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Abstract

Pain is among the most prevalent and debilitating symptoms experienced by patients with cancer,
significantly impairing functional status and overall quality of life. Its origin is multifactorial, involving
direct tumor infiltration, treatment-induced tissue and neural injury, and immune-mediated inflammatory
processes. This section examines the epidemiology of cancer-related pain, delineates its complex
pathophysiology with particular focus on neuroimmune interactions, and reviews current pharmacological
and interventional approaches for managing both acute and chronic pain in oncological settings. Advancing
knowledge of immune-driven pain mechanisms holds promise for the development of more targeted,
effective, and personalized analgesic strategies in cancer care.
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Introduction

Pain remains one of the most prevalent and burdensome problems encountered in oncology, affecting
approximately 55% of patients undergoing active antineoplastic therapy, 66% of individuals with
advanced-stage malignancies, and up to 80% of patients receiving palliative care [1]. Beyond the active
treatment phase, approximately one-third of cancer survivors experience persistent, often chronic, and
neuropathic pain long after treatment completion [2]. The etiology of cancer-related pain is multifactorial,
arising from direct tumor invasion, nerve compression or infiltration, treatment-induced injury (e.g.,
surgical trauma, chemotherapy-induced neuropathy), and systemic inflammation [3]. Despite advances in
cancer therapies and pain management protocols, adequate analgesic control is not achieved in 30-50% of
patients [4]. Undertreated cancer pain is associated with functional impairment, sleep disturbances,
emotional distress, and reduced adherence to oncologic treatment regimens, ultimately worsening clinical
outcomes and quality of life [5].
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Comprehensive pain management requires more than pharmacological optimization. Effective
interventions should incorporate personalized, interdisciplinary models that integrate immunological,
psychosocial, and disease-specific factors [6]. From a pathophysiological perspective, cancer pain is a
complex and heterogeneous entity, comprising nociceptive, neuropathic, and inflammatory components
that frequently coexist in the so-called mixed pain. Nociceptive pain typically results from tissue injury or
mechanical compression by the tumor mass, while neuropathic pain commonly arises from direct neural
infiltration or injury to somatosensory pathways secondary to cancer progression or its treatment [5].
Tumor cells release various algogenic mediators, protons (H*), adenosine triphosphate (ATP), bradykinin,
prostaglandins, and endothelins, which activate or sensitize peripheral nociceptors through ion channels
and G-protein-coupled receptors, such as TRPV1 (transient receptor potential vanilloid 1), ASIC3 (acid-
sensing ion channel 3), and P2X receptors, on sensory neurons [7, 8]. Concurrently, the tumor
microenvironment (TME) sustains a chronic inflammatory state enriched with tumor-associated
macrophages (TAMs), neutrophils, and T lymphocytes, which secrete pro-inflammatory cytokines (e.g., IL-
1B, IL-6, TNF-a) and chemokines (e.g., CCL2, CXCL1), further enhancing nociceptive signaling and
contributing to peripheral sensitization [9]. Chemotherapy-induced peripheral neuropathy (CIPN)
represents an example of a major iatrogenic cause of cancer-related neuropathic pain. Neurotoxic agents
such as paclitaxel disrupt axonal transport, impair mitochondrial function, and induce neuroimmune
activation within the dorsal root ganglia (DRG) and spinal cord [10, 11]. Sustained nociceptive input and
neuroinflammation promote central sensitization through microglial and astrocytic activation, resulting in
hyperalgesia, allodynia, and pain chronification. The immune system plays an integral role in this
pathophysiology, mediating neuroimmune crosstalk that drives persistent cancer pain [12]. This narrative
review highlights the epidemiology, pathophysiology, and pharmacological management of cancer pain,
with an emphasis on immune mechanisms contributing to its development and chronification.

Methods

Literature search strategy

This narrative review was conducted following the SANRA criteria for narrative review articles [13]. A
literature search was conducted to identify relevant studies examining the epidemiology, pathophysiology,
and management of cancer pain, with particular emphasis on neuroimmune interactions and
immunomodulatory mechanisms. A systematic search was performed in PubMed/MEDLINE, Scopus, and
Web of Science databases up to December 2025. The search strategy employed combinations of Medical
Subject Headings (MeSH) terms and free-text keywords including: (“cancer pain” OR “oncologic pain” OR
“malignant pain” OR “tumor pain”) AND (“neuropathic pain” OR “nociceptive pain” OR “inflammatory pain”
OR “mixed pain” OR “nociplastic pain”) AND (“immunity” OR “immune system” OR “inflammation” OR
“cytokines” OR “chemokines” OR “neuroinflammation” OR “neuroimmune” OR “immune cells” OR
“macrophages” OR “T cells”) AND (“pathophysiology” OR “mechanisms” OR “sensitization” OR “nociceptors”
OR “tumor microenvironment”) AND (“pharmacological treatment” OR “analgesics” OR “opioids” OR
“adjuvant therapy” OR “immunomodulation” OR “pain management”). Additional searches were conducted
focusing on specific therapeutic interventions and emerging approaches: (“chemotherapy-induced
peripheral neuropathy” OR “CIPN”), (“immune checkpoint inhibitors” OR “immunotherapy”), (“central
sensitization” OR “peripheral sensitization”), and (“interventional analgesia” OR “neuromodulation”).
Reference lists of identified articles, recent systematic reviews, and clinical practice guidelines were
manually screened to identify additional relevant publications.

Selection criteria and study types

Given the narrative nature of this review and its aim to provide a comprehensive overview of current
knowledge regarding cancer pain mechanisms and management, we included multiple study types to
capture the available evidence. Eligible publications comprised: original research articles including
randomized controlled trials, observational studies, cohort studies and case-control studies examining
cancer pain epidemiology, pathophysiology, or treatment outcomes; systematic reviews and meta-analyses
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synthesizing evidence on cancer pain mechanisms or therapeutic interventions; mechanistic studies
including laboratory investigations, animal models, and translational research elucidating molecular and
cellular pathways in cancer pain; clinical practice guidelines and consensus statements from major
professional organizations; and narrative reviews providing expert synthesis of specific cancer pain topics.
Priority was given to peer-reviewed publications in English from high-impact journals, with emphasis on
recent evidence published within the last 5 years (2020-2025) to reflect contemporary understanding and
practice. However, seminal earlier publications establishing foundational concepts in pain neurobiology,
neuroimmunology, and cancer pain mechanisms were also included when they provided essential
background or remained the primary reference for specific concepts. Studies were excluded if they focused
exclusively on pediatric populations, non-malignant chronic pain without a cancer context, or were case
reports with fewer than three patients. Conference abstracts, dissertations, and non-peer-reviewed sources
were generally excluded unless they reported unique data not available in peer-reviewed publications.

Data extraction and synthesis

Given the narrative approach, formal quality assessment tools for systematic reviews were not employed.
Findings were synthesized narratively and organized thematically according to the review’s main
objectives: epidemiology, pathophysiological mechanisms, neuroimmune interactions, and pharmacological
management strategies. During the evaluation of the articles, we found a substantial heterogeneity across
studies regarding cancer types, disease stages, patient populations, pain assessment instruments, treatment
regimens, and outcome measures. In fact, cancer pain encompasses diverse clinical entities spanning
multiple tumor types, anatomical locations, and disease trajectories, which inherently limits the ability to
draw uniform conclusions. This narrative approach permits comprehensive coverage of a complex,
multifaceted topic but lacks the systematic reproducibility and quantitative synthesis of formal systematic
reviews. The inclusion of diverse study types precludes any statistical meta-analysis. Furthermore, the
predominance of studies from high-income countries may limit generalizability to resource-limited settings
where cancer pain management resources and practices differ substantially.

Epidemiology of cancer pain

Pain remains one of the most prevalent symptoms in oncology [1]. Among cancer survivors, nearly one-
third report ongoing, often neuropathic, pain months or years after treatment completion [14, 15]. The
multifactorial etiology includes tumor invasion, nerve injury, treatment-related neurotoxicity, and systemic
immune activation [3]. Despite the evolution of clinical guidelines and multimodal analgesic strategies, pain
remains inadequately controlled in 30-50% of patients, particularly those with neuropathic or mixed pain
syndromes and in low-resource healthcare settings [4]. Undertreated cancer pain contributes to physical
disability, disturbed sleep, psychological distress, and reduced treatment compliance, all of which
negatively impact clinical outcomes and quality of life [5]. Addressing these challenges requires optimized
pharmacotherapy and broader implementation of interdisciplinary, mechanism-based pain management
models that integrate immunological and psychosocial considerations [16].

Pathophysiology of cancer pain
Classification of pain types in cancer

Pain associated with cancer can be broadly categorized into four principal types: nociceptive, neuropathic,
inflammatory, and mixed pain. Each type is characterized by distinct pathophysiological mechanisms,
receptor involvement, and anatomical sites of origin [17].

Nociceptive pain arises from the activation of nociceptors, specialized peripheral sensory neurons that
detect actual or potential tissue damage. These high-threshold sensory neurons express various receptors
that respond to mechanical, thermal, and chemical stimuli [18]. In the cancer context, nociceptive pain
typically results from direct tumor invasion, causing tissue destruction, mechanical compression of
adjacent structures, or stretching of visceral organs [19]. Key receptors involved in nociceptive pain include
TRPV1, which responds to heat and acidic conditions; ASICs, particularly ASIC3, activated by tissue
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acidosis; and purinergic receptors (P2X2/3 and P2Y receptors) that detect ATP released from damaged
cells [20]. Additional nociceptive receptors include bradykinin receptors (B1 and B2), prostaglandin
receptors (EP and IP receptors), and mechanoreceptors such as Piezo2 channels [21]. Nociceptive pain
occurs predominantly in somatic tissues, including bone (especially common in metastatic disease),
muscles, skin, and connective tissues, as well as in visceral organs such as the liver, pancreas, and
gastrointestinal tract [22].

Neuropathic pain develops as a direct consequence of injury or dysfunction affecting the
somatosensory nervous system itself, rather than from nociceptor activation [23]. In oncology, neuropathic
pain commonly results from direct tumor infiltration or compression of peripheral nerves, nerve roots, or
the spinal cord, as well as from treatment-related nerve damage, including CIPN, radiation-induced
plexopathy, and surgical nerve injury [24]. The pathophysiology involves aberrant neuronal excitability,
ectopic discharge generation, altered ion channel expression, and central sensitization mechanisms [25].
Neuropathic pain is mediated by changes in voltage-gated sodium channels (particularly Nav1.7, Nav1.8,
and Nav1.9), which become upregulated in injured neurons and contribute to spontaneous firing and
mechanical allodynia [26]. Voltage-gated calcium channels, especially the N-type (Cav2.2) and T-type
channels, play crucial roles in neurotransmitter release and pain signal transmission [27]. Additionally,
dysregulation of potassium channels reduces the neuronal threshold for action potential generation [28].

Inflammatory pain represents a protective response to tissue injury and inflammation, mediated by
complex interactions between the immune system and sensory neurons [19]. In the TME, inflammatory
pain is driven by immune cell infiltration, including TAMs, neutrophils, mast cells, and lymphocytes, which
release numerous pro-inflammatory mediators [29]. These mediators sensitize and activate nociceptors
through specific receptors and signaling pathways [30]. Primary receptors involved in inflammatory pain
include Toll-like receptors (TLRs), particularly TLR4, expressed on both immune cells and sensory neurons,
which recognize damage-associated molecular patterns [31]. Cytokine receptors such as IL-1R, TNFR, and
IL-6R mediate the pronociceptive effects of inflammatory cytokines [32]. Chemokine receptors, including
CCR2 (responding to CCL2/MCP-1) and CXCR2 (activated by CXCL1 and CXCL8), contribute to immune cell
recruitment and nociceptor sensitization. Nerve growth factor (NGF) receptor (TrkA) and its co-receptor
p75NTR mediate the sensitizing effects of NGF, which is abundantly released in inflamed tissues [33].
Inflammatory pain occurs at sites of active tumor growth where immune infiltration is prominent, in areas
affected by cancer-related inflammation, such as bone marrow in leukemia, in tissues responding to cancer
treatment (radiation-induced mucositis, surgical wounds), and systemically in paraneoplastic inflammatory
syndromes [34].

Mixed pain represents the simultaneous presence of two or more pain mechanisms, most commonly a
combination of nociceptive and neuropathic components, with inflammatory processes frequently
contributing to both [35]. This phenotype is particularly prevalent in cancer patients, where a single tumor
may cause direct tissue damage (nociceptive), infiltrate neural structures (neuropathic), and provoke
substantial immune responses (inflammatory) concurrently [36]. Mixed pain syndromes involve the
complex interplay of multiple receptor systems and anatomical sites described above. The receptors
engaged in mixed pain encompass the full spectrum of nociceptive receptors (TRPV1, ASICs, P2X
receptors), neuropathic pain-related ion channels (voltage-gated sodium, calcium, and potassium
channels), and inflammatory mediator receptors (TLRs, cytokine receptors, chemokine receptors, TrkA)
[37]- This results in overlapping sensitization mechanisms affecting both peripheral nociceptors and central
pain pathways. Mixed pain typically manifests in anatomically complex cancer presentations such as
vertebral metastases causing both bone pain and nerve root compression, head and neck cancers involving
tissue destruction with cranial nerve involvement, and post-treatment pain syndromes combining surgical
trauma, nerve damage, and ongoing inflammation [38]. Understanding these distinct pain categories and
their underlying receptor mechanisms is essential for implementing targeted, mechanism-based
therapeutic approaches in cancer pain management [39].

Explor Immunol. 2026;6:1003240 | https://doi.org/10.37349/€1.2026.1003240 Page 4



Biological mechanisms of nociceptor modulation

Understanding pain pathophysiology requires knowledge of the fundamental biological processes that
modulate nociceptive signaling: nociceptor activation, sensitization, desensitization, and central
sensitization. These mechanisms represent distinct cellular and molecular events that determine the
intensity, duration, and quality of pain perception.

Peripheral sensitization describes the increased responsiveness and reduced threshold of nociceptive
neurons in the peripheral nervous system [40]. This phenomenon occurs through multiple molecular
mechanisms operating at the level of the nociceptor terminal and cell body. Inflammatory mediators,
including prostaglandin E2, bradykinin, serotonin, and NGF, activate intracellular signaling cascades
involving protein kinase A (PKA), PKC, and mitogen-activated protein kinases (MAPKs) [41]. These kinases
phosphorylate ion channels and receptors, altering their biophysical properties to enhance excitability [42].
For instance, phosphorylation of TRPV1 channels reduces their activation threshold, causing them to open
at lower temperatures and in response to milder acidic conditions [43]. Similarly, voltage-gated sodium
channels undergo trafficking changes, with increased insertion into the neuronal membrane and altered
gating Kinetics that promote repetitive firing [44]. Peripheral sensitization also involves transcriptional
changes in the DRG, where increased expression of pronociceptive ion channels, receptors, and signaling
molecules occurs in response to inflammatory signals [45]. The biological consequence is that previously
innocuous stimuli can now trigger pain (allodynia), and noxious stimuli produce exaggerated pain
responses (hyperalgesia) [46]. In cancer patients, the TME continuously releases sensitizing mediators,
maintaining nociceptors in a hyperexcitable state that contributes to ongoing pain and tactile allodynia in
tumor-bearing tissues [29].

Desensitization represents the biological process by which repeated or prolonged stimulation leads to
a progressive reduction in response magnitude [47]. At the receptor level, this involves conformational
changes that reduce responsiveness despite continued ligand presence. Mechanistically, desensitization is
mediated by receptor phosphorylation through G-protein-coupled receptor kinases and arrestin binding,
which uncouples receptors from intracellular signaling, as well as receptor internalization via endocytosis
[48]. For ion channels such as TRPV1, calcium-dependent desensitization occurs through calmodulin-
mediated channel inactivation following calcium influx [49]. This process serves a protective role by
limiting excessive neuronal excitation and contributes to the tolerance observed with some analgesic
therapies [50]. However, in chronic pain states, including cancer pain, persistent inflammatory signaling
and activation of multiple receptor systems frequently overcome desensitization, resulting in sustained
sensitization rather than adaptation [51].

Central sensitization refers to a state of hyperexcitability within central pain pathways, particularly in
the spinal dorsal horn and higher brain centers [37]. Unlike peripheral sensitization, it involves functional
and structural changes in second-order neurons and their synaptic connections. Key mechanisms include
enhanced synaptic transmission driven by increased neurotransmitter release and heightened postsynaptic
responsiveness. NMDA (N-methyl-D-aspartate) receptor activation plays a central role, as prolonged
nociceptive input removes the magnesium block, allowing calcium influx that activates intracellular
signaling pathways such as PKC and CaMKII, ultimately strengthening synaptic transmission through
phosphorylation of AMPA receptors and related proteins [52]. Glial activation, particularly of microglia and
astrocytes, contributes through the release of pro-inflammatory cytokines and chemokines that enhance
neuronal excitability and maintain neuroinflammation [53]. Clinically, these processes produce expansion
of receptive fields, reduced pain thresholds, amplified responses to stimulation, and persistent neuronal
activity after stimulus cessation. In cancer patients, central sensitization contributes to referred pain,
allodynia beyond tumor boundaries, and persistent pain despite tumor reduction, and is particularly
relevant in CIPN [54]. The process may also spread anatomically to supraspinal structures, including the
thalamus, anterior cingulate cortex, and insula, contributing to affective and cognitive dimensions of cancer
pain [55]. In chronic cancer pain, persistent peripheral input sustains both peripheral and central
sensitization in a self-perpetuating cycle that complicates analgesic control [19].
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Diverse etiologies and mechanisms of cancer-related neuropathic pain

Neuropathic pain in cancer patients arises through multiple distinct pathogenic mechanisms, each
contributing to the complex neuropathic pain phenotype observed clinically. Direct tumor-related
neuropathic pain commonly results from mechanical nerve compression or infiltration by expanding tumor
masses, which may involve peripheral nerves, plexuses, or spinal nerve roots [56]. Vertebral metastases
can produce radiculopathy through epidural extension and vertebral collapse, while retroperitoneal and
head-and-neck tumors frequently affect major plexuses or cranial nerves. Mechanical compression leads to
ischemic injury, impaired axonal transport, and, in severe cases, Wallerian degeneration, all of which
promote neuropathic pain [57]. Tumor infiltration of neural tissue represents another key mechanism,
particularly in cancers characterized by perineural invasion, such as pancreatic, prostate, and head and
neck malignancies [58]. Tumor cells migrate along nerve sheaths and release neurotrophic factors that
sensitize nociceptors and promote ectopic neural activity, while interactions among cancer cells, Schwann
cells, and immune cells generate sustained neuroinflammation [59]. Neuroinflammation is a central
mechanism across cancer-related neuropathic pain etiologies. Immune cell infiltration within the TME leads
to the release of pro-inflammatory cytokines and chemokines that directly sensitize nociceptors and recruit
additional inflammatory cells, sustaining neuronal hyperexcitability [60]. Reactive satellite glial cells in the
DRG further contribute to this process by releasing inflammatory mediators that enhance neuronal firing
[61]. latrogenic mechanisms also play an important role. Radiation therapy may induce neuropathy
through direct neural injury, microvascular damage, and progressive fibrosis, often manifesting months or
years after treatment and associated with persistent neuroinflammation [62]. Surgical interventions can
similarly produce neuropathic pain through nerve transection, stretch injury, or ischemia, leading to
Wallerian degeneration, neuroma formation, and aberrant regeneration [63]. Microglia, the resident
immune cells of the central nervous system, play a central role in cancer-related pain by shifting from a
surveillant state to an activated phenotype that promotes neuroinflammation and central sensitization [53].
In cancer pain, spinal microglia are activated by peripheral nerve injury from tumor compression or
infiltration, chemotherapy-induced neurotoxicity, and danger-associated molecular patterns released from
damaged tissue [64]. Once activated, microglia undergo morphological and functional changes and release
pro-inflammatory cytokines and chemokines that enhance neuronal excitability and sustain
neuroinflammatory signaling within the dorsal horn [65]. Purinergic signaling, particularly ATP-mediated
activation of P2X receptors, represents a key pathway linking peripheral tissue damage to spinal microglial
activation and neuropathic pain [28]. Microglia further contribute to pain amplification by disrupting
inhibitory neurotransmission through downregulation of potassium-chloride cotransporter 2 (KCC2),
leading to disinhibition of pain pathways, and by releasing brain-derived neurotrophic factor (BDNF),
which strengthens synaptic transmission and promotes long-term potentiation of nociceptive signaling
[66]. In cancer-specific contexts, tumor-derived factors can activate spinal microglia even without direct
central nervous system invasion, establishing tumor-to-spinal cord signaling that contributes to persistent
pain [29]. Moreover, immune cells populate the TME. TAMs, regulatory T cells (Tregs), and myeloid-derived
suppressor cells (MDSCs) promote immune evasion by releasing IL-10 and TGF-§ (transforming growth
factor-beta) and suppressing cytotoxic T cell responses [67, 68]. These immune mechanisms
simultaneously contribute to neuroinflammation and heightened nociceptive transmission [68]. Persistent,
uncontrolled cancer pain activates the hypothalamic-pituitary-adrenal (HPA) axis and sympathetic nervous
system, elevating glucocorticoids and catecholamines that impair T cell function and natural killer (NK) cell
cytotoxicity, potentially weakening antitumor immunity [69]. Chronic pain also disrupts dendritic cell
maturation and enhances Treg activity, reducing the efficacy of immunotherapies [70, 71]. Neurotoxic
chemotherapeutic agents further exacerbate neuropathy through mitochondrial damage, oxidative stress,
and glial activation [10, 11, 72]. These drugs additionally modulate immunity, causing immunogenic cell
death or lymphocyte depletion, which can alter antitumor immune responses [73, 74]. Inmune checkpoint
inhibitors (ICIs) such as anti-PD-1/PD-L1 and anti-CTLA-4 therapies enhance T cell-mediated antitumor
responses but can cause immune-related adverse events (irAEs), including peripheral neuropathies,
myositis, and arthralgia [75]. These irAEs result from autoimmune nerve damage, cytokine-mediated
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inflammation, and complement activation, often necessitating corticosteroid treatment that may attenuate
antitumor efficacy [76].

Pharmacological therapy

Pharmacological management remains largely based on the World Health Organization (WHO) three-step
analgesic ladder, which recommends a graded approach depending on pain severity: non-opioid analgesics
[e.g., paracetamol, non-steroidal anti-inflammatory drugs (NSAIDs)], weak opioids (e.g., codeine, tramadol),
and strong opioids (e.g., morphine, fentanyl, oxycodone) for moderate-to-severe pain. Contemporary
practice increasingly incorporates adjuvant analgesics and personalized regimens based on pain
mechanisms and individual patient factors [77]. Acute nociceptive pain often responds to NSAIDs or
corticosteroids, particularly in cases of bone metastases or inflammation-driven pain [78]. Opioids remain
essential for moderate-to-severe pain but are limited by adverse effects such as tolerance, constipation,
cognitive impairment, and opioid-induced hyperalgesia [79]. Optimized dosing strategies, opioid rotation,
and multimodal analgesia help balance analgesic efficacy with safety. Moreover, beyond their well-
recognized adverse effects, opioids exert important immunomodulatory actions that are particularly
relevant in cancer patients, where immune function influences tumor progression and treatment outcomes
[80]. Opioid receptors, especially the mu-opioid receptor, are expressed on immune cells, including
lymphocytes, NK cells, macrophages, and dendritic cells, enabling direct modulation of immune responses
[81]. Preclinical studies have consistently shown that chronic opioid exposure suppresses both innate and
adaptive immunity, notably by reducing NK cell cytotoxicity and impairing T-cell proliferation and cytokine
production, thereby weakening antitumor immune surveillance [81, 82]. Opioids also influence innate
immunity by altering macrophage polarization toward an immunosuppressive phenotype and impairing
dendritic cell maturation and antigen presentation, potentially facilitating tumor progression [83]. Clinical
evidence regarding opioid-induced immunosuppression and cancer outcomes remains inconclusive.
Observational studies suggest possible associations between opioid use and cancer recurrence or survival,
although confounding factors limit causal interpretation, and prospective data remain limited [84].
Importantly, immunomodulatory effects vary among opioids, with agents such as fentanyl and
buprenorphine demonstrating less immunosuppression than morphine in experimental models,
highlighting potential differences related to receptor pharmacology and systemic exposure [85]. The route
and duration of opioid administration may also influence immune effects, with lower systemic exposure
potentially reducing immunosuppressive consequences [86]. In the context of cancer immunotherapy,
opioid-induced immune modulation may theoretically affect treatment efficacy, although current clinical
evidence does not support withholding necessary opioid analgesia [87]. Overall, while opioids may
influence immune function, effective pain control remains essential, as uncontrolled pain itself can suppress
immunity and negatively affect clinical outcomes. Therefore, balanced pain management strategies,
including multimodal analgesia, opioid-sparing approaches, and individualized opioid selection, may help
optimize analgesia while minimizing potential immunological effects.

Neuropathic and mixed pain syndromes often necessitate co-analgesics. Antidepressants such as
duloxetine and nortriptyline and anticonvulsants including pregabalin and gabapentin effectively reduce
neuropathic pain, including CIPN, by modulating neuronal excitability via serotonin-norepinephrine
reuptake inhibition or calcium channel modulation [88]. For refractory pain or intolerable opioid-related
side effects, alternative pharmacologic strategies are under investigation. These include NMDA receptor
antagonists (e.g., ketamine), cannabinoid-based therapies, and anti-NGF monoclonal antibodies. Among
NMDA receptor antagonists, esketamine, the S-enantiomer of ketamine, shows particular promise for short-
term analgesic benefit in patients with refractory chronic pain and could represent a potential candidate for
investigation in cancer pain management, due to its greater analgesic potency and potentially more
favorable side-effect profile compared with racemic ketamine [89]. Esketamine exhibits approximately
twice the affinity for NMDA receptors as R-ketamine, allowing for lower effective doses and reduced
psychomimetic effects while maintaining analgesic efficacy. Clinical studies have demonstrated
esketamine’s effectiveness in reducing opioid-refractory cancer pain, particularly in patients with
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neuropathic components and central sensitization [90]. The intranasal formulation of esketamine,
originally developed for treatment-resistant depression, offers a non-invasive administration route that
may enhance accessibility for outpatient cancer pain management, though evidence specific to cancer
populations remains limited and warrants further investigation. Dextromethorphan, another NMDA
receptor antagonist traditionally used as an antitussive agent, has emerged as a potential adjuvant
analgesic for cancer-related neuropathic pain [91]. Its mechanism involves not only NMDA receptor
antagonism but also sigma-1 receptor agonism, serotonin-norepinephrine reuptake inhibition, and
nicotinic receptor antagonism, creating a multimodal analgesic effect. Clinical trials have shown that
dextromethorphan, particularly in combination formulations with quinidine (which inhibits
dextromethorphan’s rapid first-pass metabolism and increases bioavailability), can reduce neuropathic
pain [92] and could be a promising tool for cancer patients, including those with CIPN. The favorable safety
profile, lack of addiction potential, and oral bioavailability make dextromethorphan an attractive option for
long-term management of cancer-related neuropathic pain, though optimal dosing strategies and patient
selection criteria require further clarification through larger randomized controlled trials.

Cannabinoid-based therapies have emerged as potential adjuncts in cancer pain management due to
their analgesic and immunomodulatory properties mediated through the endocannabinoid system,
including CB1 receptors in central pain pathways and CB2 receptors on immune cells [93]. Cannabinoids
exert analgesic effects through multiple mechanisms, including reduction of peripheral nociceptor
sensitization, inhibition of inflammatory mediator release, modulation of ion channel activity, and
suppression of central pain transmission and neuroinflammation [94]. Clinical evidence remains limited
but suggests modest analgesic benefit, particularly with standardized preparations such as nabiximols, in
patients with cancer pain inadequately controlled by opioids, although results are inconsistent and adverse
effects such as sedation and cognitive impairment may occur [95]. Cannabinoids also exert
immunomodulatory effects, primarily through CB2 receptor activation, which suppresses inflammatory
responses and immune cell activity [96]. Preclinical studies indicate that cannabinoids may possess
antitumor properties through mechanisms including apoptosis induction, inhibition of angiogenesis, and
modulation of tumor cell proliferation, although these findings have not been definitively confirmed in
clinical settings [97]. Conversely, concerns remain regarding potential protumorigenic effects under certain
conditions, and interactions with cancer immunotherapy are not fully understood, though current evidence
does not support withholding cannabinoids when clinically indicated for symptom management. From a
clinical perspective, cannabinoids may be considered as adjunctive therapy in selected cancer patients with
refractory pain, particularly those with neuropathic components or opioid-related adverse effects, using
standardized formulations and careful dose titration [98]. Overall, cannabinoids represent a promising but
still evolving component of multimodal cancer pain management, and further high-quality clinical trials are
needed to clarify their long-term efficacy, safety, and impact on oncologic outcomes.

Given the immunological mechanisms underlying cancer pain, immunomodulatory approaches are
being explored. These include cytokine inhibitors (e.g., anakinra, tocilizumab), CCR2 antagonists, TLR4
blockers, and glial cell modulators (e.g., minocycline), which target neuroimmune mechanisms contributing
to nociception and central sensitization [99]. Effective pharmacologic management thus requires a
multimodal, mechanism-based approach tailored to the patient’s disease stage, pain phenotype, and
comorbidities, ideally delivered within an interdisciplinary pain management framework. The complex
interplay between tumor biology, immune activation, neural sensitization, and emerging precision
therapeutic strategies is summarized schematically in Figure 1.

Effective pharmacologic management thus requires a multimodal, mechanism-based approach tailored
to the patient’s disease stage, pain phenotype, and comorbidities, ideally delivered within an
interdisciplinary pain management framework (Table 1).
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Neuroimmune Mechanisms and Precision Therapeutic Targets in Cancer Pain
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Figure 1. Neuroimmune mechanisms and precision therapeutic targets in cancer-related pain. This schematic illustrates
the neuroimmune mechanisms underlying cancer pain and their therapeutic implications. Peripheral tumor-immune interactions
and central sensitization drive nociceptive signaling, resulting in nociceptive, neuropathic, and mixed pain phenotypes.
Corresponding precision treatments include pharmacological, immunomodulatory, neuromodulatory, and Al-assisted
approaches. NMDA: N-methyl-D-aspartate; NGF: nerve growth factor; DRG: dorsal root ganglia. Created in BioRender.
Varrassi, G. (2026) https://BioRender.com/vvr5kzf.

Table 1. Summary of pharmacological approaches for cancer pain management.

Class Examples Primary use Key points

Non-opioids NSAIDs, steroids Inflammatory/Bone pain Short-term side effects limit use

Opioids Morphine, fentanyl, oxycodone Moderate-severe pain Mainstay therapy.: tolerance,
immunosuppression

Co-analgesics Duloxetine, pregabalin Neuropathic pain, CIPN First-line for neuropathic components

NMDA antagonists Ketamine, esketamine Refractory, central Esketamine: better profile, intranasal

sensitization
Cannabinoids THC/CBD formulations Adjunctive, refractory pain  Limited evidence; immunomodulatory

Immunomodulatory Anti-NGF, cytokine inhibitors, glial Bone pain, inflammatory Emerging; target neuroimmune
modulators pain mechanisms

NSAIDs: non-steroidal anti-inflammatory drugs; NMDA: N-methyl-D-aspartate; CBD: cannabidiol; THC: delta-9-
tetrahydrocannabinol; NGF: nerve growth factor; CIPN: chemotherapy-induced peripheral neuropathy.

Discussion

Despite advances in oncological care, cancer pain remains a significant clinical challenge. Epidemiological
evidence indicates that 55% of patients undergoing active treatment, 66% with advanced disease, and 80%
receiving palliative care experience substantial pain [1]. Chronic pain persists in many survivors, often
neuropathic in nature [12, 14]. The multifaceted etiology of cancer pain necessitates individualized,
mechanism-oriented treatment approaches, where emerging tools such as artificial intelligence (Al) may
optimize pain assessment and therapy. The pathophysiology involves complex nociceptive, neuropathic,
and inflammatory interactions. Tumor-secreted algogenic substances directly activate nociceptors, while
the inflammatory TME, enriched with immune cells and cytokines, drives sensitization and neuroplastic
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changes. The intricate neuro-immune interactions underlying cancer pain have been comprehensively
examined in recent detailed reviews that provide extensive mechanistic analyses complementing this
narrative overview [100, 101]. Wang et al. [100] presented an exhaustive examination of molecular
mechanisms driving cancer pain, including a detailed discussion of ion channel modulation,
neurotransmitter systems, and intracellular signaling cascades at the molecular level, alongside
comprehensive treatment strategies spanning pharmacological, interventional, and emerging targeted
approaches. Amit et al. [101] provided an in-depth analysis of bidirectional neuro-immune cross-talk in
cancer, elucidating how nerve fibers infiltrating peripheral tumors release neuromodulatory factors that
shape immune cell behavior and tumor progression, while tumor-infiltrating immune cells reciprocally
modify neuronal activity including nociceptive signaling. These extensive reviews collectively emphasize
that cancer pain represents a complex interplay of neuronal, immune, and tumor cell interactions, requiring
an integrated understanding of neuro-immune axis mechanisms to develop novel therapeutic approaches
that strengthen antitumor immunity while providing effective analgesia. This narrative review synthesizes
key advances in this evolving field, highlighting their clinical relevance to cancer pain management. In
particular, emerging immunomodulatory, neuromodulatory, and Al-assisted approaches are broadening
therapeutic options and enabling more mechanism-based, personalized care [102]. Among
immunomodulatory strategies, monoclonal antibodies targeting NGF, such as tanezumab, have
demonstrated significant analgesic efficacy in cancer-related bone pain by reducing peripheral
sensitization, although safety concerns have limited regulatory approval [103]. Other approaches include
IL-1 receptor antagonists and chemokine receptor inhibitors, which aim to reduce neuroinflammation and
nociceptive signaling, while glial modulators such as minocycline and propentofylline show promise in
reducing neuropathic pain through inhibition of microglial activation [104]. Neuromodulatory
interventions provide mechanism-based alternatives for refractory cancer pain. Spinal cord stimulation
(SCS), including high-frequency and burst paradigms, has demonstrated sustained pain reduction and
improved functional outcomes, particularly in patients with neuropathic pain or post-treatment syndromes
[105]. DRG stimulation and peripheral nerve stimulation offer more targeted analgesia for focal cancer-
related pain syndromes. Al is also transforming cancer pain assessment and management. Machine learning
and natural language processing can identify patients at risk for severe pain, predict treatment response,
and support personalized analgesic selection based on clinical, genetic, and treatment-related factors [106].
Additionally, wearable sensors, digital monitoring platforms, and Al-assisted symptom management tools
enable continuous pain assessment, early intervention, and improved clinical outcomes [107]. Although
these emerging strategies require further validation and integration into clinical practice, they represent a
shift toward precision, mechanism-based cancer pain management tailored to individual patient
characteristics.

Limitations: This review is narrative in nature and thus limited by heterogeneity among included
studies, variable clinical settings, and evolving therapeutic standards. Translating mechanistic insights into
routine clinical practice remains constrained by a paucity of high-quality, randomized trials investigating
targeted immunomodulatory or neuromodulatory interventions. Future research should prioritize
mechanistically stratified clinical trials and multidisciplinary implementation strategies to close these gaps.

Conclusions

Cancer pain is a prevalent, multifactorial condition driven by nociceptive, neuropathic, nociplastic, and
immune-mediated mechanisms, often exacerbated by treatment-induced neurotoxicity. Despite therapeutic
advances, optimal control remains challenging. Emerging immunomodulatory, neuromodulatory, and Al-
assisted approaches hold promise for precision diagnostics and personalized management in oncology pain
care.

Explor Immunol. 2026;6:1003240 | https://doi.org/10.37349/€1.2026.1003240 Page 10



Abbreviations

Al artificial intelligence

ASIC3: acid-sensing ion channel 3

ATP: adenosine triphosphate

CIPN: chemotherapy-induced peripheral neuropathy
DRG: dorsal root ganglia

irAEs: immune-related adverse events

NGF: nerve growth factor

NK: natural killer

NMDA: N-methyl-D-aspartate

NSAIDs: non-steroidal anti-inflammatory drugs
PKA: protein kinase A

TAMs: tumor-associated macrophages

TLRs: Toll-like receptors

TME: tumor microenvironment

Tregs: regulatory T cells

TRPV1: transient receptor potential vanilloid 1

Declarations
Acknowledgments

We extend our sincere gratitude to the Paolo Procacci Foundation for its invaluable support and assistance
throughout the publication process. In particular, its assistance was indispensable in researching
bibliographic sources and preparing the illustrations.

Author contributions

GV: Conceptualization, Methodology, Visualization, Writing—original draft, Writing—review & editing. DM:
Formal analysis, Writing—review & editing. MLGL: Formal analysis, Methodology, Writing—original draft,
Writing—review & editing. All authors read and approved the submitted version.

Conflicts of interest

Giustino Varrassi and Matteo Luigi Giuseppe Leoni, who are the Guest Editors of Exploration of
Immunology, had no involvement in the decision-making or review process of this manuscript. The other
author declare no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Explor Immunol. 2026;6:1003240 | https://doi.org/10.37349/€i.2026.1003240 Page 11



Funding

This research received no external funding.

Copyright
© The Author(s) 2026.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations

and maps. All opinions expressed in this article are the personal views of the author(s) and do not
represent the stance of the editorial team or the publisher.

References

1.

10.

11.

12.

13.

14.

15.

16.

van den Beuken-van Everdingen MH, de Rijke JM, Kessels AG, Schouten HC, van Kleef M, Patijn J.
Prevalence of pain in patients with cancer: a systematic review of the past 40 years. Ann Oncol.
2007;18:1437-49. [DOI] [PubMed]

Nathan ] N, Shereef M E, Ricardo H A. Cancer pain: a review of epidemiology, clinical quality and
value impact. Future Oncol. 2016;13:833-41. [DOI] [PubMed]

Fallon M, Giusti R, Aielli F, Hoskin P, Rolke R, Sharma M, et al. Management of cancer pain in adult
patients: ESMO Clinical Practice Guidelines. Ann Oncol. 2018;29:iv166-91. [DOI] [PubMed]

Mantyh PW. Cancer pain and its impact on diagnosis, survival and quality of life. Nat Rev Neurosci.
2006;7:797-809. [DOI] [PubMed]

Bennett MI, Rayment C, Hjermstad M, Aass N, Caraceni A, Kaasa S. Prevalence and aetiology of
neuropathic pain in cancer patients: a systematic review. Pain. 2012;153:359-65. [DOI] [PubMed]
Russo MM, Sundaramurthi T. An Overview of Cancer Pain: Epidemiology and Pathophysiology.
Semin Oncol Nurs. 2019;35:223-8. [DOI] [PubMed]

Basbaum Al, Bautista DM, Scherrer G, Julius D. Cellular and molecular mechanisms of pain. Cell.
2009;139:267-84. [DOI] [PubMed] [PMC]

Bohren Y, Cachemaille M, Timbolschi ID, Perruchoud C. Understanding the Physiopathology of Pain
Pathways for a Practical Approach of Cancer Pain Management. Cardiovasc Intervent Radiol. 2025;
48:899-906. [DOI] [PubMed]

McMahon SB, Russa FL, Bennett DLH. Crosstalk between the nociceptive and immune systems in
host defence and disease. Nat Rev Neurosci. 2015;16:389-402. [DOI] [PubMed]

Sisignano M, Baron R, Scholich K, Geisslinger G. Mechanism-based treatment for chemotherapy-
induced peripheral neuropathic pain. Nat Rev Neurol. 2014;10:694-707. [DOI] [PubMed]

Kouri M, Rekatsina M, Vadalouca A, Viswanath O, Varrassi G. Oral Neuropathy Associated with
Commonly used Chemotherapeutic Agents: A Narrative Review. Curr Pain Headache Rep. 2024;28:
1209-17. [DOI] [PubMed]

Scholz ], Woolf CJ]. The neuropathic pain triad: neurons, immune cells and glia. Nat Neurosci. 2007;
10:1361-8. [DOI] [PubMed]

Baethge C, Goldbeck-Wood S, Mertens S. SANRA-a scale for the quality assessment of narrative
review articles. Res Integr Peer Rev. 2019;4:5. [DOI] [PubMed] [PMC]

Paice JA. Pain in Cancer Survivors: How to Manage. Curr Treat Options Oncol. 2019;20:48. [DOI]
[PubMed]

Dupoiron D. Pain in cancer survivors: a challenge for the next decade. Ann Palliat Med. 2023;12:
434-6. [DOI] [PubMed]

Mestdagh F, Steyaert A, Lavand’homme P. Cancer Pain Management: A Narrative Review of Current
Concepts, Strategies, and Techniques. Curr Oncol. 2023;30:6838-58. [DOI] [PubMed] [PMC]

Explor Immunol. 2026;6:1003240 | https://doi.org/10.37349/€1.2026.1003240 Page 12


https://dx.doi.org/10.1093/annonc/mdm056
http://www.ncbi.nlm.nih.gov/pubmed/17355955
https://dx.doi.org/10.2217/fon-2016-0423
http://www.ncbi.nlm.nih.gov/pubmed/27875910
https://dx.doi.org/10.1093/annonc/mdy152
http://www.ncbi.nlm.nih.gov/pubmed/30052758
https://dx.doi.org/10.1038/nrn1914
http://www.ncbi.nlm.nih.gov/pubmed/16988655
https://dx.doi.org/10.1016/j.pain.2011.10.028
http://www.ncbi.nlm.nih.gov/pubmed/22115921
https://dx.doi.org/10.1016/j.soncn.2019.04.002
http://www.ncbi.nlm.nih.gov/pubmed/31085106
https://dx.doi.org/10.1016/j.cell.2009.09.028
http://www.ncbi.nlm.nih.gov/pubmed/19837031
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2852643
https://dx.doi.org/10.1007/s00270-024-03920-9
http://www.ncbi.nlm.nih.gov/pubmed/39789258
https://dx.doi.org/10.1038/nrn3946
http://www.ncbi.nlm.nih.gov/pubmed/26087680
https://dx.doi.org/10.1038/nrneurol.2014.211
http://www.ncbi.nlm.nih.gov/pubmed/25366108
https://dx.doi.org/10.1007/s11916-024-01305-8
http://www.ncbi.nlm.nih.gov/pubmed/39052182
https://dx.doi.org/10.1038/nn1992
http://www.ncbi.nlm.nih.gov/pubmed/17965656
https://dx.doi.org/10.1186/s41073-019-0064-8
http://www.ncbi.nlm.nih.gov/pubmed/30962953
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6434870
https://dx.doi.org/10.1007/s11864-019-0647-0
http://www.ncbi.nlm.nih.gov/pubmed/31062182
https://dx.doi.org/10.21037/apm-23-41
http://www.ncbi.nlm.nih.gov/pubmed/37038071
https://dx.doi.org/10.3390/curroncol30070500
http://www.ncbi.nlm.nih.gov/pubmed/37504360
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10378332

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Treede R, Rief W, Barke A, Aziz Q, Bennett MI, Benoliel R, et al. A classification of chronic pain for
ICD-11. Pain. 2015;156:1003-7. [DOI] [PubMed] [PMC]

Dubin AE, Patapoutian A. Nociceptors: the sensors of the pain pathway. ] Clin Invest. 2010;120:
3760-72. [DOI] [PubMed] [PMC]

Falk S, Dickenson AH. Pain and nociception: mechanisms of cancer-induced bone pain. ] Clin Oncol.
2014;32:1647-54. [DOI] [PubMed]

Julius D. TRP channels and pain. Annu Rev Cell Dev Biol. 2013;29:355-84. [DOI] [PubMed]

Murthy SE, Dubin AE, Patapoutian A. Piezos thrive under pressure: mechanically activated ion
channels in health and disease. Nat Rev Mol Cell Biol. 2017;18:771-83. [DOI] [PubMed]

Paice JA, Ferrell B. The management of cancer pain. CA Cancer J Clin. 2011;61:157-82. [DOI]
[PubMed]

Leoni MLG, Mercieri M, Viswanath O, Cascella M, Rekatsina M, Pasqualucci A, et al. Neuropathic Pain:
A Comprehensive Bibliometric Analysis of Research Trends, Contributions, and Future Directions.
Curr Pain Headache Rep. 2025;29:73. [DOI] [PubMed] [PMC]

Yoon SY, Oh ]J. Neuropathic cancer pain: prevalence, pathophysiology, and management. Korean ]
Intern Med. 2018;33:1058-69. [DOI] [PubMed] [PMC(]

Costigan M, Scholz ], Woolf CJ. Neuropathic pain: a maladaptive response of the nervous system to
damage. Annu Rev Neurosci. 2009;32:1-32. [DOI] [PubMed] [PMC(]

Dib-Hajj SD, Yang Y, Black JA, Waxman SG. The Na(V)1.7 sodium channel: from molecule to man. Nat
Rev Neurosci. 2012;14:49-62. [DOI] [PubMed]

Zamponi GW, Lewis R], Todorovic SM, Arneric SP, Snutch TP. Role of voltage-gated calcium channels
in ascending pain pathways. Brain Res Rev. 2009;60:84-9. [DOI] [PubMed] [PMC]

Varrassi G, Leoni MLG, Fari G, Al-Alwany AA, Al-Sharie S, Fornasari D. Neuromodulatory Signaling in
Chronic Pain Patients: A Narrative Review. Cells. 2025;14:1320. [DOI] [PubMed] [PMC(]

Varrassi G, Paladini A, Tran YV, Pham VP, Alwany AAA, Fari G, et al. Advances in the Pathophysiology

and Management of Cancer Pain: A Scoping Review. Cancers (Basel). 2026;18:259. [DOI] [PubMed]
[PMC]

Kawasaki Y, Zhang L, Cheng |, Ji R. Cytokine mechanisms of central sensitization: distinct and
overlapping role of interleukin-1beta, interleukin-6, and tumor necrosis factor-alpha in regulating
synaptic and neuronal activity in the superficial spinal cord. ] Neurosci. 2008;28:5189-94. [DOI]
[PubMed] [PMC]

Liu T, Gao Y, Ji R. Emerging role of Toll-like receptors in the control of pain and itch. Neurosci Bull.
2012;28:131-44. [DOI] [PubMed] [PMC(]

Schweizerhof M, Stdsser S, Kurejova M, Njoo C, Gangadharan V, Agarwal N, et al. Hematopoietic
colony-stimulating factors mediate tumor-nerve interactions and bone cancer pain. Nat Med. 2009;
15:802-7. [DOI] [PubMed]

Pezet S, McMahon SB. Neurotrophins: mediators and modulators of pain. Annu Rev Neurosci. 2006;
29:507-38. [DOI] [PubMed]

Wang WL, Hao YH, Pang X, Tang YL. Cancer pain: molecular mechanisms and management. Mol
Biomed. 2025;6:45. [DOI] [PubMed] [PMC]

Varrassi G, Fari G, Tamayo MAN, Gomez MP, Lifieiro AMG, Pereira CL, et al. Mixed pain: clinical
practice recommendations. Front Med (Lausanne). 2025;12:1659490. [DOI] [PubMed] [PMC(]

Swarm R, Abernethy AP, Anghelescu DL, Benedetti C, Blinderman CD, Boston B, et al. Adult cancer
pain. ] Natl Compr Canc Netw. 2010;8:1046-86. [DOI] [PubMed] [PMC]

Woolf C]. Central sensitization: implications for the diagnosis and treatment of pain. Pain. 2011;152:
S2-15. [DOI] [PubMed] [PMC]

Burton AW, Fanciullo GJ, Beasley RD, Fisch M]. Chronic pain in the cancer survivor: a new frontier.
Pain Med. 2007;8:189-98. [DOI] [PubMed]

Explor Immunol. 2026;6:1003240 | https://doi.org/10.37349/€1.2026.1003240 Page 13


https://dx.doi.org/10.1097/j.pain.0000000000000160
http://www.ncbi.nlm.nih.gov/pubmed/25844555
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4450869
https://dx.doi.org/10.1172/JCI42843
http://www.ncbi.nlm.nih.gov/pubmed/21041958
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2964977
https://dx.doi.org/10.1200/jco.2013.51.7219
http://www.ncbi.nlm.nih.gov/pubmed/24799469
https://dx.doi.org/10.1146/annurev-cellbio-101011-155833
http://www.ncbi.nlm.nih.gov/pubmed/24099085
https://dx.doi.org/10.1038/nrm.2017.92
http://www.ncbi.nlm.nih.gov/pubmed/28974772
https://dx.doi.org/10.3322/caac.20112
http://www.ncbi.nlm.nih.gov/pubmed/21543825
https://dx.doi.org/10.1007/s11916-025-01384-1
http://www.ncbi.nlm.nih.gov/pubmed/40183995
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11971142
https://dx.doi.org/10.3904/kjim.2018.162
http://www.ncbi.nlm.nih.gov/pubmed/29929349
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6234399
https://dx.doi.org/10.1146/annurev.neuro.051508.135531
http://www.ncbi.nlm.nih.gov/pubmed/19400724
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2768555
https://dx.doi.org/10.1038/nrn3404
http://www.ncbi.nlm.nih.gov/pubmed/23232607
https://dx.doi.org/10.1016/j.brainresrev.2008.12.021
http://www.ncbi.nlm.nih.gov/pubmed/19162069
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2692704
https://dx.doi.org/10.3390/cells14171320
http://www.ncbi.nlm.nih.gov/pubmed/40940732
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12428569
https://dx.doi.org/10.3390/cancers18020259
http://www.ncbi.nlm.nih.gov/pubmed/41595178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12838970
https://dx.doi.org/10.1523/JNEUROSCI.3338-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18480275
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2408767
https://dx.doi.org/10.1007/s12264-012-1219-5
http://www.ncbi.nlm.nih.gov/pubmed/22466124
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3347759
https://dx.doi.org/10.1038/nm.1976
http://www.ncbi.nlm.nih.gov/pubmed/19525966
https://dx.doi.org/10.1146/annurev.neuro.29.051605.112929
http://www.ncbi.nlm.nih.gov/pubmed/16776595
https://dx.doi.org/10.1186/s43556-025-00289-0
http://www.ncbi.nlm.nih.gov/pubmed/40579593
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12205135
https://dx.doi.org/10.3389/fmed.2025.1659490
http://www.ncbi.nlm.nih.gov/pubmed/41158466
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12557516
https://dx.doi.org/10.6004/jnccn.2010.0076
http://www.ncbi.nlm.nih.gov/pubmed/20876544
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6506268
https://dx.doi.org/10.1016/j.pain.2010.09.030
http://www.ncbi.nlm.nih.gov/pubmed/20961685
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3268359
https://dx.doi.org/10.1111/j.1526-4637.2006.00220.x
http://www.ncbi.nlm.nih.gov/pubmed/17305690

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

Cuomo A, Bimonte S, Forte CA, Botti G, Cascella M. Multimodal approaches and tailored therapies for
pain management: the trolley analgesic model. ] Pain Res. 2019;12:711-4. [DOI] [PubMed] [PMC(]
Woolf C], Ma Q. Nociceptors--noxious stimulus detectors. Neuron. 2007;55:353-64. [DOI] [PubMed]
Hucho T, Levine ]D. Signaling pathways in sensitization: toward a nociceptor cell biology. Neuron.
2007;55:365-76. [DOI] [PubMed]

Bhave G, Gereau RW. Posttranslational mechanisms of peripheral sensitization. ] Neurobiol. 2004;61:
88-106. [DOI] [PubMed]

Bhave G, Zhu W, Wang H, Brasier D, Oxford GS, Gereau RW. cAMP-dependent protein kinase
regulates desensitization of the capsaicin receptor (VR1) by direct phosphorylation. Neuron. 2002;
35:721-31. [DOI] [PubMed]

Chahine M, Chatelier A, Babich O, Krupp J. Voltage-gated sodium channels in neurological disorders.
CNS Neurol Disord Drug Targets. 2008;7:144-58. [DOI] [PubMed]

Jang K, Garraway SM. A review of dorsal root ganglia and primary sensory neuron plasticity
mediating inflammatory and chronic neuropathic pain. Neurobiol Pain. 2024;15:100151. [DOI]
[PubMed] [PMC]

Sandkiihler J. Models and mechanisms of hyperalgesia and allodynia. Physiol Rev. 2009;89:707-58.
[DOI] [PubMed]

Koshland DE, Goldbeter A, Stock ]B. Amplification and adaptation in regulatory and sensory systems.
Science. 1982;217:220-5. [DOI] [PubMed]

Moore CA, Milano SK, Benovic JL. Regulation of receptor trafficking by GRKs and arrestins. Annu Rev
Physiol. 2007;69:451-82. [DOI] [PubMed]

Rosenbaum T, Gordon-Shaag A, Munari M, Gordon SE. Caz"/calmodulin modulates TRPV1 activation
by capsaicin. ] Gen Physiol. 2004;123:53-62. [DOI] [PubMed] [PMC]

Williams JT, Ingram SL, Henderson G, Chavkin C, von Zastrow M, Schulz S, et al. Regulation of p-
opioid receptors: desensitization, phosphorylation, internalization, and tolerance. Pharmacol Rev.
2013;65:223-54. [DOI] [PubMed] [PMC(]

JiR, XuZ, Gao Y. Emerging targets in neuroinflammation-driven chronic pain. Nat Rev Drug Discov.
2014;13:533-48. [DOI] [PubMed] [PMC(]

Millan M]. Descending control of pain. Prog Neurobiol. 2002;66:355-474. [DOI] [PubMed]

Ji R, Berta T, Nedergaard M. Glia and pain: is chronic pain a gliopathy? Pain. 2013;154:5S10-28. [DOI]
[PubMed] [PMC]

Cerrone V, Esposito D, Montedoro M, Andretta V, Leoni MLG, Cuomo A, et al. Diagnosis of
Chemotherapy-induced Peripheral Neurotoxicity: A Scoping Review. In Vivo. 2025;39:3041-59.
[DOI] [PubMed] [PMC(]

Bushnell MC, Ceko M, Low LA. Cognitive and emotional control of pain and its disruption in chronic
pain. Nat Rev Neurosci. 2013;14:502-11. [DOI] [PubMed] [PMC(]

Yoon SY, Oh J. Neuropathic cancer pain: prevalence, pathophysiology, and management. Korean ]
Intern Med. 2018;33:1058-69. [DOI] [PubMed] [PMC]

Devor M. Ectopic discharge in Abeta afferents as a source of neuropathic pain. Exp Brain Res. 2009;
196:115-28. [DOI] [PubMed]

Marchesi F, Piemonti L, Mantovani A, Allavena P. Molecular mechanisms of perineural invasion, a
forgotten pathway of dissemination and metastasis. Cytokine Growth Factor Rev. 2010;21:77-82.
[DOI] [PubMed]

Selvaggi F, Melchiorre E, Casari I, Cinalli S, Cinalli M, Aceto GM, et al. Perineural Invasion in
Pancreatic Ductal Adenocarcinoma: From Molecules towards Drugs of Clinical Relevance. Cancers
(Basel). 2022;14:5793. [DOI] [PubMed] [PMC(]

White FA, Jung H, Miller R]. Chemokines and the pathophysiology of neuropathic pain. Proc Natl
Acad Sci U S A. 2007;104:20151-8. [DOI] [PubMed] [PMC]

Explor Immunol. 2026;6:1003240 | https://doi.org/10.37349/€1.2026.1003240 Page 14


https://dx.doi.org/10.2147/JPR.S178910
http://www.ncbi.nlm.nih.gov/pubmed/30863143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6388734
https://dx.doi.org/10.1016/j.neuron.2007.07.016
http://www.ncbi.nlm.nih.gov/pubmed/17678850
https://dx.doi.org/10.1016/j.neuron.2007.07.008
http://www.ncbi.nlm.nih.gov/pubmed/17678851
https://dx.doi.org/10.1002/neu.20083
http://www.ncbi.nlm.nih.gov/pubmed/15362155
https://dx.doi.org/10.1016/s0896-6273(02)00802-4
http://www.ncbi.nlm.nih.gov/pubmed/12194871
https://dx.doi.org/10.2174/187152708784083830
http://www.ncbi.nlm.nih.gov/pubmed/18537643
https://dx.doi.org/10.1016/j.ynpai.2024.100151
http://www.ncbi.nlm.nih.gov/pubmed/38314104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10837099
https://dx.doi.org/10.1152/physrev.00025.2008
http://www.ncbi.nlm.nih.gov/pubmed/19342617
https://dx.doi.org/10.1126/science.7089556
http://www.ncbi.nlm.nih.gov/pubmed/7089556
https://dx.doi.org/10.1146/annurev.physiol.69.022405.154712
http://www.ncbi.nlm.nih.gov/pubmed/17037978
https://dx.doi.org/10.1085/jgp.200308906
http://www.ncbi.nlm.nih.gov/pubmed/14699077
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2217413
https://dx.doi.org/10.1124/pr.112.005942
http://www.ncbi.nlm.nih.gov/pubmed/23321159
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3565916
https://dx.doi.org/10.1038/nrd4334
http://www.ncbi.nlm.nih.gov/pubmed/24948120
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4228377
https://dx.doi.org/10.1016/s0301-0082(02)00009-6
http://www.ncbi.nlm.nih.gov/pubmed/12034378
https://dx.doi.org/10.1016/j.pain.2013.06.022
http://www.ncbi.nlm.nih.gov/pubmed/23792284
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3858488
https://dx.doi.org/10.21873/invivo.14107
http://www.ncbi.nlm.nih.gov/pubmed/41167691
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12588251
https://dx.doi.org/10.1038/nrn3516
http://www.ncbi.nlm.nih.gov/pubmed/23719569
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4465351
https://dx.doi.org/10.3904/kjim.2018.162
http://www.ncbi.nlm.nih.gov/pubmed/29929349
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6234399
https://dx.doi.org/10.1007/s00221-009-1724-6
http://www.ncbi.nlm.nih.gov/pubmed/19242687
https://dx.doi.org/10.1016/j.cytogfr.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/20060768
https://dx.doi.org/10.3390/cancers14235793
http://www.ncbi.nlm.nih.gov/pubmed/36497277
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9739544
https://dx.doi.org/10.1073/pnas.0709250104
http://www.ncbi.nlm.nih.gov/pubmed/18083844
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2154400

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Yuan Q, Liu X, Xian YF, Yao M, Zhang X, Huang P, et al. Satellite glia activation in dorsal root ganglion
contributes to mechanical allodynia after selective motor fiber injury in adult rats. Biomed
Pharmacother. 2020;127:110187. [DOI] [PubMed]

Grosu-Bularda A, Lita F, Hodea F, Bordeanu-Diaconescu E, Cretu A, Dumitru C, et al. Navigating the
Complexities of Radiation Injuries: Therapeutic Principles and Reconstructive Strategies. ] Pers Med.
2024;14:1100. [DOI] [PubMed] [PMC]

Scott BB, Winograd JM, Redmond RW. Surgical Approaches for Prevention of Neuroma at Time of
Peripheral Nerve Injury. Front Surg. 2022;9:819608. [DOI] [PubMed] [PMC]

Grace PM, Hutchinson MR, Maier SF, Watkins LR. Pathological pain and the neuroimmune interface.
Nat Rev Immunol. 2014;14:217-31. [DOI] [PubMed] [PMC(]

Inoue K, Tsuda M. Microglia in neuropathic pain: cellular and molecular mechanisms and therapeutic
potential. Nat Rev Neurosci. 2018;19:138-52. [DOI] [PubMed]

Trang T, Beggs S, Salter MW. Brain-derived neurotrophic factor from microglia: a molecular
substrate for neuropathic pain. Neuron Glia Biol. 2011;7:99-108. [DOI] [PubMed] [PMC(]

Haist M, Stege H, Grabbe S, Bros M. The Functional Crosstalk between Myeloid-Derived Suppressor
Cells and Regulatory T Cells within the Immunosuppressive Tumor Microenvironment. Cancers
(Basel). 2021;13:210. [DOI] [PubMed] [PMC(]

Yang Y, Li S, To KKW, Zhu S, Wang F, Fu L. Tumor-associated macrophages remodel the suppressive
tumor immune microenvironment and targeted therapy for immunotherapy. ] Exp Clin Cancer Res.
2025;44:145. [DOI] [PubMed] [PMC(]

Lei Y, Liao F, Tian Y, Wang Y, Xia F, Wang ]. Investigating the crosstalk between chronic stress and
immune cells: implications for enhanced cancer therapy. Front Neurosci. 2023;17:1321176. [DOI]
[PubMed] [PMC]

Bethea JR, Fischer R. Role of Peripheral Immune Cells for Development and Recovery of Chronic
Pain. Front Immunol. 2021;12:641588. [DOI] [PubMed] [PMC]

Zhang C, LiY, YuY, Li Z, Xu X, Talifu Z, et al. Impact of inflammation and Treg cell regulation on
neuropathic pain in spinal cord injury: mechanisms and therapeutic prospects. Front Immunol.
2024;15:1334828. [DOI] [PubMed] [PMC(]

Spera MC, Cesta MC, Zippoli M, Varrassi G, Allegretti M. Emerging Approaches for the Management of
Chemotherapy-Induced Peripheral Neuropathy (CIPN): Therapeutic Potential of the C5a/C5aR Axis.
Pain Ther. 2022;11:1113-36. [DOI] [PubMed] [PMC(]

Sharma A, Jasrotia S, Kumar A. Effects of Chemotherapy on the Immune System: Implications for
Cancer Treatment and Patient Outcomes. Naunyn Schmiedebergs Arch Pharmacol. 2023;397:
2551-66. [DOI] [PubMed]

Li C, Qi X, Yan M. Chemotherapy-induced immunogenic cell death in combination with ICIs: a brief
review of mechanisms, clinical insights, and therapeutic implications. Front Pharmacol. 2025;16:
1572195. [DOI] [PubMed] [PMC(]

Li L, Huang Y, Xue R, Li G, Li L, Liang L, et al. T cell-mediated mechanisms of immune-related adverse

events induced by immune checkpoint inhibitors. Crit Rev Oncol Hematol. 2025;213:104808. [DOI]
[PubMed]

Lashkajani SZ, Azad YS, Nami MT, Darzi A, Shokouhfar M, Faizabadi SN, et al. Neurologic
complications of immune checkpoint inhibitors: A comprehensive review. Biomed Pharmacother.
2025;192:118669. [DOI] [PubMed]

Caraceni A, Hanks G, Kaasa S, Bennett MI, Brunelli C, Cherny N, et al. Use of opioid analgesics in the
treatment of cancer pain: evidence-based recommendations from the EAPC. Lancet Oncol. 2012;13:
e58-68. [DOI] [PubMed]

Varrassi G, Paladini A, Van Tran Y, Van Phong Pham, Al Alwany AA, Fari G, et al. Advances in the
Pathophysiology and Management of Cancer Pain: A Scoping Review. Cancers (Basel). 2026;18:259.
[DOI] [PubMed] [PMC(]

Explor Immunol. 2026;6:1003240 | https://doi.org/10.37349/€1.2026.1003240 Page 15


https://dx.doi.org/10.1016/j.biopha.2020.110187
http://www.ncbi.nlm.nih.gov/pubmed/32361638
https://dx.doi.org/10.3390/jpm14111100
http://www.ncbi.nlm.nih.gov/pubmed/39590592
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11595796
https://dx.doi.org/10.3389/fsurg.2022.819608
http://www.ncbi.nlm.nih.gov/pubmed/35832494
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9271873
https://dx.doi.org/10.1038/nri3621
http://www.ncbi.nlm.nih.gov/pubmed/24577438
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5525062
https://dx.doi.org/10.1038/nrn.2018.2
http://www.ncbi.nlm.nih.gov/pubmed/29416128
https://dx.doi.org/10.1017/S1740925X12000087
http://www.ncbi.nlm.nih.gov/pubmed/22613083
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3748035
https://dx.doi.org/10.3390/cancers13020210
http://www.ncbi.nlm.nih.gov/pubmed/33430105
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7827203
https://dx.doi.org/10.1186/s13046-025-03377-9
http://www.ncbi.nlm.nih.gov/pubmed/40380196
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12083052
https://dx.doi.org/10.3389/fnins.2023.1321176
http://www.ncbi.nlm.nih.gov/pubmed/38089966
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10713832
https://dx.doi.org/10.3389/fimmu.2021.641588
http://www.ncbi.nlm.nih.gov/pubmed/33692810
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7937804
https://dx.doi.org/10.3389/fimmu.2024.1334828
http://www.ncbi.nlm.nih.gov/pubmed/38348031
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10859493
https://dx.doi.org/10.1007/s40122-022-00431-8
http://www.ncbi.nlm.nih.gov/pubmed/36098939
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9469051
https://dx.doi.org/10.1007/s00210-023-02781-2
http://www.ncbi.nlm.nih.gov/pubmed/37906273
https://dx.doi.org/10.3389/fphar.2025.1572195
http://www.ncbi.nlm.nih.gov/pubmed/40538545
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12176807
https://dx.doi.org/10.1016/j.critrevonc.2025.104808
http://www.ncbi.nlm.nih.gov/pubmed/40517973
https://dx.doi.org/10.1016/j.biopha.2025.118669
http://www.ncbi.nlm.nih.gov/pubmed/41138653
https://dx.doi.org/10.1016/s1470-2045(12)70040-2
http://www.ncbi.nlm.nih.gov/pubmed/22300860
https://dx.doi.org/10.3390/cancers18020259
http://www.ncbi.nlm.nih.gov/pubmed/41595178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12838970

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

Mercadante S, Sapienza G, Cascio AL, Casuccio A. The Use of Opioids in an Acute Palliative Care Unit
to Re-assess Prescriptions. Pain Ther. 2025;14:999-1006. [DOI] [PubMed] [PMC]

Plein LM, Rittner HL. Opioids and the immune system - friend or foe. Br ] Pharmacol. 2018;175:
2717-25. [DOI] [PubMed] [PMC(]

Roy S, Ninkovic ], Banerjee S, Charboneau RG, Das S, Dutta R, et al. Opioid drug abuse and modulation
of immune function: consequences in the susceptibility to opportunistic infections. ] Neuroimmune
Pharmacol. 2011;6:442-65. [DOI] [PubMed] [PMC(]

Roy S, Wang ], Kelschenbach ], Koodie L, Martin ]. Modulation of immune function by morphine:
implications for susceptibility to infection. ] Neuroimmune Pharmacol. 2006;1:77-89. [DOI]
[PubMed]

Vallejo R, De Leon-Casasola O, Benyamin R. Opioid therapy and immunosuppression: a review. Am ]
Ther. 2004;11:354-65. [DOI] [PubMed]

Sessler DI, Pei L, Huang Y, Fleischmann E, Marhofer P, Kurz A, et al. Recurrence of breast cancer after

regional or general anaesthesia: a randomised controlled trial. Lancet. 2019;394:1807-15. [DOI]
[PubMed]

Franchi S, Moschetti G, Amodeo G, Sacerdote P. Do All Opioid Drugs Share the Same
Immunomodulatory Properties? A Review From Animal and Human Studies. Front Immunol. 2019;
10:2914. [DOI] [PubMed] [PMC]

Shavit Y, Ben-Eliyahu S, Zeidel A, Beilin B. Effects of fentanyl on natural killer cell activity and on
resistance to tumor metastasis in rats. Dose and timing study. Neuroimmunomodulation. 2004;11:
255-60. [DOI] [PubMed]

Missair A, Cata JP, Votta-Velis G, Johnson M, Borgeat A, Tiouririne M, et al. Impact of perioperative
pain management on cancer recurrence: an ASRA/ESRA special article. Reg Anesth Pain Med. 2019;
44:13-28. [DOI] [PubMed]

Soliman N, Moisset X, Ferraro MC, De Andrade DC, Baron R, Belton ], et al. Pharmacotherapy and
non-invasive neuromodulation for neuropathic pain: a systematic review and meta-analysis. Lancet
Neurol. 2025;24:413-28. [DOI] [PubMed]

Orhurhu V, Orhurhu MS, Bhatia A, Cohen SP. Ketamine Infusions for Chronic Pain: A Systematic

Review and Meta-analysis of Randomized Controlled Trials. Anesth Analg. 2019;129:241-54. [DOI]
[PubMed]

Jackson K, Ashby M, Martin P, Pisasale M, Brumley D, Hayes B. “Burst” ketamine for refractory cancer
pain: an open-label audit of 39 patients. ] Pain Symptom Manage. 2001;22:834-42. [DOI] [PubMed]
Weinbroum AA, Rudick V, Paret G, Ben-Abraham R. The role of dextromethorphan in pain control.
Can ] Anaesth. 2000;47:585-96. [DOI] [PubMed]

Sang C, Booher S, Gilron I, Parada S, Max M. Dextromethorphan and memantine in painful diabetic
neuropathy and postherpetic neuralgia: efficacy and dose-response trials. Anesthesiology. 2002;96:
1053-61. [DOI] [PubMed]

Abrams DI, Guzman M. Cannabis in cancer care. Clin Pharmacol Ther. 2015;97:575-86. [DOI]
[PubMed]

Al-Husinat L, Obeidat S, Azzam S, Al-Gwairy Y, Obeidat F, Sharie SA, et al. Role of Cannabis in the
Management of Chronic Non-Cancer Pain: A Narrative Review. Clin Pract. 2025;15:16. [DOI]
[PubMed] [PMC(]

Sic A, George C, Gonzalez DF, Tseriotis V, Knezevic NN. Cannabinoids in Chronic Pain: Clinical
Outcomes, Adverse Effects and Legal Challenges. Neurol Int. 2025;17:141. [DOI] [PubMed] [PMC(]
Cabral GA, Griffin-Thomas L. Emerging role of the cannabinoid receptor CB2 in immune regulation:

therapeutic prospects for neuroinflammation. Expert Rev Mol Med. 2009;11:e3. [DOI] [PubMed]
[PMC]

Explor Immunol. 2026;6:1003240 | https://doi.org/10.37349/€1.2026.1003240 Page 16


https://dx.doi.org/10.1007/s40122-025-00728-4
http://www.ncbi.nlm.nih.gov/pubmed/40155566
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12085417
https://dx.doi.org/10.1111/bph.13750
http://www.ncbi.nlm.nih.gov/pubmed/28213891
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6016673
https://dx.doi.org/10.1007/s11481-011-9292-5
http://www.ncbi.nlm.nih.gov/pubmed/21789507
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3601186
https://dx.doi.org/10.1007/s11481-005-9009-8
http://www.ncbi.nlm.nih.gov/pubmed/18040793
https://dx.doi.org/10.1097/01.mjt.0000132250.95650.85
http://www.ncbi.nlm.nih.gov/pubmed/15356431
https://dx.doi.org/10.1016/s0140-6736(19)32313-x
http://www.ncbi.nlm.nih.gov/pubmed/31645288
https://dx.doi.org/10.3389/fimmu.2019.02914
http://www.ncbi.nlm.nih.gov/pubmed/31921173
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6920107
https://dx.doi.org/10.1159/000078444
http://www.ncbi.nlm.nih.gov/pubmed/15249732
https://dx.doi.org/10.1136/rapm-2018-000001
http://www.ncbi.nlm.nih.gov/pubmed/30640648
https://dx.doi.org/10.1016/s1474-4422(25)00068-7
http://www.ncbi.nlm.nih.gov/pubmed/40252663
https://dx.doi.org/10.1213/ane.0000000000004185
http://www.ncbi.nlm.nih.gov/pubmed/31082965
https://dx.doi.org/10.1016/s0885-3924(01)00340-2
http://www.ncbi.nlm.nih.gov/pubmed/11576800
https://dx.doi.org/10.1007/bf03018952
http://www.ncbi.nlm.nih.gov/pubmed/10875724
https://dx.doi.org/10.1097/00000542-200205000-00005
http://www.ncbi.nlm.nih.gov/pubmed/11981142
https://dx.doi.org/10.1002/cpt.108
http://www.ncbi.nlm.nih.gov/pubmed/25777363
https://dx.doi.org/10.3390/clinpract15010016
http://www.ncbi.nlm.nih.gov/pubmed/39851799
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11764316
https://dx.doi.org/10.3390/neurolint17090141
http://www.ncbi.nlm.nih.gov/pubmed/41002929
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12472909
https://dx.doi.org/10.1017/S1462399409000957
http://www.ncbi.nlm.nih.gov/pubmed/19152719
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2768535

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Faiz MB, Naeem F, Irfan M, Aslam MA, Estevinho LM, Atessahin DA, et al. Exploring the therapeutic
potential of cannabinoids in cancer by modulating signaling pathways and addressing clinical
challenges. Discov Oncol. 2024;15:490. [DOI] [PubMed] [PMC(C]

Creanga-Murariu I, Rezus II, Karami R, Rancz A, Zolcsak A, Engh MA, et al. Indications of
Cannabinoids for the Palliation of Cancer-Associated Symptoms: A Systematic Review and Meta-
Analysis. Curr Oncol Rep. 2025;27:1080-96. [DOI] [PubMed] [PMC]

LiZ, LiX, LiuJ, Sun R, Ye Y, Xiang H, et al. Molecular Mechanisms of Chronic Pain and Therapeutic
Interventions. MedComm (2020). 2025;6:€70325. [DOI] [PubMed] [PMC(]

Wang W, Hao Y, Pang X, Tang Y. Cancer pain: molecular mechanisms and management. Mol Biomed.
2025;6:45. [DOI] [PubMed] [PMC(]

Amit M, Eichwald T, Roger A, Anderson ], Chang A, Vermeer PD, et al. Neuro-immune cross-talk in
cancer. Nat Rev Cancer. 2025;25:573-89. [DOI] [PubMed]

Vardeh D, Mannion R], Woolf C]. Toward a Mechanism-Based Approach to Pain Diagnosis. ] Pain.
2016;17:T50-69. [DOI] [PubMed] [PMC]

Sopata M, Katz N, Carey W, Smith MD, Keller D, Verburg KM, et al. Efficacy and safety of tanezumab in
the treatment of pain from bone metastases. Pain. 2015;156:1703-13. [DOI] [PubMed]

Saldafia R, Carrascosa A], Torregrosa AB, Navarrete F, Garcia-Gutiérrez MS, Manzanares J. Dual Role
of the Spinal Endocannabinoid System in Response to Noxious Stimuli: Antinociceptive Pathways
and Neuropathic Pain Mechanisms. Int ] Mol Sci. 2025;26:10692. [DOI] [PubMed] [PMC]

Vlachou C, Sarridou D, Grosomanidis V, Voulgaris I, Argiriadou H, Amaniti A. Spinal Cord Stimulation:

Mechanisms of Action, Indications, Types, Complications. ] Clin Med. 2025;14:8615. [DOI] [PubMed]
[PMC]

Leoni MLG, Mercieri M, Varrassi G, Cascella M. Artificial Intelligence in Interventional Pain
Management: Opportunities, Challenges, and Future Directions. Transl Med UniSa. 2024;26:134-7.
[DOI] [PubMed] [PMC(]

Varrassi G, Leoni MLG, Al-Alwany AA, Puttini PS, Fari G. Bioengineering Support in the Assessment
and Rehabilitation of Low Back Pain. Bioengineering (Basel). 2025;12:900. [DOI] [PubMed] [PMC(]

Explor Immunol. 2026;6:1003240 | https://doi.org/10.37349/€1.2026.1003240 Page 17


https://dx.doi.org/10.1007/s12672-024-01356-8
http://www.ncbi.nlm.nih.gov/pubmed/39331301
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11436528
https://dx.doi.org/10.1007/s11912-025-01695-x
http://www.ncbi.nlm.nih.gov/pubmed/40748522
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12450232
https://dx.doi.org/10.1002/mco2.70325
http://www.ncbi.nlm.nih.gov/pubmed/40787071
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12331885
https://dx.doi.org/10.1186/s43556-025-00289-0
http://www.ncbi.nlm.nih.gov/pubmed/40579593
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12205135
https://dx.doi.org/10.1038/s41568-025-00831-w
http://www.ncbi.nlm.nih.gov/pubmed/40523971
https://dx.doi.org/10.1016/j.jpain.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27586831
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5012312
https://dx.doi.org/10.1097/j.pain.0000000000000211
http://www.ncbi.nlm.nih.gov/pubmed/25919474
https://dx.doi.org/10.3390/ijms262110692
http://www.ncbi.nlm.nih.gov/pubmed/41226728
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12608865
https://dx.doi.org/10.3390/jcm14238615
http://www.ncbi.nlm.nih.gov/pubmed/41375918
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12692890
https://dx.doi.org/10.37825/2239-9747.1064
http://www.ncbi.nlm.nih.gov/pubmed/40171090
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11960773
https://dx.doi.org/10.3390/bioengineering12090900
http://www.ncbi.nlm.nih.gov/pubmed/41007146
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12467509

	Abstract
	Keywords
	Introduction
	Methods
	Literature search strategy
	Selection criteria and study types
	Data extraction and synthesis

	Epidemiology of cancer pain
	Pathophysiology of cancer pain
	Classification of pain types in cancer

	Biological mechanisms of nociceptor modulation
	Diverse etiologies and mechanisms of cancer-related neuropathic pain
	Pharmacological therapy
	Discussion
	Conclusions
	Abbreviations
	Declarations
	Acknowledgments
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

