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Abstract

:

Simple Summary


This comprehensive review of tumor innervation summarizes the literature from the earliest publications on the topic to the most recent. It addresses the positive and negative evidence of tumor innervation and the historical developments in thought and methodology that have led to the consensus that tumors are innervated. The role of the immune response is described, as are some important biochemical and physiological mechanisms relevant to regulation of cancer development.




Abstract


The role of the nervous system in cancer development and progression has been under experimental and clinical investigation since nineteenth-century observations in solid tumor anatomy and histology. For the first half of the twentieth century, methodological limitations and opaque mechanistic concepts resulted in ambiguous evidence of tumor innervation. Differential spatial distribution of viable or disintegrated nerve tissue colocalized with neoplastic tissue led investigators to conclude that solid tumors either are or are not innervated. Subsequent work in electrophysiology, immunohistochemistry, pathway enrichment analysis, neuroimmunology, and neuroimmunooncology have bolstered the conclusion that solid tumors are innervated. Regulatory mechanisms for cancer-related neurogenesis, as well as specific operational definitions of perineural invasion and axonogenesis, have helped to explain the consensus observation of nerves at the periphery of the tumor signifying a functional role of nerves, neurons, neurites, and glia in tumor development.
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1. Introduction


In non-pathological physiology the nervous system pervades every organ system. The presence of nerves or neurites indicates the local necessity for neural activity. Intra- and extra-cellular signals drive and sustain innervation, and absence of the same signals removes the metabolic burden of maintaining such connections [1]. The historical progression of research from psychoneuroimmunology to neuroimmunooncology has solidified the collective acknowledgment that the nervous system participates in cancer etiology. Numerous researchers have concluded that tumor growth occurs in relation to the nervous system, positing the appearance of nerves in tumors as due to perineural invasion or to axonogenesis. In perineural invasion tumors grow around existing nerves and then invade them; the nerves stimulate the tumors’ growth and provide routes for cancer cell dissemination. In axonogenesis, sometimes also called neoneurogenesis, growing nerves infiltrate tumors; this phenomenon is linked to cancer progression, as well [2]. The historical divergence of interpretations of the nature of the relationship of the nervous system with cancer etiology warrants a review of the various research approaches and their results. This is the first comprehensive review of the positive and negative interpretations of nerve identification and localization in solid tumors.




2. Historical Aspects


Since 1897, investigators have observed numerous instances in which it appears that nerve fibers have colocalized with neoplastic tissue, including malignant tumors, in humans and in experimental animals (Table 1) [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20]. Central nervous system (CNS) neurons and glia may develop into CNS tumors, but most solid tumors associated with the nervous system occur outside of the CNS and receive innervation from the peripheral nervous system (PNS) [21], especially the autonomic nervous system, which has been implicated in various tissues as a regulator of cancer development and progression [22,23,24,25,26,27]. Evidence of innervation by the PNS of solid tumors has accumulated as the methodologies of identifying the phenomenon have progressed from methylene blue staining to electrophysiology to immunohistochemistry to pathway enrichment analysis. However, despite advances in technology and technique, as well as a growing acceptance of the increasingly axiomatic notion that tumors are innervated, evidence of no innervation within the tumor mass remains part of the scientific record (Table 2) [4,28,29,30,31,32,33,34,35], as do qualifications of the deceptively straightforward assertion that solid tumors are innervated. Many demonstrations of tumor innervation have been imperfect. Innervation of solid tumors has been shown to be variable in its distribution within or outside the tumor mass, and this spatial distribution has been shown to vary based on the time course of its development.




3. Ambiguous Evidence of Tumor Innervation


The first attempt to describe the relationship of nerves with tumors appeared in The Journal of Experimental Medicine in January 1897 under the sole authorship of H.H. Young, M.D., from the Anatomical Laboratory of the Johns Hopkins University. In his manuscript Young referenced previous publications, such as pathology textbooks, that remain “either entirely silent regarding this topic or [that] dismiss it with an acknowledgment of our ignorance”. In the previous year, Lücke and Zahn inferred the innervation of tumors from their clinical observations of pharmaceutical attenuation of cancer pain, but they could not distinguish the emergence of nerves in tumors as having arisen from perineural invasion or from axonogenesis [36]. Young likewise conceded an inability to make this distinction, a practical impossibility given the inherent limitations of his staining technique. His paper is remarkable as being the first to address this question and to employ the then-novel morphological visualization technique of methylene blue staining to this end. He positively identified tumor innervation in half of his samples but not in the other half, concluding that nerves appear in tumors more frequently “than has previously been suspected”. It is important to note that Young pursued the methylene blue avenue of investigation after an initial attempt with the Golgi method of silver staining afforded “such uninteresting results with these tissues that it was discarded” [3].



In 1910 an investigator surnamed Meyer, referenced by Martynow in his brief 1930 review [4], used the Bielschowsky stain, a silver staining technical improvement over the Golgi stain, to conclude that the nerve fibers that he was able to visualize were not formed by axonogenesis. The following year a Goldmann confirmed Young’s observations but went further than Young in attributing his visualized tumor nerves to axonogenesis. He also proffered an explanation of Lücke’s patients’ experiences: new tumor formation puts so much pressure on existing nerves as to obliterate them with the exception of even the smallest outgrowths of the vagus nerve, implying a function of this nerve with respect to tumor development. In 1925 a group of Japanese researchers revisited the Golgi stain, finding new nerves in benign growths but only pre-formed nerves in malignancies; a French team disputed the reliability of the methodology [6].



The focus of the researchers Itchikawa, Baum, Uwatoka, and Engle on epithelial carcinogenesis arising in response to experimental perturbations gave pause that same year (1925) to Argaud [5]. Reasoning that spontaneous cancer development follows from different histogenetic processes than those induced experimentally by Itchikawa inter alia, Argaud examined the behavior of nerve fibers in human neoplasias. Excluding those fibers enclosed by perineural invasion, and thereby perhaps making a distinction without a difference, his team considered only “the young fibers dragged along by the neoplastic guts (sic) as they lengthen, and multiplying their arborizations due to the ever-increasing number of abnormally proliferating cells” (“les fibres jeunes entraînées par les boyaux néoplasiques au fur et à mesure de leur allongement, et multipliant leurs arborisations en raison du nombre toujours plus grand des cellules anormalement prolifères”). On the basis of this morphological investigation, Argaud concluded that nerves and nerve endings grow in the epithelioma, both between its neoplastic cells and into the mass itself, and that the nerve growth corresponds to the neoplastic growth of the epithelium. Argaud regarded the fact that the epithelioma consisted of a single layer of epithelial cells as proof of his conclusion.



In his 1930 essay Horst Oertel argued for a functional role of nerves in tumors based on the premise of the indivisibility of each tissue and organ system, which must consist of a common set of characteristics [37]. “Indeed”, he wrote, “body cells are kept in contact with their outer environment entirely through their nerve and vascular supply”, including, naturally, tumors. In his brief 1930 review Martynow indicated that in both a human carcinoma and an experimental murine cancer the nerve tissue distant from the cancer exhibited no changes, whereas the nerve tissue closer to the tumor demonstrated both decay of old nerve fibers as well as formation of new ones [4]. This crucial distinction would encapsulate the theme, and begin to reconcile the contradictions, of positive and negative evidence of tumor innervation.




4. Methodological and Conceptual Clarifications


For half a century investigations into the question of tumor innervation were limited to histological snapshots. In 1949 Shapiro and Warren performed the first physiological investigation of tumor innervation [8]. They visualized blood vessels on and just below the surface of the tumor due to the inherent limitation of their slit-lamp microscopy visualization methodology. Because they could only visualize blood vessels on the tumor surface, and because only arterioles, as opposed to capillaries and veins, were presumed to receive motor innervation, they reasoned that finding a vessel that contracts upon sympathetic stimulation would require an arteriole to be on the tumor’s surface. They attributed the preponderance of previous negative findings, all in studies of morphology, to the fact that tumor-supplying arterioles tend to lie within the tumor, i.e., nearer the origin of the blood supply, whereas capillaries and veins can be found more prevalently on the tumor’s surface. Following tumor transplantation (carcinoma in the rabbit eye and mesothelioma in the mouse eye) and growth induced by electrical stimulation, they observed a variable degree of innervation of newly formed arterioles, which took from 3.5 to 7.5 months to develop clearly observable contractility. They attributed the likelihood of negative findings to this long time course. The investigators’ morphological observation of tumors growing into the space of the interior ocular chamber suggested that perineural invasion could not explain the presence of the nerve fibers in the tumors, which must therefore have grown with the developing tumors. This study established an unambiguous physiological observation of new nerve fibers growing within a tumor and keeping pace with it for a specific function.



Following the emergence of formal neuroendocrinology in the 1940’s [38], and with the cognitive revolution of the 1950’s and 1960’s [39,40], came studies linking psychology with cancer [41,42,43,44]. In multiple papers Lawrence LeShan emphasized the finding of the loss of a significant personal relationship by individuals who later developed neoplastic disease. The psychologist attributed the development of the etiology to an overwhelming “despair” in the patient, emphasizing the writings of the philosophers Søren Kierkegaard and Martin Buber and the poet Elizabeth Barrett Browning and speculating within a psychoanalytic framework. This psychosomatic strain of thought followed from the German and Swiss anthroposophic movement of the 1920’s to 1960’s that posited a holistic relationship between the emotions and pathophysiology, including cancer [45]. In the 1970’s Robert Ader, Nicholas Cohen, and David Felten broke ground with their work in behaviorally conditioned immunosuppression [46] to found the field of psychoneuroimmunology. Their eponymous 1981 tome posited the neuroimmune axis as a unified system of defense against insults to homeostasis, from psychological stress to viral pathogens, and it alluded to clinical and experimental reports of the onset of cancer within the context of a psychologically mediated immune response [47].



Amanda Ramirez, a psychosocial oncologist, and colleagues noted in the 1980’s that although a large body of anecdotal evidence amassed since the eighteenth century suggested a link between life events and the onset of cancer, conceptual and methodological weaknesses plagued investigation into this association [48]. Ramirez et al. (1989) [49] attempted to address these concerns by accurately identifying the date of the onset of tumor growth. They explored the association between stressful life events and relapse in operable breast cancer, finding that severely threatening life events were associated with the first recurrence, as was the relative risk of relapse. They concluded that their observational results suggested a prognostic association between severe life stressors and breast cancer, a subject that became the target of investigations into its roots in terms of neuroendocrinology [50,51,52,53] and other environmental [54], experimental [55], and clinical [56] factors. The role of psychological stress in cancer development is now widely accepted [57,58,59,60,61,62,63] and reported to be predicated on the roles of the sympathetic nervous system [64,65] and the hypothalamic-pituitary-adrenal axis in alteration of lymphocyte apoptosis, expression of cancer-survival genes, and immune response mediation [66].




5. Negative Evidence of Tumor Innervation


Some of the earliest investigations of tumor innervation could identify neither a specific organizational role for neurons in the tumor microenvironment [28] nor neurotrophic influence on tumors [29]. In 1958 Jabonero published a German article on his investigations into innervation of the dermatological glomus tumor [30]. Using the Bielschowsky silver stain, he reported finding no increase in the tumor of normal Hoyer-Grosser organs, thermosensitive neural bodies that dilate to maintain blood flow to the nail bed. On the contrary, he found a lower amount of innervation to such organs in the cancerous, as opposed to healthy, tissue. Jabonero also reviewed previous negative evidence of tumor innervation, which was consistent with his findings. It is worth quoting at length, not only for the coherence of the writing, but also for the identified references to the authors of these prior studies. Additionally, this is the first publication in English of this material (translated from German by JHB):




”According to Herzog, the nerve elements of spontaneous growths are mostly to be understood as preserved, preformed structures. There is said to be a noticeable resistance of the nerve elements to the tumoral proliferation, even if they occasionally show signs of degeneration. Proliferative processes, as described by some authors, have nothing to do with the tumor itself, but are merely phenomena of regeneration as a result of the abnormal elements leading to the development of experimental tumors. Oertel described a nervous plexus of the same arrangement as the nerve connections supplying the normal organ. Adventitial plexuses attached to the great blood vessels and arranged spirally around the blood capillaries can be seen. Martynkov (sic) did not find any morphological changes in the nervous elements running along the blood vessels in the tissues immediately surrounding the tumor mass. Cailliau believes that the tissue of malignant tumors possesses a special nervous system which is intimately related to the stage of development of the tumor and should be regarded as nervous stroma (neurostroma). The nervous system of the vessel walls is said to be quite different from the normal nervous supply. The innervation of the tumor tissue is more plentiful than in normal similar territories. The more malignant the neoplasm, the greater the wealth of nervous elements. With Bordallo (1948) I have described the changes in the autonomic terminal formation in rectal cancer. Between the cancer cells the nervous syncytial elements have completely perished. Changes in form, structure, and color of nervous cords occur in the immediate vicinity of the tumor. These are alterations that are not exclusively dependent on tumor proliferation but also—and perhaps mainly—on inflammatory infiltration”.





Jabonero went on to describe his findings of what was left of the innervation of the arteriovenous anastomosis of the nail bed following invasion by the tumor mass: a linear distribution of irregularly scattered granules of the disintegrated nervous tissue, thin neurofibrillary tangles, and, occasionally, clear delineation of the nerve terminal. He summarized the relationship of nerve fibers with the tumor by emphasizing that neural structures were rarely observed within the tumor mass due to their corrosion by it.



Mitchell, Schumacher, Kaiserling, and then Stauber published two similar studies in 1994 detailing their use of indirect immunohistology to identify immunoreactive nerve fibers within benign, malignant, and experimental tumors: hemangiomata, carcinomata, and experimental transplanted tumors in one study and chronic mastopathies, fibroadenomata, and breast cancers in the other study [31,32]. They found a consistent presence of nerve fibers in the vicinity of tumorous blood vessels and in stroma supporting the tumor tissue but no nerve fibers within the tumors. This finding reflected a common theme of the colocalization of nerve fibers and solid tumors: namely, that when they are found growing together, the fibers tend to be at the tumors’ peripheries and not within the centers of the masses. The investigators concluded that although major blood vessels supplying the tumor are innervated, newly formed blood vessels within a tumor are not innervated, and that, therefore, angiogenesis, a necessary component of tumor development, must be regulated by a means other than neural.



A 2001 immunohistochemistry study investigating liver carcinoma innervation likewise found evidence of the absence of nerve fibers within the tumoral sinusoids and fibrous septa of human hepatocellular carcinoma as well as a low density of innervated vasculature in the carcinoma’s capsule [33]. The same study found a very low density of nerve fibers in the tumoral stroma of intrahepatic cholangiocarcinoma. Neither carcinoma type was found to have innervation of the neovascularization, but both had some innervation of pre-existing blood vessels and extensive innervation of non-tumorous regions of the tissue. The obvious conclusion was that these carcinoma types were, essentially, not innervated.



Since 2001, various studies have found positive evidence of tumor innervation in histological assessments of human pathology as well as in experimental animal models; see the next section below. Some studies, however, continued to find evidence of no tumor innervation. For instance, two unrelated 2012 studies employed the same neuronal marker protein gene product 9.5 (PGP 9.5) as Mitchell et al. (1994) [31,32] to assess innervation patterns in two distinct tissue types in order to explain the early-stage imperceptibility of cancer growth in them. Habash et al. examined human oral squamous cell carcinoma and found no PGP 9.5 immunoreactivity in tumor-adjacent tissue in eighteen of thirty cases; pre-existing nerve fibers in tumor-adjacent tissue in twelve of thirty cases; and labeled nerve fibers in two of thirty cases. The results of this study helped to explain the painlessness of early-stage oral cancer [34]. Similarly, Tomita used PGP 9.5 to localize nerve fibers in normal human colon tissue and benign and malignant colon growths. Nerve fibers were not detected in the tumor mass, but tumor-associated neurogenesis was observed in the submucosa as well as in the highly vascularized lamina propria of benign hyperplasias (i.e., polyps and adenomata). Fine nerve fibers were observed in mucosal stroma adjacent to, but not within, T(1) carcinomata. Fragments of Auerbach’s plexus were observed in T(3) colonic tumors, but increased nerve fiber density was not. The results of this study helped to explain the “silent clinical presentation” of colonic carcinomata until its spread to other organs [35].




6. Positive Evidence of Tumor Innervation


The year 2001 was productive for the publication of findings demonstrating positive evidence of tumor innervation. In January 2001 Zhou et al. assessed the prevalence and location of nerves in prostate biopsy specimens with and without adenocarcinoma [9]. The investigators proceeded from the premise that absence of evidence is not evidence of absence. Namely, if nerves are consistently absent or scarce in one of three examined locations (i.e., apex, mid-gland, and base), then no evidence of perineural invasion at a given location does not necessarily equate to absence of perineural invasion throughout the cancerous area. Perineural invasion was defined as a partial or complete tight encirclement of a nerve bundle by prostatic adenocarcinoma cells. The hematoxylin and eosin (H&E) stain, the most commonly used in pathological diagnosis of biopsy specimens, was compared with the S-100 stain, used in the aforementioned study on liver carcinoma innervation, in terms of their abilities to detect nerves in cancerous and benign prostate specimens. S-100 staining found, first, even neural distribution throughout the three prostate regions with no significant difference between the numbers of nerves in them and, second, significantly more nerves than H&E staining did. Apparently consistent with studies concluding that tumors are not innervated, the nerve density in cancerous specimens was significantly smaller than that in benign specimens. However, the nerve distribution of cancerous and benign specimens was similar, a finding that the investigators interpreted to mean that a discovery of no perineural invasion may equate to a true absence of perineural invasion. This similarity of nerve distribution between cancerous and benign tissue, therefore, implies the innervation of prostatic adenocarcinoma.



Despite the history of experimental evidence of tumor innervation, however ambiguous, and a clinically relevant link between psychology and neoplastic disease, Seifert and Spitznas began the abstract of their March 2001 paper with the statement that although “[i]t is generally assumed that tumours are not innervated”, they had accidentally observed a nerve fiber within an adenoma in the eye of a patient in their native Germany [10]. These investigators used staining of tumor specimens with uranyl acetate and lead citrate and electron microscopy to identify innervation of the peripheries of two tumor types. Adenomata of both the pigmented and non-pigmented ciliary epithelia had nerve fibers embedded in Schwann cells at the tumors’ margins. No nerve fibers were identified within the tumors themselves, not even in association with the blood vessels supplying the tumors. The authors pointed out that although the tumors’ neural tissue comprises a small proportion of the tumors’ total tissue, the mere presence of nerve fibers in the tumor tissue suggests a function for the nerve fibers vis-à-vis the tumor tissue. Although their findings were similar to those of investigators that concluded that tumors are not innervated, Seifert and Spitznas concluded otherwise on the basis of the presumption that the presence of nerves is pathognomonic of their function. Seifert and others followed up this study with one on carcinoma of the human urinary bladder in order to confirm that tumor innervation is not an organ-specific phenomenon. In this second study the investigators used PGP 9.5 to visualize nerve fibers in the tumor stroma as well as to demonstrate neuronal reactivity to vasoactive intestinal peptide (VIP), confirming innervation of the bladder carcinoma [14].



An interdisciplinary team at the University of Minnesota used a mouse model to examine functional interactions between tumors and peripheral nerves that may contribute to cancer pain [11]. Cain et al. (December 2001) implanted fibrosarcoma cells into the mouse femur as a valid model of human bone cancer. Electrophysiological recordings from primary afferent fibers established a significant increase in spontaneous activity in unmyelinated, but not myelinated, fibers associated with the tumors. In a companion paper Wacnik et al. (December 2001) reported elevated release from the tumor of the peptide endothelin-1 (ET-1), the most potent vasoconstrictor known.12 This finding was consistent with previous studies that had implicated the peptide in the transmission of nociceptive information [67,68,69,70,71,72] as well as studies that found the peptide secreted in high concentrations by metastatic prostate and breast cancer cells [73] and in the plasma of men with prostate cancer [74].



Cain et al. also employed immunohistochemistry to make morphological observations of nerve fiber density and branching following murine fibrosarcoma implantation [11]. Their finding that the density of unmyelinated epidermal nerve fibers, which contain nociceptors, increased at first and then sharply decreased, coinciding with loss of electrophysiological activity, led them to conclude that the initial increase activated and sensitized the fibers, and that the subsequent decrease implicated neuropathic involvement. This finding was consistent with clinical data that had demonstrated an association between a reduction in cutaneous innervation and a variety of sensory neuropathies, from diabetes to HIV to post-herpetic neuralgia. Oaklander (May 2001) had suggested that cutaneous denervation led to increased activation of more-proximal sensory neurons, resulting in the hyperalgesia observed as a model of human cancer pain [75].



Ayala et al. (November 2001) sought to define “perineural invasion” in terms of a novel model system of co-cultured murine dorsal root ganglia and human prostate cancer and stromal cells, a combination intended to induce neurite outgrowth as a demonstration of the “active, specific, and reciprocal interaction” between nerves and prostate cancer cells [13]. Cell-seeding density dependence was observed, as neurite density depended on prostate cancer cell number. Neurite growth diminished following initial cancer cell contact, suggesting active neurite recruitment by the cancer cells. Cancer cells then migrated along neurites in the retrograde direction, a clear manifestation of perineural invasion, an interactive process between nerves and cancer cells that results in an increased survival advantage for cancer cells in the perineural space [76]. Not observed were interactions between stromal cells and nerves. In the years ahead Ayala and others would revisit variations on this methodology.



For instance, a 2003 study of human esophageal squamous cell carcinoma and cardiac carcinoma found not only that they were innervated by peptidergic nerve fibers, but also that they could induce neurite growth into the tumor masses [15]. Antibodies of a greater number of neuropeptides than used in previous studies (ten in this case) were used for immunohistochemical staining to identify nerve fibers. The neuropeptides used were calcitonin gene-related peptide (CGRP), galanin (GAL), substance P (SP), neurotensin (NT), somatostatin (SOM), cholecystokinin (CCK), leu-enkephalin (L-ENK), dynorphine (Dyn), neuropeptide Y (NPY), and met-enkephalin (M-ENK). Substantial distribution of the neuropeptides was observed in the midst of tumor cells, in contact with them, and even encircling them. 63% and 67%, respectively, of experimental esophageal and cardiac tumor cubic-millimeter blocks induced extension of neurite processes from chick embryo dorsal root ganglia towards, next to, and around the tumors. Although the functional role of these new fibers is not clear, their proximity to the tumor cells suggests a role of the nerve terminals in the regulation of tumor growth and/or differentiation, consistent with the recognized role of neuropeptides on tumors.



In 2008 Ayala et al. drew on their successful in vitro model, as well as from clinical evidence that spinal cord injury patients rarely develop prostate cancer [77,78], to identify increased nerve density in human prostate cancer as a consequence of axonogenesis, which they defined as nerve density enlargement, and neurogenesis, which they defined as neuron soma number increase [18]. This identification occurred by way of two- and three-dimensional reconstructions of entire prostates from aggregation of S-100-stained sections. Thus, the investigators explored spatial and temporal associations between increased nerve density, preneoplastic lesions, and neoplasias. The finding that preneoplastic lesions exhibited a higher nerve density than normal prostate tissue, but not as high as proper neoplasias, suggests that axonogenesis and neogenesis may support the initiation of prostate cancer, and that these processes precede perineural invasion.



Albo et al. (2011) used an in vitro model of co-culturing murine dorsal root ganglia with human colonic carcinoma as well as in vivo PGP 9.5 immunohistology to demonstrate the occurrence of neurogenesis [19]. The investigators observed active tumor cell migration along dorsal root ganglia dendritic projections. More-advanced disease stages were associated with higher degrees of neurogenesis and reductions in disease-free survival. Multivariate analysis found that neurogenesis was second only to the presence of metastasis in predicting a poor outcome in patients with colorectal cancer. The authors of the report made an explicit connection between their results and their recommendation to use evidence of neurogenesis to inform clinical treatment of colorectal cancer.




7. Neuroimmunooncology


Two 2005 studies exploring murine models of cancer pain found immunohistochemical evidence of innervation of fibrosarcoma and pancreatic adenocarcinoma, respectively [16,17]. The latter study included in its methodology an assessment of nerve growth factor expression by macrophages, and hence its discipline could be characterized not merely as “neurooncology”, but more precisely as “neuroimmunooncology”. The study in question showed clear evidence of the interaction of all three systems in driving tumor innervation.



The regression of tumorous growths after an infection or fever has been reported anecdotally since dynastic Ancient Egypt [79,80], but it was not until the late nineteenth century that the immune system was made a therapeutic target in cancer treatment. Busch (1868) deliberately infected a cancer patient with a streptococcal bacterium to induce erysipelas, an infection of the upper dermis, leading to shrinkage of the malignancy [81]. Fehleisen (1882) repeated the treatment and identified Streptococcus pyogenes as the causative infectious agent [82]. In 1891 Coley scaled the cure to over a thousand patients, into whom he injected heat-inactivated bacteria to treat predominantly inoperable sarcomata [83]. Poor research conduct, subsequent technological advancements in radiation therapy and chemotherapy, and changes in attitude postponed widespread acceptance of the legitimacy of the concept of immunooncology for several decades [84], during which both animal models [85] and clinical trials [86] vindicated the treatment approach. Moreover, the immune response has been found not only to treat an already developed cancer, but also to act in defense against its development in the first place. For instance, patients with immunosuppression due to organ transplantation have an increased risk of cancer development, especially of non-melanoma skin cancer [87,88].



Recent findings have implicated bidirectional nervous/immune pathways in a variety of neurological and psychiatric pathologies [89,90,91,92], and many cell types are known to contribute to a cancer-supportive tumor microenvironment, including cancer-associated fibroblasts, myeloid-derived suppressor cells, T and B regulatory cells, regulatory dendritic cells, tumor-associated alternatively activated type 2 macrophages and type 2 neutrophils, and some mast cells, all of which facilitate immunosuppression and tolerogenicity [93,94]. Neurotransmitters, particularly those involved in stress reactions, have been shown to impair the functions of several leukocyte subsets. For example, ligands of β-adrenergic receptors inhibit the cytotoxic activity of natural killer cells [95,96]; norepinephrine impairs several functions of dendritic cells [97] and inhibits the migration of neutrophil granulocytes [98]; and substance P provides an anti-adhesive signal for T cells [99]. The nervous system therefore influences the immune system, and immunosuppression by the nervous system through strong adverse experiences (e.g., chronic stress, anxiety, or depression) may facilitate tumor development [100]. Ahmad et al. have highlighted the following vicious cycle: cancer stimulates pro-inflammatory cytokines; neuroinflammation ensues; neuroinflammation hyperactivates the hypothalamic-pituitary-adrenal (HPA) axis; the dysregulated HPA axis increases cortisol; depression ensues; depression leads to immunosuppression and cancer progression [101].




8. Regulatory Mechanisms for Cancer-Related Neurogenesis


As mentioned above, Mitchell et al. (1994) suggested that intratumoral angiogenesis must be regulated by a means other than neural because of their finding that intratumoral neovascularization was not innervated [31,32]. Following the development of therapies targeting angiogenesis as a means to the end of limiting tumor growth [102], Entschladen et al. (2006) hypothesized that tumors may initiate their own innervation by the release of neurotrophic factors [103]. They offered as evidence the prognostic value of nerve cell markers in cancer tissue and reasoned by way of analogy with angiogenesis acting independently in cancer and in the lymphatic system. Two years later, some of the same investigators proposed the “neuro-neoplastic synapse”, through which this hypothetical process of neoneurogenesis might occur [104]. It should be noted that in normal tissue blood vessels are innervated by autonomic and sensory nerves, whereas in solid tumors blood vessels may lack normal connections and interactions with the PNS neuritis. Thus, in the tumor, the process of neoneurogenesis may not be associated with neoangiogenesis as it is in non-malignant tissues. The ensuing decade of investigations and reviews that explored this concept solidified an understanding of the role of the nervous system in the tumor microenvironment [105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127]. The accumulated body of knowledge, including genetic and mathematical modeling approaches, obviated the necessity for dependence on the commonly employed PGP 9.5 marker, from which prior contradictory immunohistochemical conclusions were drawn; an examination of PGP 9.5, which is sensitive for immunostaining nerve tissue, also found strong expression in the vast majority of non-neural neoplasms observed, indicating its lack of specificity as a diagnostic marker [128].



Neurogenic and angiogenic factors have some functions in common. For example, nerve growth factor (NGF) and the axonal attractant netrin-1 have angiogenic effects [129,130], while vascular endothelial growth factor (VEGF) has been implicated in axonogenesis [131,132]. Therefore, it is unlikely that only one factor is responsible for axonogenesis. This similarity of axonogenesis to the complex regulation of neoangiogenesis and lymphangiogenesis hints at a common regulation for these three processes [104]. Semaphorins, meanwhile, represent one class of neurotrophic axon guidance factors [133] that inhibit angiogenesis [134,135].



It has been shown in vitro that several neurotransmitters (viz., norepinephrine, dopamine, and substance P) greatly increase the migratory activity of carcinoma cells from the colon [136], breast [137], and prostate [138]. The intrusion of neurites into tumors and the release from the neurites of neurotransmitters provide stimuli for the migration of tumor cells and thus facilitate metastasis formation. In all assessed murine carcinoma cell lines, the β2 adrenergic receptor mediates the promigratory effect and the increase of metastasis formation by norepinephrine acting on PC-3 cells. Use of the nonselective propranolol [136,139] or the β2-selective experimental inhibitor ICI-118,551 [137,138] abolishes these effects, whereas the β1-specific inhibitor atenolol does not. The clinically established inhibitor metoclopramide abolishes the dopamine effect by blocking the D2 receptor, and the experimental L-733,060 abolishes the substance P effect by blocking the neurokinin-1 (NK1) receptor [138]. Norepinephrine, dopamine, and substance P induce chemotaxis; this may have relevance for the localization of metastases if tumor cells invade those organs that release these neurotransmitters. Human breast carcinoma cells migrate toward higher concentrations in graded solutions of norepinephrine, dopamine, and substance P [98,137], and human colon carcinoma cells express β2, D2, and NK1 receptors. The nerve endings synapsing on tumors provide neurotransmitters that facilitate metastasis formation, and they may influence other tumor cell functions, such as their proliferative activity [104].



Recent evidence has implicated Schwann cells at the intersection of the neural and immune dimensions of the tumor microenvironment [94,140]. The predominant glia of the PNS, Schwann cells, associate with peripheral axons in myelinating or non-myelinating phenotypes [141,142,143,144]. Multi-layered myelination of axons by Schwann cells decreases membrane capacitance, increases electrical resistance across the axolemma, and thereby accelerates conductance of the nerve impulse [145,146]. De-differentiation of Schwann cells from the mature, myelinating phenotype to the immature, non-myelinating phenotype occurs in response to nerve injury. Peripheral nerve damage involves axon disintegration in the form of Wallerian degeneration; the once-myelinating Schwann cells respond by de-myelinating, de-differentiating, proliferating, clearing disintegrated debris, and promoting new axonal growth [147,148,149]. Schwann cells have even been observed entering the CNS to supplement oligodendrocytes’ repair of damage-induced demyelination [150]. The repair process entails Schwann cell release of chemokines, growth factors, pro-inflammatory cytokines, and factors that counterbalance pro-inflammatory cytokines. Schwann cells have been shown to direct malignant cell migration toward nerves, stimulate pancreatic and prostate cancer cell invasion, promote perineural invasion, and accelerate metastases [151,152,153,154,155]. An investigation of melanoma-induced reprogramming of Schwann cell signaling employed genetic pathway enrichment analysis to reveal the similarity between the Schwann cell repair phenotype and the Schwann cell tumor-reactive phenotype; transplanted repair-type Schwann cells were also shown to accelerate tumor growth and metastasis in vivo [156,157]. Schwann cells, then, appear to contribute to the formation of the tumor microenvironment and, therefore, to tumor development and growth. This role of Schwann cells helps to explain Martynow’s 1930 observation that tumor-adjacent nerve tissue demonstrated both decay of old nerve fibers as well as formation of new ones (Figure 1).




9. Conclusions


The longstanding consensus observation of nerves at the periphery of the tumor signifies a functional role of nerves, neurons, neurites, and neuroglia in tumor development. Neurotrophins and neurotransmitters act directly on receptors on the tumor tissue to promote its cellular proliferation, while the tolerogenic immune response facilitates tumorigenesis. The mechanism of neoneurogenesis consists of tumor cells releasing neurotrophins, which stimulate adjacent neurons to develop neurites that grow into the tumor. The neurons release neurotransmitters that initiate the migratory activity of tumor cells, hence tumoral invasion and cancer metastasis. Therefore, the neuroendocrine system regulates tumor cell functions and, thus, progression of cancer. Such a direct interaction explains the downregulation of the immune system by the neuroendocrine system. However, the nervous system in the presence of malignant cells may also contribute to an increase in the immune response [158]. Elucidating the relevant cellular and molecular pathways will better explain the role of neuroimmune regulation of cancer development.



Targeting the nervous, immune, and/or genetic elements of the tumor micro- and macroenvironments may constitute an effective approach to cancer therapy. Such elements include the peripheral neuroglia or tumoral genetic elements, such as alternative splice variants of tumoral mRNA. At the clinical level of analysis, the detection of nerve cell markers has been associated with poor outcomes in cancer patients, and so a better understanding of the relevance of such markers may aid in the development of therapies to improve outcomes. Clinical trials have been limited to targeting synaptic (viz., β-adrenergic) signaling. Improved understanding of the role of the sympathetic nervous system in tumor development may enhance the resolution of such targeted therapy. Better understanding of basic neurooncology may expand the therapeutic repertoire.
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Figure 1. Summary of phenomena contributing to tumor innervation based on published data. Not to scale. Abbreviations: ACh (acetylcholine), ACTH (adrenocorticotropic hormone), β-AR (β-adrenergic receptor), CRH (corticotropin-releasing hormone), D2-R (dopamine receptor D2), ET-1 (endothelin-1), MDSC (myeloid-derived suppressor cell), NE (norepinephrine), NE-R (norepinephrine receptor), NGF (nerve growth factor), NK cell (natural killer cell) NK-1R (neurokinin-1 receptor), SP-R (substance P receptor), VEGF (vascular endothelial growth factor). 
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Table 1. Observations of tumor innervation.






Table 1. Observations of tumor innervation.





	Cancer
	Species
	Method
	Year
	Reference





	Carcinoma, epithelioma, sarcoma, myxoma, lymphoma, neuroma
	Human
	Methylene blue staining
	1897
	[3]



	Cervical tumor at vagus nerve
	Human
	Methylene blue staining
	1911
	[4]



	Not specified
	Rabbit
	Tumor implantation & sympathetic transection
	1923
	[4]



	Various
	Human, rabbit, mouse
	Golgi staining
	1925
	[4]



	Epithelioma
	Rabbit
	Unilateral resection of the sympathetic nervous system
	1925
	[4]



	Epithelial meningioblastoma
	Human
	Apathy’s medium
	1925
	[5]



	Squamous cell cancer
	Human
	Methylene blue staining
	1926
	[4]



	Benign growth
	Human
	Golgi staining
	1926
	[4]



	Not specified
	Mouse, rabbit
	Nerve transection
	1926
	[4]



	Malignant neoplasm & papilloma
	Mouse
	Experimental coal tar
	1927
	[4]



	Sarcoma
	Rat
	Sciatic nerve transplantation into transplanted sarcoma
	1927
	[4]



	Not specified
	Rat
	Sympathetic nervous system resection
	1927
	[4]



	Benign & malignant tumors
	Not specified
	Bielschowsky stain
	1928
	[6]



	Malignant, cancerous, & sarcomatous tumors
	Human
	Silver nitrate staining
	1928
	[7]



	Carcinoma, mesothelioma
	Rabbit, mouse
	Electrical stimulation
	1949
	[8]



	Prostatic adenocarcinoma
	Human
	Immunohistochemistry (H&E, S-100)
	2001
	[9]



	Adenoma
	Human
	Uranyl acetate & lead citrate staining, electron microscopy
	2001
	[10]



	Fibrosarcoma
	Mouse
	Electrophysiological recording, immunohistochemistry (PGP 9.5)
	2001
	[11]



	Fibrosarcoma
	Mouse
	Neuroendocrinology (endothelin-1)
	2001
	[12]



	Prostatic carcinoma
	Human
	Dark-phase microscopy, image analysis (Optimas 6.1)
	2001
	[13]



	Urothelial bladder carcinoma
	Human
	Uranyl acetate & lead citrate staining, electron microscopy, immunohistochemistry (PGP 9.5, VIP)
	2002
	[14]



	Esophageal & cardiac carcinoma
	Human
	Immunohistochemistry (CGRP, GAL, SP, NT, SOM, CCK, L-ENK, Dyn, NPY, M-ENK)
	2003
	[15]



	Fibrosarcoma
	Mouse
	Sleeping Beauty transposon fluorescent transfection, immunohistochemistry (PGP 9.5, CGRP)
	2005
	[16]



	Pancreatic adenocarcinoma
	Mouse
	Immunohistochemistry (CGRP, neurofilament 200, tyrosine hydroxylase)
	2005
	[17]



	Prostatic carcinoma
	Human
	Immunohistochemistry (S-100)
	2008
	[18]



	Colonic carcinoma
	Human
	Immunohistochemistry (PGP 9.5)
	2011
	[19]



	Prostatic carcinoma & fibrosarcoma
	Mouse
	Transplantation with NGF administration
	2017
	[20]
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Table 2. Observations of no tumor innervation.






Table 2. Observations of no tumor innervation.





	Cancer
	Species
	Method
	Year
	Reference





	Various
	Human
	Bielschowsky stain
	1910
	[4]



	Malignant growth
	Human
	Golgi staining
	1926
	[4]



	Benign & malignant tumors
	Not specified
	Not specified
	1928
	[28]



	Malignant neoplasms
	Human
	Neurotrophin assessment
	1933
	[29]



	Glomus tumor
	Human
	Bielschowsky stain
	1958
	[30]



	Hemangioma, carcinoma, experimental transplanted tumor
	Mouse
	Indirect immunohistology (PGP 9.5)
	1994
	[31]



	Chronic mastopathy, fibroadenoma, breast cancer
	Mouse
	Indirect immunohistology (PGP 9.5)
	1994
	[32]



	Hepatocellular carcinoma, intrahepatic cholangiocarcinoma
	Human
	Immunohistochemistry (S-100)
	2001
	[33]



	Oral squamous cell carcinoma
	Human
	Immunohistochemistry (PGP 9.5)
	2012
	[34]



	Colonic carcinoma
	Human
	Immunohistochemistry (PGP 9.5)
	2012
	[35]
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