effects, including cell proliferation and cell death, depending on the receptor and cell
type [134,136–139]. Several studies have investigated a link between galanin, its receptors,
and PNI in head and neck SCC.

In a retrospective investigation analyzing head and neck SCC from 67 patients, Pearl-
stein et al. found that 40% of patients had a loss of heterozygosity (LOH) of chromosome
18q, and patients with LOH of the 18q loci had a worse 2-year survival compared to those
without 18q LOH (30% versus 63%; p = 0.008) [140]. Although three minimally loss regions



Cancers 2021, 13, 6011 16 of 25

were identified in the 18q region in head and neck SCC (D18S39 in 18q21.1; D18S61 in
18q22.2; D18S70 in 18q23), the tumor suppressor genes associated with these regions have
not been fully elucidated [141]. The GALR1 gene is a candidate gene that is mapped
to chromosome 18q23, suggesting that alterations in this receptor may promote tumor
progression and poor survival [142].

GALR1, GALR2, and GALR3 are expressed in immortalized oral keratinocytes and
oropharyngeal SCC cell lines [143,144]. Through competitive inhibition of galanin and
GALR1 neutralizing antibodies in these cell lines, Henson et al. showed that GALR1
has anti-proliferative effects in keratinocytes and that GALR2 and/or GALR3 exerts pro-
liferative effects [143]. Using a human oral carcinoma cell line transformed to express
GALR1, Kanazawa et al. demonstrated that galanin can bind GALR1 and suppress cell
proliferation by activating extracellular-regulated protein kinase (ERK)-1/2, reducing
cyclin D1 expression, and increasing cyclin-dependent kinase inhibitors p27(Kip1) and
p57(Kip2) [145]. These findings are consistent with other studies that suggest that GALR1
is a tumor suppressor in head and neck SCC.

Using sodium bisulfate DNA sequencing, Misawa et al. showed that loss of galanin
was associated with hypermethylation of the galanin promoter region in several head and
neck SCC cell lines. In a parallel retrospective investigation of 100 patients with head
and neck SCC, Misawa et al. found that hypermethylation of the galanin promoter in
tumors significantly decreased disease-specific survival (p < 0.0001). They also showed that
methylation of galanin and the gene pair galanin-and-GALR1 were independent predictors
of recurrence with an odds ratio of 8.95 (95% CI: 2.29–35.03) and 23.84 (95% CI: 2.74–207.17),
respectively [146]. The culmination of these findings suggests that down regulation of
galanin and GALR1 through DNA hypermethylation are poor prognostic factors and may
represent an avenue for potential therapeutic intervention.

Investigations in head and neck SCC suggest that GALR2 is pro-tumorigenic. When
compared to oral keratinocytes, GALR2 expression was found to be upregulated in multiple
head and neck SCC cell line. To elucidate the effects of GALR2 expression, Banerjee
et al. induced head and neck SCC cell lines to overexpress GALR2. Overexpression
of GALR2 stimulated cell proliferation and survival through ERK and Akt activation
in vitro and promoted tumor growth in vivo [144]. Although this study suggests that
GALR2 overexpression has an oncogenic role in head and neck SCC, GALR2 may have an
opposing role in p53 mutant head and neck SCC by inducing apoptosis [147].

GALR2 overexpression may also play an important role in regulating PNI in head
and neck SCC. Scanion et al. analyzed tumors from athymic mice implanted with oral
SCC (OSCC3) cells stably overexpressing GALR2 or the control vector. They found that
rats implanted with GALR2-overexpressing tumors developed PNI, while those with the
control vector did not. GALR2 overexpression was also associated with more neuronal
involvement and poor survival in vivo. Through a series of co-cultures and conditioned
media assays, Scanion et al. showed that nerve-derived galanin can activate GALR2 in
cancer cells and initiate crosstalk between nerve and cancer. GALR2 activation subse-
quently induces tumor cells to secrete pro-inflammatory mediators and neuropeptides that
promote invasion and PNI through NFATC2 (nuclear factor of activated T cells 2)-mediated
cyclooxygenase-2 expression. In a complete feedback loop, galanin secretion from tumor-
promoted neuritogenesis. Furthermore, they show that downregulation or blockage of
GALR2 or galanin disrupted this nerve-tumor crosstalk to prevent PNI and neuritogene-
sis [94]. Overall, these studies provide an exciting basis for further investigations of galanin
and GALR2 at therapeutic targets for PNI in oral SCC.

5.6. Neural Cell Adhesion Molecule 1 and Fibroblast Growth Factor Receptor 1

Neural cell adhesion molecule-1 (NCAM1) is an important glycoprotein that binds
to fibroblast growth factor receptor-1 (FGFR1) in neurons to induce neurite outgrowth
and neuronal migration [148,149]. NCAM overexpression has been associated with PNI in
multiple cancers, including prostate cancer, pancreatic cancer, and cutaneous SCC [150–152].
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In prostate cancer, NCAM is thought to facilitate cancer cell migration towards nerves and
perineural invasion in part through nuclear factor kappa B (NFkB) activation [113].

Schwann cells are the principal neuronal support cells, responsible for maintaining
nerve homeostasis, facilitating nerve repair following injury, and providing neuronal
insulation for signal transduction under normal physiological conditions [153]. Deborde
et al. introduced Schwann cells as an important player in the initiation of PNI in pancreatic
cancer. In a series of in vitro live imaging assays with pancreatic adenocarcinoma, Schwann
cells, and dorsal root ganglia, they demonstrated that Schwann cells can migrate towards
cancer, direct cancer cells to migrate toward nerves, and promote invasion in a manner
dependent on Schwann cell expression of NCAM1. Schwann cells also intercalated between
cancer cells, causing cancer cell dispersion. Furthermore, NCAM1-deficient mice were
found to have less PNI than their wild-type counterparts [151]. These findings were critical
in showing how the NCAM1/FGFR1 pathway in the tumor microenvironment can activate
Schwann cells to facilitate PNI in pancreatic cancer. However, the role of NCAM1 in
promoting PNI in head and neck SCC is less clear.

In a retrospective study, Vural et al. performed immunohistochemistry for NCAM
on 66 head and neck SCC tumors, of which 41 demonstrated perineural spread. NCAM
expression was identified in 93% of tumors with perineural spread, but only 36% of tumors
without perineural spread. The difference in NCAM expression between the two groups
was significant (p < 0.01) [154]. Similarly, McLaughlin analyzed 76 archived head and neck
SCC specimens for PNI and NCAM expression. Of the 76 tumors, 37% demonstrated PNI
while 50% demonstrated NCAM expression. They also found that NCAM expression was
significantly associated with PNI (p = 0.002) [155]. In contrast, NCAM expression did not
predict neurotropism in a retrospective analysis of cutaneous SCC tumors of the head and
neck; however, the study was small (n = 14), tumors were of cutaneous origin, and tumor
specimens were compared to normal nerves instead of matched controls without PNI [156].
Additional studies are needed to delineate the role of NCAM1 and FGFR1 interaction in
oral SCC PNI.

5.7. Alternative Pathways Influencing PNI and Tumor Progression

In addition to neurotrophic signaling, there are complementary signaling pathways
influencing PNI in other cancers that may have implications in oral cavity SCC. For instance,
peripheral nerves secrete serine to induce the growth of pancreatic ductal adenocarcinoma
cells. Meanwhile, serine deprivation led to selective secretion of NGF, suggesting that
nerve–tumor crosstalk via amino acids may influence PNI [157]. Furthermore, activation of
the neurotransmitter N-methyl-d-aspartate receptor by pseudo-tripartite synapses between
cancer and nerves has been associated with breast cancer metastasis to the brain [158].
Along those same lines, the interaction between migratory nerve progenitors and prostate
tumors in a mouse model has been shown to stimulate nerve infiltration into the tumor and
adrenergic neurogenesis [159]. The interactions of secreted factors, receptors, and nerve
and Schwann cell states are likely influential in oral cavity SCC with PNI and warrant
further investigation.

6. Potential Therapeutic Interventions for Perineural Invasion

By elucidating the molecular and cellular mechanisms responsible for PNI in oral SCC,
we can investigate how existing cancer therapies (i.e., chemotherapies and radiation) and
novel target-directed therapies can block paracrine and Schwann cell-mediated pathways
involved in PNI. For example, exposure of dorsal root ganglia to 4 Gy of single fraction
radiation significantly reduced GDNF expression and inhibited PNI in co-cultures with
pancreatic cancer cells. Similarly, delivering 8 Gy of radiation to the sciatic nerve of mice
reduced GDNF expression, decreased PNI, and preserved nerve function in mice implanted
with pancreatic cancer cells [160]. Thus, elucidating how radiation therapy can potentially
alter the nerve microenvironment in head and neck SCC to reduce the incidence of PNI has
many therapeutic implications. Inhibitors that target neurotrophins and their receptors is
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another avenue of novel therapeutics that may be effective at treating tumors with PNI and
prolonging survival in patients with oral SCC [161]. Immunotherapies have made major
advances in recent years and may revolutionize treatment of head and neck SCC tumors
with PNI. By using targeted therapies to alter the interaction between tumor cells, nerves,
and Schwann cells, we may be able to reduce morbidity and improve prognosis in patients
with oral cavity SCC.

7. Conclusions

PNI is a poor prognostic factor that increases locoregional recurrence and reduces
disease-specific and recurrence free-survival in patients with oral cavity SCC. PNI is a
dynamic process that entails reciprocal signaling between tumor and nerve constituents,
such as the Schwann cells and nerves. Overexpression of several neurotrophins and their
receptors have been linked to the development of PNI in head and neck SCC. There is
also some evidence that PD-L1 may inhibit immune response in the perineural niche to
facilitate PNI in oral SCC. Understanding the molecular and cellular mechanisms of PNI
and how adjuvant radiation, chemotherapies, immunotherapies, and novel antagonists of
neurotrophins and their receptors can modulate PNI are critical for identifying effective
treatments for oral cavity SCC.
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