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Abstract

:

Simple Summary


Pain is a worrisome symptom that 60–80% of patients with cancer experience chronically. In the last twenty years, immunological and pain research have shown that cancer pain is attributable to the neuroinflammatory response driven by the cellular and soluble components of the tumor microenvironment, with features similar to that induced in many other painful chronic non-cancer diseases. Neuroinflammation leads to central sensitization and neuroplastic remodeling of the central nervous system with alteration of pain sensitivity (hyperalgesia), responsiveness (behavior), and drive (centralization). Engagement of opioid receptors by both endogenous and exogenous opioids, namely, the cornerstone of pain therapy morphine, results in modulation of pain intensity and quality, in addition to cancer growth and progression. The effects of opioids on the evolution of pain, (relief or immune-mediated hyperalgesia) and cancer (promotion or inhibition), are dual and ambiguous. This ambiguity currently represents a major limitation of long-term opioid therapy, and encourages novel immunotherapeutic strategies.




Abstract


Pain can be a devastating experience for cancer patients, resulting in decreased quality of life. In the last two decades, immunological and pain research have demonstrated that pain persistence is primarily caused by neuroinflammation leading to central sensitization with brain neuroplastic alterations and changes in pain responsiveness (hyperalgesia, and pain behavior). Cancer pain is markedly affected by the tumor microenvironment (TME), a complex ecosystem consisting of different cell types (cancer cells, endothelial and stromal cells, leukocytes, fibroblasts and neurons) that release soluble mediators triggering neuroinflammation. The TME cellular components express opioid receptors (i.e., MOR) that upon engagement by endogenous or exogenous opioids such as morphine, initiate signaling events leading to neuroinflammation. MOR engagement does not only affect pain features and quality, but also influences directly and/or indirectly tumor growth and metastasis. The opioid effects on chronic cancer pain are also clinically characterized by altered opioid responsiveness (tolerance and hyperalgesia), a hallmark of the problematic long-term treatment of non-cancer pain. The significant progress made in understanding the immune-mediated development of chronic pain suggests its exploitation for novel alternative immunotherapeutic approaches.
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1. Chronic Cancer and Non-Cancer Pain as Disease in Itself


The WHO acknowledged the new vision of pain, and in 2015 a task force of the International Association for the Study of Pain (IASP) proposed a classification and codification of chronic pain within the International Classification of Diseases (ICD-11), both as disease and symptom [1,2]. This was the first time that pain was conceived as a disease in itself, and cancer pain was included in one of the seven categories of chronic painful conditions [3]. In addition, this new classification rationally framed all the chronic painful conditions: the proposed categories are currently considered exhaustive and mutually exclusive, and have relevant diagnostic value [4]. The recognition of chronic pain as disease does not represent only a simple taxonomic revolution, but, beyond the pathophysiological and clinical consequences, also implies a socio-economic impact that is finally proportionate to the enormous burden that chronic pain represents for 20% of the global population in the post-industrial civilization [5].




2. Is Cancer Pain “Different”?


Cancer is the major health-related cause of death worldwide [6], with 60–80% of cancer patients experiencing some degree of pain.



In the last twenty years, the immunological and pain research that had ignored each other for a long time, progressively interacted, so that immune cells were defined as circulating neurons, and the immune system as the “sixth sense” [7].



In the nineties, a collaboration started between the two authors of this review article, a pain therapist (EA) and an immunologist (AS), just when the nature of cancer pain, initially considered mainly dependent on “mechanic” stimulation, was shown to be attributable to the molecular mechanisms of neuroinflammation. Initial clinical (dynamic evolution of pain “quality”), biomolecular (expression of opioid receptors on cells other than neurons), and pharmacological (opioid-induced tolerance) features, raised then an intriguing question: is cancer pain somehow different?



As we will discuss in this review article, the answer to this question has largely relied on the emerging insights on neuroinflammation and tumor microenvironment.




3. How Immunology Contributed to Modify the View of Chronic Pain


Chronic pain is defined by convention as pain that lasts more than three months after the initial insult (i.e., trauma, infection, inflammation), and is due to persistence of the causing event, lack of resolution, pain presence after seeming resolution, or even pain without a proven cause (dolore sine materia) [8]. Unlike acute pain, chronic pain has no clear physiological benefit as its perpetuation implies evolutive alterations of neuronal plasticity [9].



Neuroimmunology has provided seminal contributions demonstrating that the “primum movens” of transformation from acute to chronic pain, is neuroinflammation. This process that will be better described in the next section, involves a cross-talk between damage sensors (nociceptors of sensory neurons) and immune cells (neuro-immune network), with some of the receptors sensing danger signals common to both immune cells and sensory neurons [10]. The response to danger signals that is essential for returning to homeostasis in the short time of acute pain, when it persists, makes chronic pain “maladaptive”, by sensitizing the neuronal structures of input–output and lowering the pain threshold.




4. Neuroinflammation and Central Sensitization


In the last ten years, the number of publications on neuroinflammation and pain has increased by 10 times. Neuroinflammation is a localized form of inflammatory response triggered by different stressors and tissue injury (trauma, infection, chemotherapy, etc.), that occurs in the peripheral (PNS) and central nervous systems (CNS). The main features include: (a) increased vascular permeability of the brain–blood barrier; (b) immune cell recruitment and invasion in the CNS, previously considered an immunologically privileged site; (c) activation of glial cells (microglia, astrocytes and oligodendrocytes) and release of inflammatory mediators (i.e., cytokines, chemokines, growth factors, etc.) [11,12].



CNS infiltration by immune cells and activation of resident glial cells, in particular of microglia, are the tipping point of pain centralization, with remodeling of neuronal synapses in many brain areas that leads to “maladaptive” structural plasticity (changes in pain perception and behavior) [13]. Thus, neuroinflammation drives chronic pain via central sensitization. Glial cells are the hub of chronic pain, and their dysfunction in the spinal cord (microgliosis) observed in many chronic painful pathologies including cancer, is referred as “gliopathy” [14].



Notably, neuroinflammation has removed the vanishing border between cancer (malignant) and non-cancer (non-malignant) pain, and a new unifying vision of chronic pain has emerged: the real malignancy of pain is mainly due to the extent of neuroinflammation and neuroimmune dialogue that determines a disease within the disease.



This more dynamic and holistic (psycho-social and emotional impact) view of pain went beyond the mechanistic and more static view, dividing pain in “nociceptive” (“due to noxius stimulation of non-neural tissue with a normal somatosensory nervous system”) and “neuropathic“ pain (“due to lesion or dysfunction of nervous system”) [15]. A third type of pain, “nociplastic” pain, that is characterized by “altered nociception and hypersensitivity with no clear evidence of tissue damage or disease or lesion of the somatosensory system”, as proposed by Kosek E., should overcome this dichotomy [16]. This third descriptor seems to be well-suited for the dynamic evolution of pain sensitivity.




5. The Complexity of Tumor Microenvironment


The concept of tumor microenvironment dates back to more than a century ago, when the German physician Rudolf Virchow linked inflammation to cancer promotion, and described leukocyte infiltrates within tumors [17,18], and Paget formulated the theory of “seed and soil” [19].



It is now well established that the tumor microenvironment is a rather complex ecosystem in continuous evolution, with tumor cells functionally sculpting the surrounding stroma by releasing a wide array of soluble mediators, and/or mediating cell-cell interactions. In addition to tumor cells, the stroma also contains a large repertoire of distinct normal cells including inflammatory myeloid cells and lymphocytes, vascular cells, neurons, and fibroblasts that contribute to create the ‘‘tumor microenvironment’’ [20].



Immune cell infiltrates can exert both tumor-suppressive and tumor-promoting effects, and on the basis of their composition, activation, and/or functional states, tumors are referred as “hot” or “cold”. “Hot” tumors are characterized by T cell infiltration and accumulation of pro-inflammatory cytokines, and are associated with a favorable prognosis and better response rate to immune checkpoint therapy; conversely, “cold” tumors are rich in cells and molecules that inhibit antitumor responses and are associated with a worse prognosis [21].



Although tumor innervation was first reported in 1897 by Young H.H. [22], it is only recently that the nerve dependence in cancer has been described [23], and the PNS has been recognized as a crucial part of the tumor microenvironment. Development of nerves in the tumor microenvironment is required for cancer progression and dissemination, and this role, initially described in prostate cancer, was then reported in other tumor types including gastric, pancreatic, and non-melanoma skin cancer [24,25]. On the other hand, it is well established that cancer cells can surround and invade the epineurium and perineurium and reach the endoneurium, thus becoming intimately associated with Schwann cells and nerve axons. This process named perineural invasion is a common path of metastatic dissemination in many human cancers, and is associated with poor prognosis [26,27]. In this context, recent findings reported in mouse models, demonstrate that neural progenitor cells migrate from neurogenic niches within the brain to the tumor microenvironment, where they give rise to new nerve cells [28].



The mechanisms by which the neuroimmune axis affects cancer initiation and progression are still not fully elucidated. Release of neurotrophic growth factors by cancer cells or by tumor-infiltrating immune cells, has been suggested to promote nerve infiltration (axonogenesis), whereas release of neurotransmitters by nerve endings can stimulate cancer and stroma cell growth.




6. Tumor Microenvironment as Scenario of Neuroinflammation and Chronic Pain


How the cross-talk between nerves and cancer/immune/stromal cells contributes to the onset and persistence of cancer pain, is still elusive. Some of the molecular components involved in cancer pain and in particular in bone cancer pain, have been uncovered in in vivo preclinical studies. Schwei et al. [29] demonstrated that injection of mouse osteolytic sarcoma cells in the femur intramedullary space, resulted in confined tumor growth without soft tissue invasion, thus allowing the identification of neurochemical alterations occurring in the tumor microenvironment. Engagement of specific receptors on the nerve ending nociceptors by soluble inflammatory mediators, including ATP, protons, prostaglandins, endothelins, cytokines and neurotrophic growth factors, that are released by the cells forming the tumor microenvironment, can promote neuroinflammation, initiate signaling cascades affecting ion channel activity, transfer the signal to the spinal cord, and sensitize microglia and astrocytes. This induces lowering of the pain threshold with hyperalgesia and allodynia, resulting in long-term sensitization and pain centralization [30]. Implantation of different tumors in the bone tissue has generated distinct patterns of neuroinflammation and pain behaviors, suggesting that bone cancer pain involves multiple mechanisms, and is not only attributable to mechanic pressure exerted by the intramedullary growing tumor, as neurochemical reorganization of spinal cord, glial dysfunction and pain-related behaviors precede detectable bone destruction [31]. In addition, cancer progression is not always accompanied by a parallel pain exacerbation: in this regard, increased tumor vascularization and innervation, in addition to infiltration of nerve growth factor (NGF)-producing tumor-associated macrophages observed in a murine model of pancreatic cancer at earlier stage of disease, were not followed by worsening of painful behavior at a more advanced stage [32]. This inconsistency between disease progression and pain behavior might depend on the immune-mediated pain relief by endogenous opioids, a feedback mechanism to counteract the peripheral hyperalgesia in response to tissue injury, as described by Stein C. et al. [33].



Overall, the experimental models of bone cancer pain have been instrumental for better understanding the involvement of the neuroinflammatory response also in cancer pain. It is evident that bone cancer pain is a rather complex phenomenon that consists of inflammatory and neuropathic pain, and at the same time exhibits a unique “signature” in the CNS [34].




7. The Double-Edged Effects of Opioids and Their Receptors in the Tumor Microenvironment


In the last half century, exogenous opioids, namely, morphine and their derivates, have represented cornerstone treatments for cancer pain, although emerging immunological knowledge has clearly shown their ambiguity, in that these drugs do not only induce pain relief (antinociception), but can also exert opposite effects (pro-nociception, opioid-induced hyperalgesia, OIH) [35].



Opioid activity is mainly mediated by the typical seven transmembrane G protein coupled opioid receptors μ (MOR), δ (DOR), and κ (KOR) [36]. MOR is the principal receptor target for both endogenous (opiates) and exogenous opioids, and is mainly distributed in spinal nerve pathways, including the brainstem and the medial thalamus. MOR, however, is not only expressed by neuronal cells, but a large body of evidence indicates that it can also be detected on cancer, immune and endothelial cells present in the tumor microenvironment [37,38].



It is suggestive that the ambiguity of opioid effects on cancer pain is also evident on the modulation of tumor progression, and although we will discuss these issues separately, they are likely interdependent (Figure 1).




8. Opioids (Morphine) and MOR Interference with the Neoplastic Process


The expression of MOR on tumor cells has been found in squamous cells of lung, breast, colon, liver, prostate, gastric and esophageal cancer both in preclinical models and in humans, and it has been associated with both promotion and inhibition of tumor growth and metastasis formation [39,40] (Figure 2).



The pro-cancerous activity of MOR agonists, namely, morphine, can be attributable to direct effects on tumor cells in addition to modulation of angiogenesis and impairment of anti-tumor immune responses.



Morphine has been shown to promote tumor initiation in hepatocellular carcinoma (HCC) by regulating self-renewal of cancer stem cells and facilitating tumor cell proliferation [41]. Similarly, high expression of MOR on colorectal tumors was found to enhance cell proliferation, adhesion, migration, and tumorigenesis, while its inhibition delayed tumor development [42]. In vitro studies, however, reported that morphine largely fails to affect HT-29 colon cancer cell proliferation, while it causes increased secretion of the urokinase plasminogen activator, suggesting the ability of this opioid to promote the metastasizing ability of tumor cells [43]. On the other hand, morphine was also found to stimulate the proliferation of SH-SY5Y neuroblastoma cells, that only partially depended on MOR engagement. This effect was attributable to modulation of miRNAs, namely, miR133b and miR128, the target genes of which are involved in cytoskeletal reorganization, apoptosis, cell survival and proliferation [44].



With regard to the evidence that MOR can influence cancer progression and metastasis formation, human NSCLC cells treated with opioids, or MOR overexpression, exhibited an epithelial mesenchymal transition phenotype [45]. Moreover, in a transgenic mouse model that mimics the different steps of human breast cancer disease, morphine stimulated the progression of spontaneously developed tumors and shortened the survival of tumor-bearing mice. Morphine-induced mast cell activation contributed to cancer progression and also to refractory pain, by increasing the levels of inflammatory cytokines and substance P, a mediator known to stimulate angiogenesis and pain. Thus, mast cell activation by morphine may further exaggerate the pro-inflammatory, pro-nociceptive, and vasoactive tumor microenvironment [46].



In vivo, overexpression of MOR in human bronchoalveolar carcinoma cells increased primary tumor growth rates in nude mice by approximately 2.5-fold, and lung metastasis by approximately 20-fold as compared with vector control cells [47]. This tumor-promoting effect was associated with Akt and mTOR activation, and tumor cell proliferation, and extravasation.



Unlike these studies, exposure to morphine of the human cancer breast line MCF-7, resulted in inhibition of the expression of matrix metalloproteinases (MMP)-2 and -9 that are involved in the degradation of extracellular matrix, thus initiating the dissemination of invasive cancer cells [48]. Similarly, analysis of the circulating proteolytic profile in mice following morphine administration, demonstrated decreased MMP-9 and increased tissue inhibitor of metalloproteinase 1 (TIMP-1) and TIMP-3/4 with functional consequences on breast cancer cell migration and invasion [49].



A large body of evidence indicates that opioid-dependent tumor growth can also be secondary to the ability of these drugs to promote angiogenesis. The pro-angiogenic activity of morphine depends on the ability of this opioid to stimulate vascular endothelial growth factor (VEGF) receptor activation [50] and to initiate a signaling cascade leading to endothelial cell proliferation [51]. In addition, morphine results in the activation of cyclooxygenase 2 (COX-2) [52] and release of prostaglandin E2 that promotes angiogenesis and breast cancer progression [53]. Furthermore, opioid binding to MOR stimulates the generation of nitric oxide (NO) [54] that in turn activates COX with increased PGE2 production.



Unlike these studies, morphine was also found to also inhibit tumor angiogenesis through the HIF-1α-p38-MAPK pathway [55], and to trigger endothelial cell apoptosis by increasing the generation of NO and of the reactive oxygen species, and decreasing mitochondrial membrane potential [56].



With regard to the direct effects of opioids on the immune system, they can be mediated via opioid and non-opioid toll-like receptors (see below). MOR expression was found on various immune cells, such as macrophages, neutrophils, dendritic cells (DC), NK cells, CD4+ and CD8+ T cells, and B cells [57]. Since 1979 when Wybran et al. reported [58] that morphine inhibited the rosetting of human peripheral blood T cells with sheep red blood cells, the activity of this opioid has been constantly demonstrated to be immunosuppressive, with impairment of both innate (neutrophil and macrophage phagocytosis and chemotaxis, natural killer cell cytotoxic activity, production of cytokines and chemokines), and adaptive (T and B cell proliferative responses to mitogens, cytokine production, modulation of regulatory T cells, antibody formation and secretion) immune responses [57,58,59,60]. Morphine can also inhibit several steps (sticking, rolling along blood vessel, etc.) of leukocyte migration and this activity might be responsible for altered immune cell infiltration into the tumor microenvironment [61].



Overall, the morphine-mediated suppressive effects on anti-tumor immune responses may play a central role in accelerating malignant tumor progression.



Although the findings on the tumor-promoting activity of morphine are overwhelming, an area of increasing interest is emerging on the ability of this opioid to suppress tumor cell growth and progression. The anticancer activity of morphine has been shown both in in vitro cell cultures and in in vivo experiments. High doses of morphine were found to induce cell cycle arrest and apoptosis in different cell lines from lung, breast, hepatocellular and oral squamous cell carcinoma, neuroblastoma, and promyelocytic leukemia [62,63,64,65,66]. Of interest, morphine-induced attenuation of breast cancer cell growth involved a rearrangement of the ErbB signaling network suggesting that morphine provides a promising strategy to enhance the sensitivity of breast cancer cells to ErbB-directed therapies [67]. Moreover, binding of morphine to the opioid growth factor receptor (OGFR), a negative regulator of normal and cancer cell proliferation [68], resulted in lung cancer growth suppression [69].



The ability of morphine to inhibit tumor growth and metastasis formation was also shown in numerous in vivo tumor models. Repeated administration of morphine suppressed tumor growth and metastasis in a mouse model of cancer pain produced by orthotopic inoculation of B16–BL6 melanoma cells into the hind paw [70]. Moreover, experimental lung metastasis upon intravenous injection of metastatic colon carcinoma cells were markedly reduced by subcutaneous morphine administration [71]. In nude mice, morphine significantly reduced the growth of human MCF-7 and MDA-MB231 breast adenocarcinoma cells, and this effect mainly relied on activation of p53 and induction of apoptosis [64]. In a similar xenograft model, inhibition of human gastric tumor growth was associated with morphine-induced decreased mRNA expression of NF-κB, and its target genes Bcl-2, cyclin D1, and VEGF [72].



In addition to MOR, it is now well established that morphine competitively binds to the accessory protein MD-2 associated with the innate immune receptor recognizing pathogen and damage molecules, TLR4 (Toll-like receptor 4); this receptor is not only expressed on immune cells, but is present also on glial cells and sensory neurons [10]. Morphine engagement of TLR4 initiates a signaling cascade leading to release of NO and production of inflammatory cytokines [73,74], that are responsible for opioid-induced neuroinflammation, central sensitization, and long-standing persistence of hyperalgesia after drug withdrawal. The implication of TLR4 in the morphine-mediated modulation of cancer initiation and progression has been unexplored so far [75], although this receptor is expressed on multiple cellular components of the tumor microenvironment. Of interest, morphine-induced upregulation of the inhibitory checkpoint protein PD-L1 (see below) on non-small cell lung cancer, was mediated via TLR4 and promoted tumor immune escape [76].



High MOR tumor expression has been associated with clinical severity and poor prognosis in patients with laryngeal carcinoma, [77], hepatocellular carcinoma [78], gastric cancer [79], and advanced prostate cancer [80], and several retrospective studies reported that patients who received general anesthesia with large amounts of opioids, show more cancer progression or recurrence than patients who received regional anesthesia or a lower amount of opioids [81,82,83]. Accordingly, administration of the MOR antagonist methylnaltrexone was found to be associated with longer survival time in cancer patients but not in healthy individuals [84]. However, the overall clinical impact to prevent or antagonize the opioid effects on cancer evolution appears a very problematic task that certainly warrants further investigation. In this regard, the American and European Societies of Regional Anesthesia excluded that there is sufficient evidence currently, to prefer regional anesthesia to reduce cancer recurrence [85].



The opposite effects of morphine on tumor development and progression may be partially explained by the experimental conditions used in the different studies (opioid doses and kinetics, tumor models, morphine plasma concentrations, etc). In addition, we have to keep in mind that in vitro and in vivo preclinical models do not take into account the genetic polymorphism and the epigenetic modifications of pain genes, in addition to opioid-induced phenomena such as tolerance and hyperalgesia, thus poorly reproducing the clinical reality.




9. When and How MOR Became a Relevant Bridge between Pain and Immunological Research


The current integration between pain and immunological research would be hard to be understood without knowing some historical roots on the strong and often intriguing link among pain, cancer and opioids.



In the eighties, the use of opioids for cancer pain was characterized by a tough polemic between supporters (the world of Cancer Palliative Care) and opponents (opiophobia). The opioids, morphine in particular, were considered, without ifs and buts, the “panacea” for the dramatic problem of cancer pain. At the same time, immunological research defined the endogenous counterpart of opioids, the opiates, as cytokines produced in response to danger signals and inflammatory stimuli [86]. At that time, the main underestimated opioid side effect was tolerance, namely, the requirement of continuous dosage escalation to counteract the progressive loss of therapeutic efficacy. The world of Palliative Care “instrumentally” argued that pain worsening was not attributable to drug tolerance, but rather to disease progression [87]. This “convenient” view poorly considered the well-established in vivo and in vitro evidence on the opioid receptor (MOR in particular) expression on cancer cells, that could evoke an unexpected and aberrant response on tumor progression.



The awareness of these findings led us to explore in a xenograft tumor model whether morphine could modify cancer pain response, namely, tolerance, to the opioid. In accordance with the evidence on the expression of functional opioid receptors on tumor cells, we found that administration of morphine in tumor-bearing mice resulted in higher opioid concentration in the tumor tissue as compared with the normal counterpart, and exhibited a different pharmacodynamics in healthy vs tumor-bearing mice [88]. Furthermore, we also demonstrated that morphine binding to the opioid receptor(s) on tumor cells initiated a signaling cascade leading to activation of nitric oxide synthase and subsequent release of NO [89,90,91], a key mediator of neuroinflammation and central pain hypersensitivity [92]. These findings allowed us to suggest that the tumor microenvironment including all the cellular opioid receptor-expressing components (neuronal, immune, endothelial cells), acts as a functional trap, mimicking a peculiar kind of opioid tolerance [93]. In addition, some sporadic but increasing clinical evidence [94,95] indicated that the other side of opioid-induced tolerance was indeed OIH, the immune-mediated mechanisms of which would become disclosed many years later [35]. According to our idea, in the case of tumors with a prominent inflammatory component, chronic opioid exposure could lead to a peculiar form of breakthrough pain (unexplained spontaneous pain flares of rapid and sudden onset) [96,97]. Furthermore, the well-established NO involvement in amplifying pain hypersensitivity as a result of increased levels of excitatory amino acids (N-methyl-D-aspartate, NMDA) in the CNS (wind-up), and the ability of methadone also to stimulate NO generation, prompted us to wonder whether structurally diverse clinically employed opioid analgesics could exert the same activity. We found that the ability of different opioids to trigger NO release in MOR-expressing glioblastoma cells, paralleled the extent of tolerogenic and hyperalgesic effects induced by each opioid, being morphine at the top of the list and methadone at the last place (and, therefore, considered a reference drug for addiction maintaining therapy) [98]. Only a few years later, morphine-induced hyperalgesia was also linked to its ability to bind to TLR-4 [73,74] on the spinal cord microglia, that initially determines the extent of neuroinflammatory response and then the persistence of both cancer and non-cancer pain, depending on injury intensity and quality.



In our opinion, the above-mentioned findings together with numerous clinical observations strongly support the idea that overlapping mechanisms underlie cancer and non-cancer pain, in addition to OIH [15].




10. Cancer Immunotherapy and Pain


Over the past decade, treatments promoting anti-tumor immune responses have revolutionized cancer therapy [99]. Antibodies targeting the inhibitory checkpoint proteins CTLA-4, PD-1, or the PD-1 ligand PDL-1, have been approved for treatment of a variety of cancers, including melanoma, non-small-cell lung cancer, head and neck cancer, bladder cancer, renal cell carcinoma, hepatocellular carcinoma, and several other tumor types, and have resulted in marked and durable responses [100].



However, only little evidence on the effects of these novel immunotherapeutic approaches on pain are available, and they mainly stem from preclinical studies. In mouse models of neuropathic and cancer pain, the checkpoint pathway ligand PD-L1 was found to inhibit pain and allodynia by suppressing basal pain sensitivity upon engagement and activation of its cognate receptor PD-1 on peripheral sensory neurons [101]. Stimulation of PD-L1-PD-1 counter-pair signaling resulted in activation of the tyrosine-phosphatase SHP-1, leading to reduced pain-sensing neuron excitability and downstream modulation of sodium and potassium channels. Similarly, local injection of PDL-1 was reported to activate SHP-1 that co-localizes with PD-1 and with the transient receptor potential vanilloid 1 (TRPV1) in dorsal root ganglion (DRG) neurons; this results in downregulation of receptor channel activity, and inhibition of bone cancer pain development in mice inoculated with Lewis lung carcinoma cells [102]. The PD-1-PD-1L-produced analgesic effect on murine bone cancer was attributable to the ability of the immune checkpoint pathway to inhibit RANK-L-induced osteoclastogenesis [103]. Moreover, Wang Z. et al. reported that anti-PD-1 treatment impairs opioid-induced antinociception in rodents and nonhuman primates, as PD-1 is co-expressed with MOR in sensory and DRG neurons and is required for MOR signaling. PD-1 blockade suppressed calcium currents, excitatory synaptic transmission, and induction of outward currents in spinal cord neurons in addition to enhanced opioid-induced hyperalgesia and tolerance, and potentiated opioid-induced microgliosis and long-term potentiation in the spinal cord. In addition, intrathecal infusion of the anti-PD-1 antibody nivolumab, inhibited intrathecal morphine-induced antinociception in nonhuman primates [104].



Collectively, these findings suggest that anti-PD-1 immunotherapy interferes with opioid analgesia in patients with cancer by disrupting the PD-1–MOR interaction.



Although preclinical studies highlight that the immune checkpoint blockade therapy may produce long-term benefits in cancer pain, only anecdotal findings are present in the clinical setting, and large controlled clinical trials specifically addressing this issue, are lacking so far [105].



Indeed, mononeuritis multiplex and back pain as a complication of combined therapy with the anti-CTL-4 (ipilimumab) and anti-PD-1 (nivolumab) monoclonal antibodies, was were described in a melanoma patient [106]. Similarly, neuropathic pain was associated with chronic inflammatory demyelinating polyradiculoneuropathy secondary to immune checkpoint inhibitors in two melanoma patients [107]. Moreover, in an observational cohort study enrolling 162 melanoma or non-small lung cancer patients treated with PDL-1 inhibitors, chest and abdominal pain emerged among the most common patient-reported clinically relevant symptoms [108]. Of interest, a recent case report also showed that PD-1 immunotherapy elicited severe itch (pruritus) [109], a symptom that shares the pain neural circuits [110], in a patient with a 7-month history of lung adenocarcinoma; remarkably, treatment with naloxone resulted in substantial relief within 1 h, suggesting a correlation between PD-1 and MOR in humans.




11. Immunotherapy of Pain


Because of the numerous evidence on the critical role of immune cells as key orchestrators of pain due to their ability to infiltrate neuronal tissues and release molecular mediators sensitizing nociceptor neurons [111], a number of therapeutic strategies based on the modulation of neuroinflammatory and neuroimmune responses have been developed, although they mainly regard preclinical pain models of non-cancer neuropathic chronic pain [112]. These approaches consist of targeting neuroinflammation, by neutralization of proinflammatory mediators such as TNF-α, IL-6, IL-1, IL-18, IL-33, and CCL2, or administration of anti-inflammatory mediators including IL-10, IL-4, IL-13, and TGF-β [113,114], and resolvins [115] (Figure 3).



In addition, cellular immunotherapeutic approaches exploiting the ability of macrophages and T cells to infiltrate spinal cord [111], have also been taken into consideration. Of interest, the study by Pannell M et al. showed in a model of neuropathic pain that perineural transplantation of IL-4-induced anti-inflammatory M2 macrophages secreting higher levels of endogenous opioids at the damaged nerves, reduced neuropathy-induced tactile hypersensitivity in vivo, thus mimicking immune-mediated peripheral analgesia [116,117].



In terms of T cells, cisplatin educated CD8 T cells were found to prevent and resolve chemotherapy-induced peripheral neuropathy in mice [118]. In addition, reduced cancer pain severity was observed in advanced cancer patients following adoptive immunotherapy with infusion of autologous T cells [119].




12. Conclusions


The third millennium has reassembled in a unified view the diverse pathogenetic mechanisms of chronic pain that persists beyond the evoking cause. The synthetically crude definition of cancer as “the wound that does not heal”, could also be adopted to its main symptom, chronic pain, of which the “dignity” of disease in itself has been finally recognized. The involvement of neuroinflammation in pain initiation, of spinal cord infiltrating immune cells in pain sensitization, and the neuroplastic “maladaptive alterations” occurring in the brain, are common events in cancer and non-cancer pain [15]. Therefore, chronic cancer pain does not seem to be so unique. However, the composition of the tumor microenvironment, a complex ecosystem where different cell types and soluble mediators vary during the neoplastic process, suggests that distinct neuroinflammatory responses for each tumor type and stage, generate different pain states. Today we also know that the different cellular components forming the tumor microenvironment express opioid receptors (MOR in particular) that once engaged by endogenous (opiates) and exogenous opioids, may mediate unpredictable effects on pain and tumor evolution. Indeed, long-term opioid (morphine in particular) therapy results in paradoxical effects (pain worsening) that create a differential diagnostic dilemma between tolerance, OIH and disease progression. In case of OIH, opioid escalation represents the devastating choice of curing the effect (pain) with the cause (opioids), thus transforming the “therapy of pain” into “pain from therapy”.



Perhaps the dramatic prevalence of cancer pain has fostered the underestimation of the exogenous opioid capacity to hijack the neuroimmune network controlled by the endogenous opioid system (bona fide cytokines) [120]. Such underestimation has likely been the basis of the phenomenon of opioid epidemics in the United States and Canada [121].



The opioid effects on tumor evolution are also ambiguous. These studies have been mainly carry out in preclinical models and show a number of limitations: 1. The animal tumor models poorly reproduce the complexity of the human disease; 2. The contradictory results on tumor growth and metastasis dissemination are likely to be a reflection of the different experimental models and methodologies employed; 3. The lack of correlation between the opioid dosage employed in in vitro assays [122] and that administered in in vivo experimental models and in the clinical setting; 4. The failure to correlate the tolerogenic effects observed in the animal models with the pharmacological and psychological (emotional) effects occurring in humans [83].



Thus, based on the enormous amount of experimental evidence on the dual effects of opioids on both pain and cancer, the clinical outcome of long-term opioid pain therapy would be difficult to predict also for an expert in the field: pain relief and its benefits, or rather, disease worsening and reduced life expectancy.



Currently, opioid ambiguity represents an important emerging limitation [123,124], but it could also be an incentive to design novel opioid and non opioid drugs, and to promote an interdisciplinary science fact between Immunology and Algology, that we defined—between the serious and the ironic—as ImmunoAlgology [125].
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Figure 1. Double-edged effects of morphine in cancer. A large body of evidence indicates that morphine can either promote or inhibit tumor growth and metastasis formation, by direct effects on tumor cells, and by modulation of angiogenesis and anti-tumor immune responses. MOR, m opioid receptor; RTK, receptor tyrosine kinase; VEGFR, vascular endothelial growth factor receptor; PGE2, prostaglandin E2; NO, nitric oxide; NMDAR, N-methyl-D-aspartate receptor. 
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Figure 2. Tumor microenvironment as a scenario of neuroinflammation and central sensitization in chronic cancer pain. Binding of exogenous opioids to opioid receptors on nociceptors in the nerve endings, tumor cells and tumor-infiltrating leukocytes forming the tumor microenvironment, results in release of pro-inflammatory mediators and neutrophic factors that activate glial cells (microglia and astrocytes) in the dorsal root ganglion (DRG). Activated glial cells in turn also release pro-inflammatory mediators acting on neurons in the spinal cord and in the higher centers of brain, further propagating neuroinflammation and inducing central sensitization (wind-up and up-regulation of excitatory aminoacid (NMDA) receptors. MOR, m opioid receptor; PGE2, prostaglandin E2; NO, nitric oxide; NK, natural killer cell; CTL, cytotoxic T lymphocyte; Treg, regulatory T cell; VEGF, vascular endothelial growth factor; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase; HIF1a, hypoxia inducible factor 1 a. 
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Figure 3. Pro-inflammatory (pro-nociceptive) and anti-inflammatory (antinociceptive) mediators are released during chronic pain development. Upon tissue damage or infection, cytokines are released locally by tissue resident or blood-recruited immune cells. The peripheral terminals of nociceptors, dorsal root ganglia and spinal cord express several receptors for these mediators, the signaling of which modulates nociceptive activity. Cytokines are displayed as pronociceptive (red) or antinociceptive (green). 
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