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Résumé 

La diaphonie neuro-immune entre le système nerveux et le système immunitaire fait 

l'objet de nombreuses études, cependant, leurs fonctions modulatrices communes sont 

largement inconnues dans le cancer. Leurs relations réciproques composées de cytokines, de 

facteurs de croissance et de neuropeptides pourraient participer à la progression tumorale. Les 

peptides libérés par les nocicepteurs peuvent favoriser le chimiotactisme, la polarisation et 

l'activité du système immunitaire adaptatif. Les cellules T CD8 + acquièrent un phénotype épuisé 

pendant le cancer qui est défini comme une perte progressive de la fonction des cellules T 

caractérisées par une altération de la prolifération et la capacité de produire des cytokines telles 

que l'IFN-γ, l'IL-2 et le TNF-α, suivie d'une surexpression des inhibiteurs récepteurs telle que Tim-

3, PD-1 et Lag-3. Étant donné que les neurones sensoriels sécrètent localement des 

neuropeptides, ces derniers modulent les activités des lymphocytes. Nous avons émis l'hypothèse 

que les neurones sensoriels sécrètent des neuropeptides entrainant l'épuisement des cellules T-

CD8 + et, de cette manière, favorisent la croissance tumorale. Nous avons testé cette hypothèse 

en utilisant le modèle de mélanome murin B16F10. Nous avons constaté que les cellules 

cancéreuses de la peau de mélanome malin interagissent avec les neurones sensoriels en 

augmentant la croissance des neurites, la réactivité aux ligands nocifs et la libération de 

neuropeptides. À son tour, le CGRP, l'un de ces neuropeptides, augmente directement 

l'épuisement des cellules T CD8 + cytotoxiques, limitant leur capacité à éiminer les cellules de 

mélanome. L’ablation génétique des neurones sensoriels, leur désactivation temporaire locale 

par une technique pharmacologique et l’utilisation d’un antagoniste du récepteur CGRP ont 

démontré une diminution de l’épuisement des lymphocytes infiltrés dans la tumeur (TIL) et de la 

croissance tumorale. Inversement, un traitement avec du CGRP recombinant a restauré 

l'épuisement des lymphocytes T CD8 + chez des souris dépourvues de neurones sensoriels. En 

comparaison avec les lymphocytes T CD8 + de type sauvage, les lymphocytes T RAMP1- / - CD8 + 

ont été protégés contre l'épuisement lorsqu'ils ont été co-transplantés dans des souris déficientes 

en Rag1-/- portant une tumeur.  
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Abstract 

Crosstalk between the nervous system and the immune system has been the subject of 

many studies, however, their shared modulatory functions are largely unknown in cancer. 

Reciprocal interactions, carried out by cytokines, growth factors, and neuropeptides may 

contribute to tumor progression. Peptides released by nociceptors can promote the chemotaxis, 

polarization, and activity of the adaptive immune system. CD8+ T cells gain an exhausted 

phenotype during cancer, which is defined as progressive loss of T cell function; this is 

characterized by an impaired ability to proliferate and produce cytokines such as IFN-γ, IL-2, and 

TNF-α, followed by overexpression of inhibitory receptors such as Tim-3, PD-1, and Lag-3. Given 

that nociceptors locally secrete neuropeptides that modulate lymphocyte activities, we 

hypothesized that sensory neurons may secrete neuropeptides that drive CD8+ T cell exhaustion 

and promote tumor growth. We tested this hypothesis by using the mouse model of melanoma 

cancer and found that malignant melanoma skin cancer cells interacted with nociceptors to 

increase neurite outgrowth, responsiveness to noxious ligands, and neuropeptide release. In turn, 

Calcitonin gene-related peptide (CGRP), one such neuropeptide, directly increased the exhaustion 

of cytotoxic CD8+ T cells and limited their capacity to eliminate melanoma cells. Genetic ablation 

of sensory neurons, local pharmacological silencing, and antagonism of the CGRP receptor, 

Receptor Activity Modifying Protein 1 (RAMP1) were all able to reduce tumor-infiltrating 

lymphocytes (TIL) exhaustion and tumor growth. Conversely, CD8+ T cell exhaustion was rescued 

in sensory neuron-depleted mice treated with recombinant CGRP. Compared with wild-type cells, 

RAMP1-/- CD8+ T cells were protected from undergoing exhaustion when co-transplanted into 

tumor-bearing Rag1-/- deficient mice.  

Keywords: Exhaustion, RAMP1, Neuropeptide, Nociceptor, CGRP 
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Chapter 1 : Introduction 

 

Cancer is a disease of uncontrollable cell growth. Malignant tumors are formed by cells 

that divide uncontrollably, spread and migrate through the body. Protecting the body against 

cancer requires an effective immune system response capable of recognizing and destroying 

transformed cells while avoiding damage to normal cells. Such immune responses require 

interaction between the two components of the immune system, namely innate and adaptive 

immunity. As the first line of defense, innate immunity recognizes transformed cells and responds 

accordingly, while adaptive immune responses are highly specific and critical for fighting cancer. 

However, adaptive immune responses are often ineffective without activation of the innate 

immune system. An important function in defense against cancer is the surveillance and 

identification of tumor antigens expressed by transformed cells. 

 

 

The immune system encounters non-self-antigens daily and eliminates transformed cells. 

However, despite host immunity, transformed cells are able to grow and form malignant tissue 

in the host body. Established tumors develop different mechanisms in order to restrain anti-

tumor immunity. For example, downregulation of expression of MHC molecules renders them 

unable to present tumor antigens to T cells, while secretion of immunosuppressive molecules in 

the tumor microenvironment inhibits T cell proliferation, and upregulation of expression of 

inhibitory ligands that bind to T cell receptors can inhibit T cell responses1. 
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Protecting the body against foreign antigens requires both components of the immune 

system; however, new findings have recently shown that the nervous system can also detect 

foreign antigens and respond to them2-8. The peripheral nervous system includes sensory and 

motor neurons, which innervate all tissues and organs outside of the central nervous system and 

maintain homeostasis through the release of certain neurotransmitters and neuropeptides. 

Besides their function as regulators of tissue homeostasis, it has been demonstrated that nerves 

can innervate tumors and affect their growth, survival, and migration9-11. However, the 

mechanisms behind this role are still not fully known. It has been postulated that nerve fibers 

infiltrate tumors and release various neurotransmitters and growth factors into the neuro-

neoplastic synapse, not only stimulating tumor cell growth but also modulating immune system 

responses. On the other hand, activation of cancer cells by these neuronal mediators results in 

the discharge of certain growth factors into the tumor microenvironment, which induces 

axonogenesis and suppresses anti-tumor immunity. 

 

 

 These data support the idea that neuro-neoplastic synapses play an important role in 

tumor progression and, furthermore, that these crosstalk mediators may constitute useful targets 

for boosting anti-tumor immunity12-14. In this project, we will investigate the mechanisms of 

cancer–sensory neuron interactions based on the hypothesis that sensory neurons suppress 

immune system responses through induction of T cell exhaustion in the tumor microenvironment. 

Furthermore, ablation of this subset of neurons boosts anti-tumor immunity, decreases tumor 

growth, and improves survival. 
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1.- Background 

1.1.- Melanoma cancer 

 

Melanoma is one of the most aggressive types of skin cancer that arise from specialized 

cells in the skin which are called melanocytes and their function is to generate skin pigment. 

Melanoma has a higher risk of spreading in comparison to other types of skin cancer, and the 

prevalence of melanoma has increased over the last several decades15. Factors that transform 

normal melanocytes into malignant melanocytes are a complex of genetic and environmental 

factors16. Dysregulated signaling pathways that are caused by genetic mutations promote 

melanoma cell proliferation, survival, and immune evasion. Around 50% of melanoma patients 

have BRAF mutations17,18. Some of the BRAF mutations such as V600, induce activation of 

mitogen-activated protein kinase (MAPK) pathway18. This signaling pathway is the key signaling 

in many malignancies such as melanoma that control cell growth and survival19. Melanoma is a 

hot tumor with a high tumor mutation burden that permits infiltration of immune cells and 

provides a suitable model for investigating the interaction of cancer cells with immune cells. 

During melanomagenesis, immune cells interact with tumor cells in order to prevent melanoma 

progression20. 

 

1.2- Immunosurveillance 

 

The immune system has three major functions for the prevention of tumor growth: 

protection of the body from viruses that cause cancer, resolution of inflammation after 

eliminating infection, and destruction of tumor cells through the identification of tumor antigens 

expressed by tumor cells. The latter is considered cancer immunosurveillance, a process by which 

the immune system monitors the body to detect and destroy transformed cells. However, despite 

a functional immune system, tumor cells can still grow, migrate, and spread in the body due to 
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cancer immunoediting. Tumor immunoediting describes the process by which tumor cells escape 

from the immune system and continue their growth. It includes three phases: elimination, 

equilibrium, and escape21. The elimination phase involves the interaction of the adaptive and 

innate immune systems to detect and destroy all cancerous cells in the early phase of tumor 

growth when intrinsic tumor suppressors have failed. However, immune cells are sometimes 

unable to eliminate all the cancerous cells, a portion of which survive and enter the equilibrium 

phase. These less immunogenic cells continue to evolve and develop mechanisms to protect 

themselves against immune system attacks. The equilibrium phase results in the selection of 

tumor cells that are resistant to immune system attack and able to strongly suppress anti-tumor 

immunity, which leads to the escape phase. During this phase, anti-tumor immunity is no longer 

functional, and the tumor cells grow uncontrollably22 (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.Tumor cells suppress the immune system response. The immune system detects and 
kills transformed cells when intrinsic tumor suppressors are failed (elimination phase). Cancer 
immunoediting is now considered to be a three-step process: elimination phase, when tumor 
cells are destroyed; equilibrium, when cancer cells evolve and develop suppressive mechanisms; 
and escape, when tumor cells become resistant to immune cells and grow progressively23. 
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1.2.1-     Cancer immunosurveillance in mouse 

 

T cells are the key player in the elimination of tumor cells, however, in high tumor 

mutation burden such as melanoma, tumor cells go under immune evasion through releasing of 

immunosuppressive cytokines and upregulation of inhibitory ligands within the tumor 

microenvironment (TME)24. The theory that T cells mediates anti-tumor immunity through 

recognition of altered antigens evolved as cancer immunosurveillance hypothesis25. The basis of 

this theory is that tumor cells express tumor-specific antigens that are recognized by adaptive 

and innate immune cells and these cells eliminate malignant cells before they become clinically 

apparent. Recent studies provide several lines of evidence supporting that immunosurveillance 

has a fundamental role in the prevention of cancer development. 

 

One of the key tools for studying immunosurveillance was the generation of 

immunodeficient mice.  These mice are precious tools for studying the function of immune cells 

in cancer. It is well known that immunodeficient mice that do not have the main cellular 

component of the adaptive or innate immune system such as T, B, and natureal killer (NK) cells 

or mice that are deficient in the production of cytotoxic cytokines such as perforin26-29, tumor 

necrosis factor-α (TNF-α) and interferon-γ (IFN-γ), are more susceptible for cancer 

development27,30. For example, mice that are deficient in the recombination activating gene 1 

(RAG-1) or RAG-2 are not able to generate NK, T, and B cells31,32. Chemical induction of cancer 

such as sarcomas in RAG-2−/− mice caused tumor growth faster than wild-type controls32 or 

sarcoma tumor formation in mice that do not have IFN-γ receptors was three-time more than 

wild-type control32. The same result for carcinogenesis was found in mice that do not have 

perforin27.  Genetic ablation of T cell receptor (TCR) showed that T cells are crucial for tumor 

surveillance. The contribution of the αβ T cell in controlling tumor growth was found in the αβ T 

cell−/− (lacking the TCR β-chain).  Fibrosarcoma growth in the αβ T cell−/− mice was faster than in 

control mice. These data showed that T cells are critical for preventing tumor development33. 

Stimulatory signals such as α-GalCer and interleukin IL-21 could increase the number of tumor 
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infiltrated NK cells, induce stronger antitumor activity by NK cells, and significantly decrease 

B16F10 metastasis34.  By contrast, depletion of NK cells by antibodies, blocking the activation 

receptor NK group 2 member D (NKG2D)35, or blocking tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL) on the surface of NK cells promoted tumor development in a mouse model 

of sarcoma36. 

 

1.2.2- Cancer immunosurveillance in human 

 

There are several lines of evidence indicating that cancer immunosurveillance also exists 

in human. Transplanted patients who received immunosuppressive drugs37-40, virally infected 

patients, or people with immunodeficiency showed a higher risk of cancer development41-43. For 

example, people who were virally infected with Epstein-Barr virus, human herpesvirus, AIDS, and 

human papilloma virus showed greater incidences of cancer44. The higher incidence of cancer in 

immunodeficient patients indicates the role of immune system in cancer immunosurveillance. In 

addition to epidemiological data, recent studies on cancer patients show that there is a positive 

correlation between the frequency of tumor infiltrated T cells (TILs) and better patient survival. 

This relationship has been observed in patients with melanoma45,46, breast47, bladder48, colon49,50 

,prostate51, ovary52, rectum53, and for neuroblastoma54.  

 If immunosurveillance exists in human, then we should see strong immune system 

responses in patients that are in the early phase of cancer development. There is some data in 

support of this theory. For instance, strong T cells responses have been observed in patients with 

monoclonal gammopathy which is a type of premalignancy55, however, these responses are not 

found in patients with multiple myeloma55, or another study showed that bone marrow of breast 

or pancreatic cancer patients contains antigen-specific CD8+ T cells that have the ability to regress 

human tumors after transplantation into immunodeficient mice56,57. 
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In summary, these findings in both human and mouse indicate that tumor cells are able 

to activate immune cells and trigger various immune system responses, but cancer cells still are 

able to find a mechanism to continue their growth. One of the possible mechanisms is that some 

of the tumor cells develop evasion mechanisms under the pressure of immune system known as 

immunoselection or they develop a specific immune-tolerance mechanism that inhibit immune 

system responses58. Altogether, these findings provide strong evidence for the existence of 

cancer immunosurveillance. 

 

1.3- Adaptive immune responses in cancer   

 

1.3.1- CD8+ T cells 

 

The adaptive immune system plays a critical role in cancer immunosurveillance. This 

system includes T and B lymphocytes59-61. CD8+ T cells are responsible for the recognition and 

elimination of transformed and virally infected cells in the body in order to protect the 

host. Cytotoxic CD8+ T cells are the primary cells that clear the body from malignancy. These cells 

develop in the thymus and then enter into the secondary lymphoid organs such as lymph nodes 

where dendritic cells (DCs) present antigens to them for the first time and prime them62-64. Naïve 

CD8+ T cells require three signals in order to get activated and become effector cells. The first 

signal is mediated by the peptide-MHC I complex with the TCR-CD3 complex. The Second signal 

is a co-stimulatory signal that occurs by binding of CD28 on T cells to CD80/86 on the surface of 

antigen-presenting cells such as dendritic cells. The third is provided by cytokines that determine 

differentiation and expansion of CD8+ T cells. Cytokines have a critical role in the generation of 

cytotoxic or memory T cells64-66. Naïve CD8+ T cells after differentiation into cytotoxic lymphocytes 

(CTL) leave LN and migrate to the tumor or infected tissues where they encounter again with the 

antigens for the second time. This time virally infected cells or tumor cells present antigen to the 

CTL through the formation of synapse between TCR and peptide-MHC I on the target cells64, 
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finally, CTLs kill target cells through different mechanisms including; releasing of cytotoxic 

granules such as perforin and granzyme B into the membrane of target cells63,67, inducing 

apoptosis through CD95L that binds to CD95 on the target tissue, or by the production of IFN-

γ and TNF-α63. 

 

1.3.2- CD4+ T cell 

 

CD4+ T cells are another subset of adoptive immune cells that through releasing different 

cytokines modulate function of CD8+, B, and innate immune cells.  CD4+ T cells recognize antigens 

that are presented on MHC II molecules expressed by DCs. CD4+ cells after differentiation, are 

divided into T helper (Th1, Th2, Th17), and regulatory T (Treg) cells68. Depending on the type of 

antigens that are presented by DCs to naive CD4+, DCs produce different cytokines that these 

cytokines along with TCR strength, and co-stimulatory signals determine differentiation of naive 

CD4+ T cells to effector or Treg cells68,69. Th1 cells are the primary CD4+ T cells that mediate anti-

tumor immunity through different mechanisms including; providing help for cytotoxic CD8+ T 

cells, secreting IFN-γ and TNF-α, and also inducing antibody responses. CD4+ T cells secrete IL-2 

which directly increases proliferation and activation of CD8+ T cells in the tumor. Activated CD4+ 

T cells express CD40 ligand (CD154) that bind to CD4070-72 on DCs to induce and maintain pro-

inflammatory DCs that generate type 1 immunity through secretion of IL-12 and expression of co-

stimulatory ligands73-76. This intra-tumoral interaction of DCs with CD4+ T cells causes tumor 

infiltrated naïve CD8+ T cells to differentiate into cytotoxic CD8+ T cells and increase antitumor 

immune responses75,77-81. Naïve CD4+ T cells after activation and polarization to Th1 cells produce 

cytokines such as IFN-γ and TNF-α that induce tumor apoptosis82-84. Binding of CD40 ligand on T 

cells to CD40 on B cells induces production of specific antibodies against tumor by plasma cells85. 
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1.3.3- B cell 

 

B cells are another type of adaptive immune cell that can either suppress or promote 

tumor growth depending on their subtypes86-88. Through their ability to function as an antigen 

presenter, they induce an anti-tumor effect. This subset of B cells can provide a proliferation 

signal for tumor infiltrated T cells when DCs activity is slow and they are not able to present 

antigen to T cells in the tumor. B cells also provide proliferation and activation signals for CD4+ T 

cells indicating that depletion of B cells in mouse impaired CD4+ T cells clonal expansion. The 

proximity of tumor infiltrated CD8+ T cells with B cells has been reported in ovarian cancer89. 

Activated B cells produce antibodies that can bind to tumor antigens and induce antibody-

dependent cell-mediated (ADCC) by NK cells. On the other side, regulatory B cells are another 

subset of B cells that promote tumor growth through different mechanisms including secretion 

of immunosuppressive cytokines such as Transforming growth factor beta (TGF-β) and IL-1090, 

suppression of  T and NK cells through expression of Programmed death-ligand 1 (PD-L1)91, and 

promote differentiation of CD4+ T cells to Tregs92. 

 

1.4- Innate immune response in cancer 

1.4.1- NK 

 

However, most studies show that adaptive immunity including T cells has the most 

important role against tumors but there are also studies indicating that innate immune responses 

are also important in killing tumor cells. NK cells and type 1 macrophages (M1) are two subsets 

of innate immune cells that can directly interact with malignant cells and eliminate them. 

 

NK cells are one group of innate immune cells that have been shown to play a critical role 

in cancer immunosurveillance and also boost adaptive immune responses in cancer93,94. NK cells 
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are the main killer of cancer cells that do not express major histocompatibility complex (MHC) 

molecules. They produce various cytokines such as IFN-γ, TNF-α, granulocyte-macrophage 

colony-stimulating factor (GM-CSF), and chemokines such as X-C Motif Chemokine Ligand 1 (XCL-

1), and C-C Motif Chemokine Ligand 5 (CCL-5)95-97 that shape adaptive and innate immune 

responses in TME. Interestingly, they eliminate transformed cells through different mechanisms 

including; secretion of cytotoxic granules such as perforin and granzymes that can directly lyse 

cancer cells93, production of cytotoxic cytokines such as IFN-γ and TNF-α that induce apoptosis of 

tumor cells, and also antibody-dependent cell-mediated cytotoxicity (ADCC)30. 

 

However, expression of immunosuppressive factors such as TGF-β, indoleamine 2,3-

dioxygenase (IDO) escape NK cells attack and inhibit antitumor immune functions98,99. Based on 

that NK cells do not need to recognize any specific antigen, rapidly kill cancer cells and produce 

proinflammatory cytokines to activate adaptive immune system, they can be an attractive option 

for cancer immunotherapy94.  

 

1.4.2- Macrophage 

 

Tumour Associated Macrophages (TAMs) are divided into two types; Type 1 and Type 2. 

In the early stage of tumor development, infiltrated Type 1 macrophages (M1) in the tumor 

release pro-inflammatory cytokines, such as IFN-γ, IL-12, and TNF-α that promote differentiation 

of adaptive immune system and also through the secretion of chemokines such as CXCL-19 and 

CXCL-10 induce attraction of NK and CD4+ T cells into the tumor. This type of Macrophages is also 

able to directly interact with cancer cells and kill them and has been associated with a good 

prognosis amongst cancer patients100-103,104. In contrast, in advanced tumors, high level of 

inflammation induces polarization of Type 1 macrophage to type 2 (M2) which has been 

correlated with tumor development103,105-107. This type of macrophage releases factors that 

induce Th2 differentiation, recruit Tregs through the secretion of chemokines such as CCL-17, 
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CCL-22, CCL-24, and induce angiogenesis through production of Vascular Endothelial Growth 

Factor (VEGF) and Epidermal Growth Factor (EGF)105. M2 macrophages decrease the cancer 

immunosurveillance by inhibiting anti-tumoral CD8+ T cells responses through expression of PD-

L1/PD-L2108 and also by secreting immunosuppressive cytokines such as IL-10, TGF-β which 

prevent T cell activation109-111. 

 

1.5- T cell exhuastion 

 

Activated CD8+ T cells after infiltration into the tumor encounter tumor antigens and are 

primed for the second time. Priming of T cells with tumor antigens induces proliferation and 

upregulation of transcription factors and cytokines that generate cytotoxic lymphocytes in order 

to kill tumor cells65,112,113. However, prolonged stimulation of CTL with tumor antigens develops 

another fate which is known as Exhaustion66,114. 

 Tumor infiltrated T cells (TILs) following infiltration into the tumor microenvironment, 

release cytotoxic granules that can directly lyse tumor cells or induce apoptosis. However, 

persistent stimulation of CD8+ T cells by tumor antigens in the tumor microenvironment, together 

with secretion of immunosuppressive factors such as adenosine, lactate, and kynurenine by 

cancer cells115 promotes effector CD8+ T cells to reach a stage known as “Exhaustion”. These 

exhausted CD8+ T cells progressively lose their function, characterized by a gradual decline in the 

production of cytokines such as IL-2, TNF-α, and IFN-γ, and overexpression of inhibitory receptors 

such as program cell death (PD-1), T cell immunoglobulin domain mucin domain-containing 

protein 3 (Tim-3), cytotoxic T lymphocyte-associated antigen-4 (CTLA4), and lymphocyte-

activation gene 3 (LAG-3)116 (Figure 2). These immune checkpoint receptors are able to block CD8+ 

T cell activity upon binding to their ligands, e.g., PD-L1, on the surface of tumor cells117. 
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Figure 2. T cell exhaustion during the tumor progression. When encountering tumor antigens, 
naïve or activated T cells generate two types of tumor-infiltrating T cells (TILs): progenitor 
exhausted (or effector) T cells, which express low levels of PD1 and high levels of cytokines and 
respond to immune checkpoint blockade and terminal exhausted T cells, which overexpress 
immune checkpoint receptors such as PD1, Tim3, and Lag3, and do not respond to immune 
checkpoint blockade therapy118. 
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1.5.1- TME contains factors that drive T cells exhaustion 

 

Several pathways and factors in the TME mediate T cell exhaustion. These include 

inhibitory cells such as Regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSC), 

Tumor-associated fibroblasts (TAFs), tumor-associated macrophages (TAM), Tumor-associated 

neurons (TANs), soluble molecules such as Adenosine, prostaglandin E2 (PGE2), Kynurenine, 

Reactive oxygen species (ROS), IL-10, and TGF-b, and also intrinsic regulatory factors such as 

transcription factors and inhibitory receptors that have been shown have an inhibitory effect on 

T cells.  The interaction of T cells with these components of TME plays a critical role in impairing 

T cell function and driving T cell exhuastion119 (Figure 3).  

 

 

 

 

 

 

 

 

 

Figure3.Different cells and factors regulate CD8+ T cell exhaustion in TME. 
Secreted immunosuppressive molecules such as ARG1, iNOS, TGF-b, and IL-10 by MDSC, TAMs, 
and Treg inhibit T cell function. Kynurenine is another molecule that inhibits T cell proliferation 
and upregulates PD-1 expression. Upregulation of PD-L1 by MDSC and TAMs is another 
mechanism that drives CD8+ T cells exhaustion. Tumor cells generate adenosine that inhibits CD8+ 
T cell function. CAFs secrete CXCL-1 and CXCL-2 chemokines that drive polarization of M2 
macrophages in TME and also express PD-L2 ligand that binds to PD-1 and inhibits CD8+ T cells 
function120. 
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1.5.1.1-    Myeloid drive suppressor cells (MDSc) 

 

MDSCs are an immature and heterogamous population of myeloid cells that are recruited 

into the tumor during the cancer progression and are able to suppress immune system 

responses121,122 by releasing toxic species such as ROS, nitric oxide (NO), and PGE2 123. For 

example, NO inhibits phosphorylation and activation of Janus Kinase 3 (JAK3) and Signal 

transducer and activator of transcription 5 (STAT5) transcription factors in CD8+ T cells and inhibits 

their activity124 or expression of arginase 1 (ARG-1) decreases CD3-chain synthesis125. MDSC 

produces high amounts of ROS in the tumor and ROS has been shown to drive CD8+ T cells 

exhaustion and induce oxidative stress in T cells that cause T cell hyperresponsiveness126. 

Indoleamine dioxygenase (IDO) is one of the most important enzymes that is expressed by MDSC 

and catabolize tryptophan to an immunosuppressive molecule which is called kynurenine. This 

molecule has been shown to upregulate PD-1 expression on tumor-infiltrating CD8+ T cells and 

inhibit clonal expansion of CD8+ T cells127.  

 

1.5.1.2- Tumor associated macrophages (TAMs) 

 

M2 macrophages are considered Tumor-associated macrophages (TAMs) that suppress 

anti-tumor immunity and promote tumor progression through different pathways128,129. They 

induce expression of PDL-1 in monocytes that upon binding to PD-1 on CD8+ T cells can block 

activity of CD8+ T cells, TAMs secret various immunosuppressive cytokines, and factors such as IL-

10, TGF-β, and ROS that induce CD8+ T cells exhaustion and dysfunction, and they directly inhibit 

CD8+ T cell cytotoxicity through the depletion of amino acids such as L-arginine and 

tryptophan129,130. 
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1.5.1.3- Tumor-associated fibroblasts (CAFs) 

 

CAFs emerged as suppressive cells that promote tumor growth through recruiting and 

differentiation of myeloid cells. These cells release chemokines such as CXCL-1 and CXCL-2 that 

attract myeloid cells. In addition, CAFs also are able to polarize M1 macrophages to M2 

macrophages131. However, new mechanisms have been attributed to CAFs indicating that CAFs 

can directly suppress tumor infiltrated CD8+ T cells via upregulation of CD95 and PD-L1132. 

 

1.5.1.4- Soluble factors 

 

Soluble factors that are released by TME components such as MDSCs, CAFs, and Tregs are 

crucial factors that can drive T cell exhaustion and inhibit T cell expansion and activation123. TGF-

β is one of these immunosuppressive factors that are released by Tregs and M2 macrophages and 

promotes tumor progression by driving T cells exhaustion via upregulating expression of PD-1, 

TIM-3, and CTLA-4 in T cells and inhibiting Granzyme-B and IFN-γ production133. IL-10 is another 

factor that is secreted by cancer cell, TAMS, and CD4+ Tregs134 which suppresses CD8+ activity135. 

 

1.5.1.5- Intrinsic regulators 

 

1.5.1.5.1- Transcription factors (TFs) 

 

It is well known now that TFs such as Nuclear Receptor Subfamily 4 Group A Member 1 

(NR4A1), thymocyte selection-associated HMG BOX  (TOX), Nuclear factor of activated T cells 

(NFAT), T-box expressed in T cells (T-bet), Basic Leucine Zipper ATF-Like Transcription Factor 

(BATF), Eomesodermin (EOMES), and B lymphocyte-induced maturation protein-1 (Blimp-1) 

regulate PD-1 expression and drive T cell exhaustion136,137 (Figure 4). NR4A1 is highly expressed 
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in dysfunctional T cells and inhibit their proliferation. Deletion of this transcription factor 

significantly decreased expression of PD-1 and Tim-3 by CD8+ T cells and enhanced their anti-

tumor responses137. TOX is another transcription factor that has been reported to play a critical 

role in development of exhausted T cells during chronic infection138. Deletion of TOX prevented 

formation of exhausted CD8+ T cells139 and promoted anti-tumor effect of CD8+ T cells140. 

Overexpression of T-bet was found to accelerate effector T cells toward the terminal 

differentiation141 and high the level of Eomes expression was correlated with high level of PD-1 

and other inhibitory receptors142. Expression of BATF in CD8+ T cells was correlated with lower T 

cell proliferation and cytokine production during the HIV infection143 and overexpression of 

Blimp-1 caused T cells dysfunctional during the chronic LCMV infection143.  
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Figure 4.Transcription factors upregulate PD-1 expression on CD8+ T cell cells.TCR stimulation, 

cytokines, and co-stimulatory molecules activate PI3K/Akt/mTOR signaling pathways that have 

been implicated in regulation of transcription factors such as HIF-1a, NR4A1, TOX, Eomes, T-bet, 

Blimp-1, NFAT, and BATF. These transcription factors have been associated with T cell 

exhaustion120. 
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1.5.1.6- Inhibitory receptors 

 

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 

CTLA-4 is an inhibitory receptor that is expressed on effector T cells after the TCR 

stimulation. Expression of CTLA-4 reaches the highest level 2-3 days after TCR stimulation in 

effector T cells144,145. CTLA-4 blocks CD28 co-stimulatory signaling through binding to CD80/86 on 

the surface of antigen-presenting cells (APCs) and in this way attenuates T cell activation146,147. 

Also, upregulation of CTLA-4 by APCs induces expression of indoleamine-2,3-dioxygenase by APCs 

that inhibit T cell proliferation146.  

 

Programmed cell death-1 PD-1 (PD-1) 

PD-1 is the first immune checkpoint receptor that is expressed by activated T cells that 

upon binding to PD-L1 on the surface of tumor cells suppresses T cell activity and proliferation148. 

Overexpression of PD-1 on tumor infiltrated CD8+ T cells has been associated with T cell 

dysfunction. PD-1 inhibits TCR signaling through dephosphorylation of key intermediates 

downstream of TCR 146. Also, it has been shown that PD-1 can also downregulate co-stimulatory 

signaling by CD28149.  However, there are many studies showings that expression of PD-1 alone is 

not associated with T cell exhaustion148,150,151  and T cells gain exhausted phenotypes when they 

co-express several inhibitory receptors such as PD-1, Tim-3, Lag-3, TIGIT, CD160, and CD244152-

155. For example, In vitro stimulation of OVA (257–264) specific TCR transgenic OT-I with OVA 

peptides showed that co-expression of several inhibitory receptors along with PD-1 generated 

CD8+ T cells that had all characteristics of exhausted T cells156,157. 
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T cell immunoreceptor with Ig and TIM domains (TIGIT)  

TIGIT is an inhibitory receptor of the Ig superfamily that is expressed by T cells and inhibits 

adaptive and innate immune system responses158-160. It inhibits adaptive immune system through 

several mechanisms. Binding of this receptor to CD155 on DCs triggers a signaling pathway that 

induces secretion of IL-10 by DCs that inhibits T cells161. TIGIT also inhibits T cell proliferation and 

activation through attenuating TCR signalling162-164. This receptor is also expressed by NK cells and 

inhibits degranulation and cytokine production. Ligation of TIGIT on NK to CD155 on the surface 

of MDSC cells decreases cytotoxicity of NK cells by decreasing the phosphorylation of kinase such 

as extracellular signal-regulated kinases (ERK)165. TIGIT also competes with CD266 for binding to 

CD155154.CD226 is a co-stimulatory receptor that expresses by CD8+, NK, and CD4+ T cells, triggers 

TCR signaling, and is involve in production of proinflammatory cytokines166,167.  

 

 Lymphocyte activation gene 3 (LAG-3) 

Lag-3 is expressed by CD4+, CD8+, and NK cells. This receptor plays an important role in 

inhibition of T cell activation and promotes differentiation of CD4+T cells to Tregs168. MHC II, 

Galectin-3, and lymph node endothelial cell C-type lectin (LSECTIN) are ligands that bind to LAG-

3169-172. However, the mechanism of action of LAG-3 is not very well known so far but several 

studies showed that LAG-3 upon binding to its ligand can inhibit signaling pathways downstream 

of TCR. This receptor prevents activation of transcription factor NFAT which plays a critical role in 

regulation of cytokine production and T cell proliferation. Inactivation of NFAT, decrease IL-2 

production by T cells and also production of proinflammatory cytokines169-171.  

 

T cell immunoglobulin and mucin domain 3 (Tim-3)  

Tim-3 is one of the main important inhibitory receptors that was initially identified on Th1 

cells and was found that negatively regulate Th1 responses173,174. Later studies showed that Tim-

3 is also expressed by other types of immune cells such as  Treg cell175, macrophage176, dendritic 

cell177,178, CD8+ T cells, and natural killer (NK) cell179. Tim-3 is one of the last exhaustion markers 
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that upregulate in T cells after prolog exposure of T cells to tumor antigens. High expression of 

this receptor has been reported in highly exhausted CD8+ T cells. Tim-3 binding to its ligand 

galectin-9 suppresses cytokine production and proliferation. Co-expression of Tim-3 and PD-1 on 

CD8+ T cells in tumor has been associated with terminally exhausted CD8+ T cells and blocking of 

these two inhibitory receptors together had a greater effect on T cell function restoration153. 

 

1.6- Cancer immunotherapy 

 

1.6.1- CAR T cell 

 

T cell therapy has been shown to be one of the most promising immunotherapies for the 

treatment of cancer such as blood cancer180. Recently, cancer immunotherapy using engineered 

T cells such as chimeric antigen receptor (CAR) T cell, T cell receptor (TCR) T cell, and immune 

checkpoint blockade have achieved substantial advances in treatment of cancer. However, the 

efficacy of CAR-T cells in controlling the growth of solid tumors has not been very successful, 

showing that TME has a negative effect on the function of CAR T cells181-183. Several studies 

showed that tumor cells markedly upregulated immunosuppressive molecules such as IL-10, TGF-

β, and PD-L1 after infusion of CAR T cells184,185  indicating that TME of solid tumors is able to 

suppress infiltrated CAR T cells. Besides that, CAR-T cells express high levels of exhaustion markers 

such as PD-1, Lag-3, Tim-3, and loss they functionality185. 

Generation of CAR-T cells that are resistant to exhaustion is a good strategy to improve 

CAR-T cell therapy for treatment of solid tumors. For example, one study showed that NR4A is a 

transcription factor that has a critical role in mediating CAR-T cell exhaustion and deletion of this 

transcription factor significantly decreased immune checkpoint receptors expression and 

increased anti-tumor immunity of CAR-T cells186 . Another study showed that overexpression of 

C-Jun in CAR-T cells enhanced proliferation, functionality, and improved anti-tumor immunity of 

CAR-T cells in different subset of solid tumors187.  
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1.6.2- Neoantigen T cell therapy 

 

Neoantigens are new proteins that are expressed by cancer cells when a somatic mutation 

occurs in tumor DNA. These neoantigens are attractive targets for cancer immunotherapy188.  Like 

CAR-T cells, engineered TCR can recognize neoantigens enabling them to attack tumor cells and 

it has been shown that it has a therapeutic potential for treatment of cancer. This approach of T 

cell therapy showed promising results in several types of cancer. For example, melanoma antigen 

recognized by T cells 1 (MART-1) or Glycoprotein 100 (gp-100) antigens are expressed by 80-95 % 

of melanoma patients, and targeting these antigens by TCR has been correlated with better 

patient survival and anti-tumor responses189-192. Another study showed that TCR targeting 

carcinoembryonic antigen (CEA) in colorectal cancer caused regression of tumor193. 

 

1.6.3- Immune checkpoint blockade 

 

One of the main mechanisms of cancer evasion by tumor cells is expression of ligands that 

bind to inhibitory receptors on T cells to suppress them194-196. These proteins are known as 

immune checkpoints that have a very important role in prevention of self-tissue damage and 

development of autoimmune disease. One of the most promising and successful strategies for 

treatment of cancer is rescuing T cell exhaustion by using immune checkpoint inhibitors (ICIs)149. 

ICIs therapy has been approved by FDA for various types of cancer such as Melanoma197, Lung 

cancer, and Hodgkin lymphoma and it has been correlated with improved patient survival. 

Targeting these inhibitory receptors such as PD-1, Tim-3, CTLA-4, LAG-3, and PDL-1 by monoclonal 

antibodies increased tumor infiltration of CD8+ T cells and boosted anti-tumor immune responses. 

For example, Blockade of CTLA-4 decreased activity of CD4+ Tregs, increased functionality of 

tumor infiltrated T cells and also priming of T cells in tumor draining lymph node149 or PD-1/PDL-

1 blocking increased activity of tumor infiltrated CD8+ T cells. Combining CTLA-4 and PD-1 blocking 

significantly improved patient survival. However, using monoclonal antibodies against PD-1 and 
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CTLA-4 was correlated with good results in high tumor mutation burden such as melanoma and 

lung cancer, but results of using these Abs for treatment of cold tumors were not promising198, 

also combination of these two Abs generated significant toxicities in recipient patients. This 

toxicity was associated with inflammatory disorders such as colitis and cutaneous 

inflammation199,200. Recent pre-clinical studies showed that targeting other inhibitory receptors 

such as Tim-3 or LAG-3 by mAb could provide a lower incidence of autoimmune side 

effects149,201,202. 

 

1.6.4- Targeting of inhibitory cells 

 

One of the main obstacles for non-responder tumors to immune checkpoint blockades is 

secretion of immunosuppressive molecules by inhibitory cells such as MDSC and Tregs in the 

tumor microenvironment. Using pharmacological agents that block these immunosuppressive 

factors in combination with immune checkpoint blockades has been correlated with better 

immune responses in tumors with more complex immune landscape149. For example, in head and 

neck cancer depletion of MDSC in combination with immune checkpoint blockade caused 

regression of tumor 149. Depletion of CD4+ regulatory T cells can be another approach for cancer 

immunotherapy; however, this strategy would increase the chance of developing autoimmune 

disease203,204.  
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1.6.5- Challenges and future directions of cancer immunotherapy 

 

Targeting inhibitory receptors in order to improve anti-tumor immunity can break the 

normal tolerance mechanisms which are required for preventing the development of 

autoimmune disorders, therefore blocking these pathways can generate various side effects that 

can be difficult to control them199,205,206. Therefore, finding factors that are specifically 

upregulated in tumors and generation of pharmacological blockers for these factors would be a 

good strategy to decrease side effects of cancer immunotherapy207. 
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1.7- Peripheral Nervous System (PNS) 

 

1.7.1- Sensory neurons  

 

The peripheral nervous system is the part of the nervous system outside of the brain and 

spinal cord that innervates peripheral tissues (e.g., gut, skin, lung, and other tissues); it is divided 

into somatic and autonomic nervous systems. The somatic nervous system includes two major 

types of neurons: sensory neurons (known as afferent neurons), which transfer information from 

the body to the brain and spinal cord, and motor neurons (also known as efferent neurons), which 

transmit signals from the brain and spinal cord to the periphery208.  

 

Sensory neurons include C and Aδ fibers, which are specialized for the detection of specific 

types of signals. Specialized sensory neurons that detect damaging stimuli, e.g., injury-related 

chemicals, extremes in temperature and pressures, toxins, and foreign antigens209 are known as 

nociceptors. Nociceptors detect damaging stimuli through the expression of various types of ion 

channels such as Transient receptor potential cation channel (TRP), piezo type mechanosensitive 

ion channel component (Piezo), and acid-sensing ion channels (ASIC) channels. TRPV1 and TRPA1 

are non-selective, ligand-gated cation channels of the TRP superfamily, which play important 

roles in pain and neurogenic inflammation through the activation of sensory nerves 210-212 (Figure 

5). 
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Figure 5. Expression of ion channels by sensory neurons. Nociceptor neurons express various 
types of ion channels such as TRP, Piezo, and ASIC channels, for the detection of noxious stimuli 
such as mechanical forces, temperature changes, and chemical agents. TRPV1 is well known for 
its roles in inflammation and pain sensation. Activation of these channels increase intracellular 
calcium signaling that leads to various physiological effects (a). Nociceptors also sense microbial 
antigens and toxins directly through the expression of pathogen-associated molecular pattern 
receptors such as TLRs and FPRs, which results in sensitization of sensory neurons (b) 213. 

Fig. 1 Modalities of sensory neuron danger detection. Nociceptor neurons express ion channel transducers, such as TRP,
Piezo and ASIC channels, to detect a variety of exogenous dangers ranging from extreme temperature, chemicals and
mechanical pressure to toxins and acidic milieu. TRPV1, TRPA1 and MrgpR can also perceive environmental perturbation
such as pollutants and hypoxia, as well as various drugs like chemotherapeutics and antimicrobial. Activation of these
transducers triggers the influx of sodium and calcium, increasing neuronal resting membrane potential which leads to
action potential firing (a). The expression of pathogen-associated molecular pattern receptors helps nociceptor neurons to
detect invading microbes (b-glucans (CSBG), lipopolysaccharides (LPS)). Following TRP and NaV channel phosphorylation,
the activation of TLRs and FPRs leads to sensory neuron sensitization. Concomitantly, microbes’ secreted toxins, as in the
case of the pore-forming toxin a-haemolysin, can also directly drive neuronal activation. Finally, microbes interplay with the
cells of the immune system or the mucosal barrier generates various mediators ranging from cytokines and ROS to protons
and ATP, all of which can activate neuron (b). Thus, sensory neurons bear cytokine, chemokine, histamine and
immunoglobulin receptors, which allow them to respond to cues produced by ILCs and T and B cells, as well as neutrophils,
macrophages and mast cells. In general, the activation of these receptors mainly leads to the sensitization of sensory
neurons terminals (d). Finally, neurons are found to detect microRNAs present in exosome or PDL1 present on cancer cells.
However, not all these mediators result in neuronal sensitization or activation. Thus, the endogenous lipid mediator
resolvins help stop the inflammatory process, by silencing TRP channels (e). Heatmaps (c, f; log10 colour scale) show the
relative transcript expressions of these various danger detectors from six expression profile data sets (see Section for more
details). Usoskin [55] and Li [56] used single-cell RNA-sequencing of lumbar neurons. Chiu [52] – Array Whole DRG and Chiu
– sorted whole DRG respectively refer to microarrays of whole and FACS-sorted NaV1.8

+ neurons. Goswami [54] performed
RNA-sequencing of TRPV1+ neurons, whilst Ray [53] performed RNA-sequencing of human lumbar neurons. The expression
levels of the relative gene of interest (GOI) were normalized on Trpv1 and, for ease of interpretation, and multiplied by 1000.

Neurons detect dangers / T. Crosson et al.

270 ª 2019 The Association for the Publication of the Journal of Internal Medicine

Journal of Internal Medicine, 2019, 286; 268–289
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Transient receptor potential vanilloid 1 (TRPV1), expressed by sensory C and Aδ fibers and 

considered to be a pain sensor, is activated by a number of exogenous stimuli. These include heat, 

chemicals, and capsaicin (an ingredient in chili peppers)214,215, as well as endogenous ligands such 

as ATP, H+ ions, histamine, bradykinins, and prostaglandins, which are produced during tissue 

injury, inflammation, and tumor development 216-218. Activation of the TRPV1 channel results in 

the influx of calcium and sodium into the sensory neurons, causing depolarization and subsequent 

release of pro-inflammatory neuropeptides, including calcitonin-gene-related peptides (CGRP) 

and substance P (SP), which can trigger neurogenic inflammation 219-223 (Figure 6). 

 

 

Figure 6.Structural and physiological characteristics of TRPV1.TRPV1 is a protein with six 
transmembrane regions. TRPV1 can be activated by capsaicin, heat, acidosis, and sensitized by 
NGF. Activation of TRPV1 induces influx of extracellular Ca2+ and Na+ ions into cells, regulating the 
physiological functions of neurons 214,222. 
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1.7.2- Neurogenic inflammation 

 

The idea that neurons are involved in the regulation of inflammation was first posited by 

Goltz (1874), who found that stimulation of the sciatic nerve induces vasodilation.  Subsequently, 

Bayliss (1901) discovered that afferent neurons from the dorsal root ganglion (DRG) are the main 

players in this phenomenon224. Jancso and others showed that following stimulation of sensory 

neurons by noxious stimuli, the resulting action potential is transmitted into the central nervous 

system (CNS), initiating reflexes (withdrawal, scratching, expulsion) or sensations (pain, itch)225. 

When action potentials reach the CNS, signals are transmitted back to the peripheral axons, which 

increases the resting membrane potential of the neurons, activates voltage-gated calcium 

channels, and increases cytoplasmic calcium levels, inducing the rapid and local release of 

neuropeptides (SP and CGRP)226-230.  These substances act locally on immune and vascular smooth 

muscle cells, inducing inflammation characterized by redness and warmth, swelling, and 

hypersensitivity. This phenomenon is termed “neurogenic inflammation”, that is, inflammatory 

symptoms that result from the release of substances from sensory nerves. 

 

1.7.3- Interaction of pheripheral nervous system with immune system 

 

The spleen and lymph nodes are innervated by the peripheral nervous system231. This 

nervous system secretes different hormones and neurotransmitters that directly modulate 

immune cell responses7,232. Immune cells also produce cytokines that affect the function of 

neurons233. Although this interaction is required for the maintenance of physiological 

homeostasis and defense against infection, it can also contribute to disease development. 
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1.7.4- Innervation of lymphoid organs 

 

Several lines of evidence show that distribution and presence of nerve fibers in lymphoid 

organs indicate that there is a bidirectional communication between the peripheral nervous 

system (PNS) and lymphoid organs such as lymph nodes (LNs), spleen, and bone marrow. This 

crosstalk plays important role in the regulation of immune system responses in different 

pathophysiological context such as tissue injury, infection, and cancer231,234-237. The PNS include 

sympathetic, parasympathetic, and sensory neurons that after infiltration to the peripheral 

tissues innervate a particular zone in these tissues and their axonal terminal can be in close 

proximity to different residential cells. The precise mechanisms of how these interactions affect 

the function of immune cells are not fully known yet, however, it is thought that nerve fibers 

interact with immune cells through the local releasing of neuromodulators such as 

neuropeptides, neurotransmitters, and growth factors. 

 

 

1.7.5- Innervation of spleen 

 

One group of nerve fibers that enter the spleen is sympathetic neurons that are in close 

contact with the splenic artery238-240. These sympathetic neurons might interact with 

lymphocytes, macrophages, and DCs241-243. Recent studies using confocal microscopic and 

immunofluorescent staining showed that all parts of the spleen including nodules, lymphoid 

sheath, marginal zone, and red pulp are highly innervated with this type of nerves fibers and these 

neurons are in close contact with macrophages, lymphocytes (T, B), and dendritic cells (DCs). It is 

possible that neurotransmitters such as neuropeptide Y (NPY) and Vasoactive intestinal peptide, 

(VIP), and Norepinephrine that are released by sympathetic neurons can modulate function of 

the immune cells. However, there is a controversy regarding the presence of parasympathetic or 

cholinergic neurons in the spleen. Acetylcholine (ACh) was first isolated from the 
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spleen236,240,244,245 but there are several studies failing in detection of cholinergic neurons237,246,247. 

The presence of sensory neurons in the white and red pulp of mouse spleen has been reported248. 

The majority of these afferent neurons are substance P (SP)+ and CGRP+ nerve fibers249. These 

nerves are in close proximity to the zone of macrophages, B, and T cells250-252 and have been 

shown to modulate the function of these immune cells. 

 

1.7.6- Innervation of the bone marrow 

 

Recent studies confirm that nerve fibers enter the bone marrow and interact with the 

component of bone253. These nerves are autonomic and sensory fibers that are in close proximity 

with hematopoietic stem progenitor cells (HSPCs) and mature leukocytes254-260. Sympathetic 

neurons in the bone are divided into preganglionic and postganglionic neurons. Postganglionic 

nerve fibers are identified by expression of tyrosine hydroxylase (TH) and this subtype innervates 

the bone marrow and blood vessels255. These TH+ nerves are divided based on the expression of 

neurotransmitters. One group of them expresses NPY255 and the other peptidergic neurons 

express  VIP256. Another subset of autonomic nerves is parasympathetic nerves that innervate 

bone. These nerve fibers express choline acetyltransferase (ChAT) enzyme which is involved in 

production of acetylcholine261,262. Several recent studies showed that sensory neurons also 

innervate bone, sense bone marrow environment, and send the signal to the central nervous 

system. CGRP+ and SP+ nerve fibers are the main afferent fibers that innervate bone marrow, 

however, CGRP+ fibers are more abundant255.  
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1.7.7- Innervation of the LN  
 

Several evidence shows both noradrenergic and peptidergic neurons innervate lymph 

nodes (LNs) and these nerves modulate the function of tissue-resident immune cells263. For 

instance, attenuation of inflammatory responses in mouse model of arthritis after local ablation 

of sensory neurons in the LN, showing a proinflammatory role for sensory neurons innervated 

LN264,265 or systemic depletion of sensory neurons using a diphtheria toxin fragment A (DTA) 

showed that sensory neurons have an important role in the regulation of antigen trafficking to 

the LN266. A recent study using single-cell RNA sequencing and imaging showed that LNs are 

innervated with both sympathetic and sensory neurons. These Sensory neurons are 

heterogeneous and have a peptidergic identitiy267. It has been shown that cutaneous sensory 

neurons play an active role in development of psoriasis by inducing secretion of IL-23 by dermal 

dendritic cells and ablation of this subset of neurons significantly decreased inflammation268. 

These findings show that sensory neurons have a strong effect on the lymph nodes and systemic 

depletion of sensory neurons increased the number of lymphoid and myeloid in the LN265. 

 

1.8- Regulation of immune cells by neurotransmitters 

 

1.8.1-   Autonomic nervous system neurotransmitters 

 

The anatomical connection between the nervous system with lymphoid tissues, and the 

expression of receptors for neuromodulators such as hormones and neuropeptides by immune 

cells, set the stage for studying the neuroimmune interaction. For example, activation of splenic 

sympathetic nerve fibers leads to release of neurotransmitters at the neuroimmune junction that 

modulates the function of immune cells in the spleen269. On the other side, cytokine production 

by immune cells also can activate sympathetic neurons270-277.The molecular mechanism that how 

splenic sympathetic nerves modulate immune cell function has been extensively studied278-284. 
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For example, Norepinephrine (NE) through alpha-adrenergic receptor (αARs) increase 

macrophage activity while beta receptors suppress macrophage activity285-291. T cells express 

beta-2 adrenergic receptors (β2Ars) and stimulation of these receptors has been shown that have 

a suppressive effect on T cells280,292-297. Stimulation of (β2Ars) on B cells increases cAMP that 

inhibits B cell proliferation and antibody production292,298-301. Stimulation of α1- and α2-ARs on 

NK cells increases cytotoxicity of NK cells302 or stimulation of β2Ars on NK cells increases 

recruitment of these cells to the blood circulation303. 

 

The Vagus nerve includes afferent fibers 304,305 and sensory fibers that are thought to play 

a role in detection of peripheral antigens306-308. The presence of afferent fibers in the lymphoid 

organs and the production of Ach has been studied by several groups. It has been considered that 

lymphoid organs may be innervated by vagus nerve309,310 or maybe not245,246,311. There is several 

evidence showing that stimulation of cholinergic nerves can modulate peripheral immune system 

responses. For example, it has been shown that ACh decreases proinflammatory cytokine 

production by macrophages312 or stimulation of peripheral vagus nerve was correlated with 

reduction of TNF level in the serum and liver312. In addition, activation of the cholinergic nervous 

system in an animal model of inflammatory diseases such as arthritis, pancreatitis, and colitis 

significantly reduced disease symptoms313-315.  

NPY is another neurotransmitter that is released by sympathetic nerves and modulate the 

function of IgM+ B cells and CD169+ macrophages through different Y receptors such as (Y1, Y2, 

Y4, and Y5)316. Lack of Y1 receptors decreased number of B cells in the spleen and impaired IgG2a 

production by B cells317. VIP+ nerves fibers have been shown in close proximity to T cells318. 

Vasoactive Intestinal Peptide receptor 1 (VPAC1) and VPAC2 receptors are expressed by 

macrophages, monocytes, dendritic cells, and lymphocytes following the activation319. This 

neuropeptide has been shown that has an inhibitory effect on immune cells by downregulating 

proinflammatory cytokines in T and macrophages306,320. It also generates antigen-specific 

regulatory T cells by activation of tolerogenic dendritic cells306,321. 
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1.8.2- Sensory neuron neurotransmitters  
 

Various bioactive neuropeptides that are released by sensory neuron fibers in the spleen, 

Lymph node, and bone marrow modulate the function of immune cells (Figure 7). Substance P 

(SP) has been demonstrated that has a stimulatory effect on T lymphocyte and induce lymphocyte 

proliferation and production of cytokines such as IL-2, IL-4, and IFN-γ from T cells305,314. SP also 

activates macrophages and granulocytes and increases pro-inflammatory cytokines like TNF-a, IL-

1β, IL-2, and IL-6 322. On the opposite, CGRP likely has an inhibitory effect on immune system 

responses. CGRP act through two receptors that express by a different subset of immune cells; 

receptor activity-modifying protein 1 (RAMP1), and calcitonin receptor-like receptor (CLR)323,324 . 

CGRP has been shown that inhibit antigen presentation by Langerhans cells dendritic cells323,325-

327, suppress TNFα production by activated dendritic cells, and increase IL-10 production from 

these cells324. The same effect has been reported for the macrophage and neutrophils307. These 

findings show that these two neuropeptides have the opposite role in modulating the function of 

immune cells. CGRP signaling increases intracellular level of cAMP and activates protein kinase A 

(PKA). cAMP-PKA functions as an inhibitory pathway in immune cells and induces an anti-

inflammatory response in order to prevent self-tissue damage328. CGRP+ fibers have been shown 

to modulate hematopoietic stem cell mobilization to the circulating blood329. Altogether, these 

findings suggest that neuromodulators play an important role in the regulation of immune system 

responses, and it would be of interest to further explore how and what type of these mediators 

are involved in modulation of anti-tumor immune responses. 
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Figure 7.Impact of neuropeptides on dendritic cells and T cells. CGRP, VIP, and somatostatin 
have an inhibitory effect on T cells, abrogating their proliferation and activation, while substance 
P has a stimulatory effect on T cells. CGRP inhibits antigen presentation by dendritic cells, 
however, VIP and substance P have a stimulatory effect on dendritic cells. Solid arrows indicate 
stimulatory effects; broken arrows indicate inhibitory effects330. 
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1.9- Nerve-cancer crosstalk 

 

The role of nerves in cancer progression and dissemination has been confirmed by several 

recent studies. It has been shown that nerves can infiltrate into the tumor and communicate with 

components of TME. Nerve fibers interact directly with cancer cells and affect tumor cell 

proliferation and spreading, induce angiogenesis, and increase cancer chemoresistance. 

Intratumoral infiltration of nerves was found to be associated with cancer prognosis in patients 

and this association was observed in tumors that grow in highly innervated tissues such as skin, 

pancreas, head and neck, prostate, and colorectal cancers331-339. Analyzing patient’s tumor 

samples revealed that there is a positive correlation between the nerve density with metastasis, 

morbidity, and mortality in different types of cacners332,339-345. Denervation was associated with 

reduced tumor growth346. Neuroactive factors secreted by nerves that are involved in tumor-

nerve interaction can be classified into three groups: 1) neurotrophic factors such as nerve growth 

factor (NGF), brain-derived neurotrophic factor (BDNF), and other factors; 2) axon guidance 

molecules such as CCL-2, CX3CL-1, and Eph; 3)neurotransmitters such as Ach,  epinephrine, 

norepinephrine, dopamine, etc347. 

 

1.9.1- Primary findings in nerve-cancer crosstalk 

 

1.9.1.1- Tumor-drived factors induce axonogenesis 

 

 However, the mechanisms of axonogenesis in cancer have not been fully elucidated, but 

new findings provide compelling evidence that cancer cells release growth factors and vesicles 

that drive axonogenesis and neurogenesis. Axonogenesis or neurite outgrowths in cancer has 

been discovered for the first time in prostate cancer when Ayala et al found that there is a 

relationship between tumor growth and neurite outgrowths (increase in nerve density) in the 

tumor338,348. They discovered that axon-guided molecule semaphorin 4F (S4F) was overexpressed 
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by prostate cancer tumor cells when nerves and prostate cancer were co-cultured. Blocking of 

SF4 significantly decreased neurite outgrowths in a co-culture system. In addition to 

axonogenesis, Ayala et al demonstrated that cancer can drive neurogenesis. They found that 

neural progenitor cells migrate from the brain to the tumor region and metastatic tissues via 

bloodstream and differentiate into noradrenergic neurons (Figure 8B). In addition, they observed 

that number of neural stem cells in high-risk prostate cancer was higher in comparison to low risk. 

Depletion of these progenitor neural stem cells decreased tumor growth349. 

 

1.9.1.2- Neurogenic factors induce axonogenesis in cancer  

 

Secretion of neurogenic factors either by tumor cells, tumor-associated cells, and nerves 

is another pathway that promotes axonogenesis in tumor. These factors such as nerve growth 

factor (NGF), Glial cell-derived neurotrophic factor (GDNF), Brain-derived neurotrophic factor 

(BDNF), and Neurturin are required for neuron survival, differentiation, and outgrowth (Figure 

8A). Binding of these growth factors to their receptors such as tyrosine-receptor kinases (Trks) 

TrkA, TrkB, TrkC, and p75 neurotrophin that are expressed by both nerve fibers and cancer cells 

stimulates prolifereation and survival of cancer and also drive neuron outgrotwh350,351 (Figure 9).  

There are several pieces of evidence showing that cancer cells secrete these growth 

factors and induce axonogenesis in tumors. For instance, in a mouse model of prostate cancer 

overexpression of NGF by tumor stromal cells not only induced axonogenesis but also in a 

paracrine manner induced proliferation of tumor cells through tyrosine-receptor kinases (Trks) 

TrkA and TrkB that are expressed by tumor cells352-354. High level of NGF in gastric cancer 

increased enteric nerves355,356. High expression of NGF in breast cancer cells was correlated with 

a high density of nerve and tumor proliferation357, and the same effect has been observed in 

melanoma358. BDNF is another neurotrophin that is released by adrenergic neurons and 

stimulates axonogenesis by activating TrK receptors359-361.  This growth factor also induces 

angiogenesis and increased tumor cell proliferation361 (Figure 10). GDNF is highly expressed in 

human pancreatic ductal adenocarcinoma (PDAC) and was associated with neural invasion and 
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increased level of pain in patiens362-364. Overexpression of Neurturin and artemin in PDAC 

promoted tumor innervation365 and was associated with tumor invasiveness341,366-368. These 

factors also have been implicated in tumor migration in several types of cacner369,370. For 

example, Netrin-1 has been considered as an oncogene that promoted gastric cancer cell 

migration along sensory dorsal root ganglia cells and sciatic nerve371, or blocking of Slit2 

expression in PADC reduced cancer cell metastasis and neural invasion372. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Neurogenesis and axonogenesis in TME. A. Neurogenic factors such as GDNF, BDNF, 
NGF, Artemin, Neuturin, EphrinB1, and Netrin-1 promote axonogenesis.B. Tumor cells induce 
migration of neural progenitor cells from the brain into the tumor tissue through the 
bloodstream. In addition, cancer generates new neurons from cancer stem cells in TME373. 
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Figure 9.Neuromediators regulate tumor progression. Tumor cells and neurons release 
neurotransmitters, neurotrophic factors, and axon guidance molecules into the neuron-cancer 
synapse. These factors upon binding to their receptors induce neurogenesis and also promote 
tumor cell proliferation. In addition, these neurotransmitters also promote tumor progression by 
depolarization of cancer cells374-377. 
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Figure 10.Nerve–cancer cross talk. Nerve secretes neurotrophic factors that promote tumor 
proliferation, invasion, and angiogenesis. On the other hand, migration of tumor cells into the 
nerves damages neurons and induces pain. In addition, cytokines produced by tumor cells induce 
nerve reprogramming and regeneration. PNI, perineural invasion378. 

 

 

1.9.1.3- Tumor cells stimulates neural reprogramming 

 

Mauffrey et al, showed for the first time that tumor cells release extracellular vesicles 

(EVs) that can induce reprogramming of neurons. These small vesicles (30–150 nm) contain 

proteins, DNA, RNA, and lipids, which function as intracellular mediators and can be produced by 

tumor cells. It has been shown that stimulation of PC12 cells in vitro by exosomes derived either 

from tumor patients such as head and neck cancer or from murine oropharyngeal squamous cell 

carcinomas (OPSCC)379 significantly increased neurite outgrowth in comparison to the control 

group379. Conversely, in vivo, inhibition of tumor-released exosomes decreased tumor innervation 

and growth380. Immunohistochemical staining of human and mouse samples also identified more 
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than 80% of tumor-innervating fibers as sensory fibers379. They found that Lack of miR-34a in 

vesicles that are driven from p53-knockout oral cavity squamous cell carcinoma (OCSCC) induces 

transcriptional reprogramming in tumor-associated sensory neurons and transdifferentiated 

them to adrenergic nerves, and promoted tumor growth in mouse model of (OCSCC)381 (Figure 

11). This group found that381 daily intratumoral injection of p53WT OCSCC EVs could suppress 

noradrenergic neurogenesis. This finding was similar to what has been found in head and neck 

cancerpatients382.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. EVs released by tumor cells reprogram neurons. Lack of P53 expression by tumor cells 
changes the microRNA population within the exosomes. Loss of miR-34a expression by exosomes 
change existing sensory neurons to adrenergic neurons and promote tumor growth381. 
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1.9.1.4- Tumor associated neurons suppress intratumoral immune Cells 

 

Although the role of nerves in cancer still is in the early phase of research, several lines of 

evidence show that nerves play an important role in tumor progression either directly or 

indirectly through suppression of the immune system in the tumor microenvironment. Tumor-

associated neurons (TANs) can interact with immune cells in TME and suppress anti-tumor 

immunity cells by different mechanisms (Figure 12). For example, it has been discovered that 

tumor activated-sensory neurons release chemokines that recruit MDSC into the tumor 

microenvironment383 or there is a correlation between the intensity of PDL-1 expression by 

sensory neurons and infiltration of T cells. It has been shown that higher intensity of PDL-1+TANs 

was correlated with higher infiltration of regulatory T cells (Foxp3+ T) and lower infiltration of 

cytotoxic CD8+ T cells in human prostate cancer383. Secretion of GDNF by tumor infiltrated 

neurons upregulated expression of PDL-1 by head and neck squamous cell carcinoma (HNSCC) 

through JAK2-STAT1 signaling pathway384. 

Another study showed that there is a positive correlation between the density of 

sympathetic nerves and immune checkpoint receptor expression and a negative correlation 

between parasympathetic nerves with immune checkpoint receptor expression. Ablation of 

sympathetic nerves in mouse model of breast cancer decreased expression of PD-1 on both CD4+ 

and CD8+  T cells, increased expression of IFN-γ, and reduced infiltration of Treg. On the opposite, 

stimulation of parasympathetic neurons suppressed expression of PD-1 by tumor infiltrated CD4+ 

and CD8+  T cells and increased expression of IFN-γ. This effect has been observed in human breast 

cancer specimens also. There was a positive correlation between the density of TH+ sympathetic 

nerves and expression of PD-1 by CD4+ and CD8+ T cells385.  Depletion of CGRP+ neurons in mouse 

model of oral cancer was correlated with slower tumor progression and higher infiltration of CD4+ 

and CD8+ T cells. However, CGRP did not impact the proliferation of cancer cells directly, but the 

expression of CGRP receptor RAMP1 was overexpressed in tumor infiltrated T cells which is 

indicating that CGRP can suppress the adaptive immune system function386. 
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Figure 12. Nerve affect tumor cell growth through suppression of immune cells.Neuron–cancer 
communication results in the release of transmitters and neurotrophic factors by neurons, which 
induces angiogenesis, regulates tumor-associated macrophages, and modulates the expression 
of immune checkpoint receptors (PD-1, PD-L1, FOXP3) by lymphocytes, all of which promotes 
tumor progression378. 

 

1.9.1.5- Autonomic neurotransmitters promote tumor growth 

 

Neurotransmitters in addition to modulating immune cells in the lymphoid tissues are also 

able to directly affect cancer development. Catecholamines and acetylcholine released by 

sympathetic and parasympathetic nerves can induce prostate tumor growth and metastasis. 

Stimulation of cancer cells by autonomic neurotransmitters induces cell growth. For instance, 

activation of β-adrenergic receptors increased tumor growth and metastasis in several cancers 

such as ovarican387,pancreatic388, and pulmonary389. Autonomic transmitters are also able to 

stimulate other components of TME such as endothelial and fibroblast cells390.  
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The expression of neurotransmitter receptors by cancer cells and tumor-associated cells 

showed that these neurotransmitters mediate a pro-tumorigenic function through increasing 

tumor cell proliferation and angiogenesis. Noradrenaline and dopamine are two types 

of catecholamines that have the opposite effect on tumor angiogenesis. Noradrenaline 

upregulates expression of VEGF by macrophages and in this way stimulates tumor 

angiogenesis391-393. Deletion of β2-adrenergic and β3-adrenergic or depletion of sympathetic 

nerves in mouse model of prostate cancer reduced tumor angiogenesis349,394 as well as growth 

and metastasis in lung and prostate cancer. On the contrary, dopamine inhibited signaling 

pathway by VEGF receptor and reduced tumor growth in mouse model of colon, ovarian, and 

gastric cancer 392,395,396. 

 

1.9.1.6- Sensory neuron activity promote tumor progression 

 

However, the exact mechanism of how sensory neurons promote tumor progression and 

metastasis still is not fully known but the role of sensory neurons in the initiation of neurogenic 

inflammation is very well documented. Neurogenic inflammation has been characterized as acute 

inflammatory response397,398. This response is required in normal physiology for clearance of 

pathogens and transformed cells399,400. However, besides triggering neurogenic inflammation, 

many studies show that prolonged activation of sensory neurons creates anti-inflammatory 

responses that function as a defense mechanism in order to prevent self-tissue damage and 

promote tissue repair401,402. Chronic inflammation has been characterized as a factor that 

promotes tumor growth and metastasis403-406. Therefore, activation of sensory neurons and 

consequently secretion of anti-inflammatory neuropeptides may induce tumor progression 

(Figure 13). Recent studies showed that inhibition of sensory neuron activity has been associated 

with reduced tumor growth in several types of cancer such as peostate407,gastric408, basal cell 

carcinoma409, and melanoma cacncer374,410. Similarly, chemical ablation of sensory neurons in 

mouse model of pancreatic and gastric cancer decreased tumor progression411,412. 
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Figure 13. Hypothetical interaction of sensory neurons, immune cells, and tumor cells. During 
cancer immunoediting, tumor cells become more resistant to immune system destruction and 
become more aggressive. In addition, generation of new sensory fibers which have a tumorigenic 
characteristic promotes tumor progression. During the early stage of cancer development, 
sensory neurons through secretion of neuropeptides cooperate with the immune system to 
protect and defend the host by inducing an acute inflammatory response. In the intermediate 
phase, part of activated sensory neurons triggers anti-tumor immunity. In the late stage of tumor 
development, the formation of tumorigenic nerves enhances chronic inflammation, recruits 
suppressive cells such as MDSC, and increases metastasis413. 
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2.1- Abstract 

 

Solid tumors are innervated by nerve fibers that arise from the autonomic and sensory 

peripheral nervous systems. In prostate cancer, doublecortin-expressing neural progenitors 

initiate autonomic adrenergic neurogenesis349 which facilitates tumor development and 

dissemination407 via an angiogenic switch that fuels cancer growth414,415. A loss of TP53 drives the 

reprogramming of tumor-innervating sensory nerves into adrenergic neurons in head and neck 

tumors, which promotes tumor growth381. The impact of tumor neo-innervation by pain-initiating 

sensory neurons remains unclear. Here, we show that melanoma cells interact with nociceptors, 

thereby increasing neurite outgrowth, responsiveness to noxious ligands, and neuropeptide 

release. In turn, CGRP, one such nociceptor-produced neuropeptide, directly increases 

exhaustion of cytotoxic CD8+ T-cells (PD1+Lag3+Tim3+IFNγ-), thus limiting their capacity to 

eliminate melanoma. Genetic TRPV1 lineage ablation, local pharmacological silencing or blockade 

of neuropeptide release from tumor-innervating nociceptors, and the antagonism of the CGRP 

receptor RAMP1, all blunt tumor-infiltrating leukocyte exhaustion, and tumor growth, nearly 

tripling the survival rate of B16F10-inoculated mice. Inversely, CD8+ T-cell exhaustion was rescued 

in sensory neuron depleted mice treated with recombinant CGRP. In comparison to wild-type 

CD8+ T-cells, RAMP1-/- CD8+ T-cells were protected against undergoing exhaustion when co-

transplanted into tumor-bearing RAG1 deficient mice. Single-cell RNA sequencing of patient 

tumors revealed that intratumoral RAMP1-expressing CD8+ T-cells are more exhausted than their 

RAMP1-negative counterparts. RAMP1 expression in intratumoral CD8+ T-cells was also 

associated with resistance to immune checkpoint inhibitor treatment, while RAMP1 

overexpression within the tumor correlated with a worse clinical prognosis. We conclude that 

reducing CGRP release from tumor-innervating nociceptors, by eliminating its 

immunomodulatory action on cytotoxic CD8+ T-cells, constitutes a useful strategy to safeguard 

anti-tumor immunity. 
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2.2- Introduction 

 

Cytotoxic T-cells express a variety of receptors, including PD-1 (Programmed cell Death 

protein-1), Lag-3 (Lymphocyte activation gene-3), and Tim-3 (T-cell immunoglobulin and mucin 

domain-containing protein 3)202,416-418, which inhibit T-cell function after being activated by their 

cognate ligands. These checkpoint receptors ensure that immune responses to damage or 

infection are kept in check, preventing overly intense responses that might damage healthy 

cells419. Tumor cells express ligands for these immune checkpoints, which, when activated, block 

the cytolytic functions of T-cells, thereby favoring cancer cell survival419-421. Such neo-innervation 

is a prominent feature in cancer, which, together with the diverse actions of neuropeptides on 

immune cells 385,422-431, led us to explore whether local release of neuropeptides from activated 

nociceptors may favor cancer growth by suppressing immune surveillance. 

 

Breast cancers show a hyper-sympathetic innervation but a decreased parasympathetic 

nerve density385, whereas prostate cancers are infiltrated with cholinergic fibers and are 

surrounded by adrenergic fibers407. Although human malignant cells or immune cells do not 

express genes of neuronal origin (Supp. Fig. 1A-C), we observed a significant raise in their 

expression within melanoma patient’s biopsies (Supp. Fig. 1D) 432-435. Because these clinical data 

suggest increased melanoma innervation, we probed for the presence of nociceptor neurons by 

assessing TRPV1+ (Transient Receptor Potential cation channel subfamily Vanilloid 1) cells in 

melanoma patients’ biopsies. TRPV1 immunolabelling was increased ~2-fold in the tumor 

compared to adjacent healthy tissue; this feature was observed in each of the ten biopsies 

examined. Intra-tumoral TILs (Tumor-Infiltrating Lymphocytes) numbers correlated with 

increased TRPV1 immunolabelling (Supp. Fig. 2; R2=0.63; p<0.05; retrospective correlation 

analysis performed on patient’s pathology report). These data indicate that patients’ melanomas 

are hyper-innervated by sensory neurons and that these neurons may impact intra-tumoral cell 

numbers. 
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To explore this further, we inoculated a GFP-expressing melanoma (B16F10-eGFP) cell line 

into NaV1.8cre::Td-tomatofl/wt mice and used a tissue-clearing approach known as iDISCO as a 

means to obtain a three-dimensional representation of the tumor innervation 267,436. Twenty-two 

days after implantation, we found abundant NaV1.8+ nociceptor neurons around and within the 

tumor (Fig. 1A). Just as in the human biopsies (Supp. Fig. 1A-B), neither B16F10 cells nor mouse 

tumor-infiltrating immune cells express neuronal markers (i.e., NaV1.8, TRPV1; Supp. Fig. 3) 

ascribing the NaV1.8 signal to tumor-infiltrating nerves. We next used an in vitro co-culture 

approach to precisely quantify how the exposure to malignant cells would modulate nociceptor 

neuron morphology and neurite outgrowth and found that when co-cultured with B16F10-eGFP 

melanoma cells, fluorescently labeled (TRPV1cre::Td-tomatofl/wt) DRG nociceptor neurites extend 

towards the B16F10 cells (Fig. 1B). The average neurite length of nociceptor neurons increased 

(average neurite length; Fig. 1C) whereas the overall neuronal arborization/branching decreased 

(ramification index; Fig. 1D) when co-cultured with B16F10-eGFP cells. Cultured lumbar DRG 

nociceptors (L3-L5) harvested from tumor-inoculated mice (on d14) also extended longer neurites 

than their counterparts harvested from keratinocyte-injected mice (not shown). Taken together, 

these data indicate that nociceptor outgrowth is enhanced when in proximity to melanoma cells 

and that skin sensory neuron collaterals sprout directly into the tumor bed. Pathophysiologically, 

this phenomenon may be the neuronal equivalent of tumor angiogenesis. 

 

Given that melanoma promotes axonogenesis leading to tumor innervation (Fig. 1A; Supp. 

Fig. 2), we next aimed to examine whether such physical proximity allow melanoma to modulate 

the sensitivity of the nociceptor. As nociceptor neurons detect signals from the local environment, 

we measured calcium flux changes in response to sub-threshold concentrations of capsaicin (an 

agonist of the heat-sensing TRPV1 channel), mustard oil (an agonist of the chemical sensing 

TRPA1 channel), and ATP (an agonist of the proton-sensing P2X3R channel). When nociceptors 

were cultured without melanoma cells, few responded to the ligands at the concentrations 

selected. However, the number of responsive neurons increased when co-cultured with B16F0 

melanoma cells; this effect was made even more robust when exposed to the highly metastatic 

melanoma cell line B16F10 (Fig. 1E). Similarly, the amplitude of calcium flux responses to the 
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ligands was greater in lumbar DRG neurons (L3-L5) harvested ipsilateral to a fourteen-day tumor-

inoculation in mice as compared to those harvested from non-tumorigenic keratinocyte-injected 

mice (Fig. 1F). Signals released from melanoma, therefore, heighten nociceptor sensitivity. 

 

We next sought to test if such neuronal hypersensitivity would lead to increased release 

of immunomodulatory neuropeptides. As opposed to B16F10 cells alone, DRG neurons co-

cultured with B16F10 cells (5x104 cells, 24h) actively release CGRP in the media (Fig. 1G). These 

data prompted us to test whether exposure to a melanoma alters the nociceptor neurons’ 

transcriptome. To do so, naïve DRG neurons (TRPV1cre::QuASR2-eGFPfl/wt) were cultured alone or 

in combination with B16F10-mCherry-OVA. After 48h, TRPV1+ nociceptors were harvested, FACS-

purified and RNA-sequenced. Differentially expressed genes (DEG) were calculated and the 

neuropeptide gene Calca (encoding for CGRP), as well as the NGF receptor Trka were found to be 

overexpressed in cancer-exposed nociceptors (Fig. 1H-J). Trka overexpression may help drive 

melanoma-induced pain hypersensitivity, whereas CGRP (encoded by Calca), when released from 

activated nociceptors, may immunomodulate TILs.  

 

To identify the mechanism through which melanoma sensitizes nociceptor neurons, we 

used a co-culture system designed to mimic the interactions at play in the melanoma 

microenvironment. Tc1-stimulated (ex vivo activated by CD3/CD28, IL-12 and anti-IL4 for 48h) 

OVA-specific cytotoxic CD8+ T-cells (OT-1 mice), naïve DRG neurons (TRPV1cre::QuASR2-eGFPfl/wt), 

and B16F10-mCherry-OVA melanoma cancer cells were cultured alone or in combination. After 

48h, the cells were harvested, FACS-purified and RNA sequenced. DEGs were calculated among 

the ten tested groups (Fig. 2A-B). Among others, we found that Slpi (Secretory Leukocyte Protease 

Inhibitor) was overexpressed in the melanoma cancer cells when co-cultured with either DRG 

neurons (~3.6-fold) or OVA-specific cytotoxic CD8+ T-cells (~270-fold), and also when exposed to 

both populations (~150-fold; Fig. 2A-B). Basal Slpi levels in OVA-specific cytotoxic CD8+ T-cells or 

in DRG neurons were minimal and were not impacted when cultured alone or with B16F10-

mCherry-OVA melanoma cells (Fig. 2B). B16F10-mCherry-OVA cells, when co-cultured with naïve 
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DRG neurons and OVA-specific cytotoxic CD8+ T-cells, increased SLPI secretion into the culture 

medium, an effect maximal after 48h (~200-fold; Fig. 2C).  

In addition to protecting epithelial cells from serine protease activity, SLPI also enhances 

regeneration of transected retinal ganglion cell axons 437 and neural stem cell proliferation438. 

Although these data support SLPI activity on neurons, its role in nociception remains untested. To 

address this, we measured whether SLPI directly activates cultured DRG neurons using calcium 

microscopy. We found that SLPI (10 - 10000 pg/ml) activates ~20% of DRG neurons (Fig. 2D-F), 

including ~42% (n=261/n=614) of all capsaicin-responsive neurons (Fig. 2E). SLPI-responsive 

neurons are mostly small-sized neurons (Fig. 2G-H; mean area = 151µm2), and ~90% of these SLPI-

sensitive neurons also respond to capsaicin (Fig. 2I), which is compatible with them being 

nociceptors. Given that SLPI triggered calcium influx, we probed whether this is the mean by 

which B16F10 cells drive CGRP release from neurons (Fig. 1G). SLPI, when used at a concentration 

similar to one secreted by melanoma cells (Fig. 2C, 100 - 5000 pg/ml), prompted CGRP release 

from cultured naïve DRG neurons (Fig. 2J). Finally, we sought to test whether SLPI can drive pain 

hypersensitivity in vivo. When administered into the right hindpaw of naïve mice, SLPI (i.d.; 

1µg/20µL) generated thermal hypersensitivity whereas saline had no impact (Fig. 2K).  

 

Melanoma-secreted SLPI acts on nociceptors to trigger calcium influx, neuropeptide 

release and thermal hypersensitivity, which indicates that these sensory neurons detect, and 

react to, the presence of cancer cells. Whether such action affords the malignant cells a functional 

advantage over the host remains unknown. To assess this, we implanted B16F10-mCherry-OVA 

cells (i.d., 5×105 cells) into the hindpaw of 8-week-old male and female mice (n=75) and those 

with larger tumors showed a higher proportion of intra-tumoral PD1+Lag3+Tim3+ CD8+ T-cells and 

greater thermal pain hypersensitivity (not shown). Interestingly, heightened thermal pain 

sensitivity positively correlated (R2=0.52, p<0.0001) with increased frequency in intra-tumoral 

PD1+Lag3+Tim3+ CD8 T-cell (Fig. 3A; measured on day 13 post implantation).  
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The expression of adrenergic and cholinergic axon markers in tumors correlates with poor 

clinical outcome407. Gastric tumor denervation limits growth and vagotomized patients have 

lower mortality rates from intestinal cancer 407,408,429,439. To investigate the nature of the three-

way interaction between cancer–nociceptor–CD8+ T-cells, we next used a syngeneic mouse model 

of triple-negative melanoma, which is an established model of immunosurveillance419. B16F10-

mCherry-OVA cells were inoculated (i.d., 5×105 cells) into 8-week-old male and female 

nociceptor-ablated (TRPV1cre::DTAfl/wt) or intact mice (littermate control; TRPV1wt::DTAfl/wt). In 

both nociceptor-ablated males (n=50) and females (n=68), the median length of survival 

(evaluated until day 22 and determined by reaching a volume of 1000mm3 or other ethical 

endpoints) increased by 2.5-fold (p≤0.0001; 0.4 Mantel-Haenszel hazard ratio; Fig. 3B). In another 

set of mice analyzed sixteen days post tumor inoculation, we found that genetic ablation of 

nociceptors reduced tumor growth (~2.6-fold; Fig 3C) and increased the total number of tumor-

infiltrating CD8+ T-cells (Fig. 3D). It also increased the relative frequency of cytotoxic (IFNγ+, 

TNFα+, IL-2+, Fig. 3E; Supp. Fig. 4A) tumor-infiltrating CD8+ T-cells while reducing the one of 

PD1+Lag3+Tim3+ CD8+ T-cells (~1.4-fold; Fig. 3F; Supp. Fig. 4A).  

 

To this point, our data support nociceptor neurons as an upstream driver of intra-tumoral 

PD1+Lag3+Tim3+ CD8+ T-cells. To address whether this would be the case, we mapped out the 

kinetics of thermal pain hypersensitivity, increased frequency in intra-tumoral PD1+Lag3+Tim3+ 

CD8+ T-cells and tumor growth (left hindpaw, i.d., 2×105 B16F10-mCherry-OVA cells). When 

compared to their baseline threshold and to the one of sensory neuron ablated mice 

(TRPV1cre::DTAfl/wt; n=18), 8-weeks-old littermate control mice (TRPV1wt::DTAfl/wt; n=96) 

inoculated with B16F10-mCherry-OVA showed significant thermal hypersensitivity on day 7, an 

effect that peaks on day 21 (Supp. Fig. 4B). In these mice, intra-tumoral frequency of 

PD1+Lag3+Tim3+ (Supp. Fig. 4C) or IFNγ+ (Supp. Fig. 4D) CD8+ T-cells is significantly increased 12 

days post tumor inoculation and peaked on day 19. Finally, B16F10-mCherry-OVA tumor volume 

peaked on day 22 (Supp. Fig. 4E). Altogether these data showed that thermal hypersensitivity 

precede that of significant intra-tumoral CD8+ T-cells exhaustion by ~5 days and that pain 

hypersensitivity developed prior to the tumor being measurable using a digital caliper (Supp. Fig. 
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4F). Consequently, the genetic elimination of pain-transmitting neurons shields melanoma-

bearing mice from increasing the frequency of intra-tumoral PD1+Lag3+Tim3+ CD8+ T-cells and, in 

turn, delayed tumor growth (Fig. 3B-E; Supp. Fig. 4A-F).  

 

Blocking the activity of immune checkpoint proteins releases a cancer cell-induced "brake" 

on the immune system, thereby increasing its ability to eliminate tumors416-419. Immune 

checkpoint inhibitors (ICI), including those targeting PDL1, improve clinical outcomes in patients 

with metastatic melanoma418,440-442, however ICI efficacy varies drastically among patients, half 

of whom will not benefit440. We set out to assess whether the presence (TRPV1wt::DTAfl/wt) or 

absence (TRPV1cre::DTAfl/wt) of tumor-innervating nociceptor neurons would impact αPDL1 (i.p; 

days 7, 10, 13, 16) clinical responsiveness. αPDL1 was given either to mice whose tumor cells 

(B16F10-mCherry-OVA, i.d., 5×105) were inoculated on the same day, or to mice with established 

tumors (~100mm3; achieved by inoculating TRPV1cre::DTAfl/wt ~3 days before). Nociceptor ablation 

increased αPDL1-mediated tumor reduction (Fig 3G; Supp. Fig 4G-H) and also increased the 

infiltration of tumor-specific CD8+ T-cell (Supp. Fig 4I).  

 

To test whether the reduced tumor growth observed in the absence of nociceptor neurons 

depends on their action on immune cells, we compared the respective impacts of nociceptors on 

the growth of an immunogenic and a non-immunogenic isogenic melanoma model. YUMMER1.7 

is a highly immunogenic derivative of the BrafV600ECdkn2a-/-Pten-/- cell line modified by UV 

exposure, it represents a clinically relevant melanoma model443. As in the case of B16F10-OVA, 

ablation of nociceptors decreased tumor growth (~3.3 fold; measured twelve days post 

inoculation; Fig. 3H) and reduced the frequency in intra-tumoral PD1+Lag3+Tim3+ CD8 T-cell while 

increasing their number and cytotoxic potential (IFNγ+, TNFα+). In contrast, YUMM1.7 (the 

parental and non-immunogenic444 counterpart of YUMMER1.7) showed similar tumor growth 

(Supp. Fig. 4J) and frequency of intra-tumoral PD1+Lag3+Tim3+ CD8 T-cell in both the presence 

and absence of nociceptors (not shown).  
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Next, we assessed whether these differences were due to a nociceptor neurons’ direct 

modulation of intra-tumoral T-cells and observed no major changes in tumor growth between 

nociceptor-intact and nociceptor-ablated mice upon systemic depletion of CD8+ (Fig. 3I) or CD3+ 

T-cells (Supp. Fig. 4K). While nociceptor neuron chemoablation with Resiniferatoxin (RTX) 

reduced tumor growth in B16F10-inoculated wild-type mice (Fig. 3J), we found that naïve OT-1 

CD8 T-cells enhanced tumor shrinkage (Fig. 3K) while limiting the increased in the frequency of 

intra-tumoral PD1+Lag3+Tim3+ CD8 T-cell (Fig. 3L) when transplanted in RTX-exposed RAG1-/- 

mice. To achieve this, we chemically depleted TRPV1+ nociceptor neurons (RTX; s.c., 30, 70, 100 

µg/kg) from RAG1-/- mice (devoid of B- and T-cells), inoculated B16F10-mCherry-OVA (i.d., 5×105 

cells) six weeks post RTX and adoptively transferred these mice with naïve OVA-specific CD8 T 

cells (OT-1 mice; i.v., 1x106 cells) when the tumor reached ~500mm3 (Fig. 3K-L). These data imply 

that the slower tumor growth found in TRPV1cre::DTAfl/wt and RTX-exposed mice depends on 

nociceptor-induced CD8 exhaustion.  

 

Optogenetic activation of skin nociceptor neurons trigger the antidromic release of 

neuropeptides which mediate anticipatory immunity against microbes445 and potentiate skin446 

and lung447 immunity. Here, we used transdermal illumination (3.5 ms, 10Hz, 478nm, 60 mW, 

delivering ~2-6 mW/mm2 to a 0.39 NA fiber placed 5-10 mm from the skin, for 20 min) to stimulate 

tumor-innervating NaV1.8+ Channelrhodopsin-expressing neurons (NaV1.8Cre::ChR2fl/wt) in mice. In 

the case that exposure began when the tumor was either visible (~20mm3) or well established 

(~200mm3), we found that daily blue-light stimulation enhanced B16F10 tumor growth (Supp. 

Fig. 4L). This increased in tumor growth was also linked to enhance intra-tumoral CGRP levels, 

confirming the engagement of pain-transmitting neurons (Supp. Fig. 4M). Laser exposure had no 

effect on tumor growth in light-insensitive mice (NaV1.8wt::ChR2fl/wt). 

 

The neonatal/embryonic ablation of neuronal subsets may lead to compensatory changes. 

To circumvent this potential shortcoming, we silenced neurons using Botulinum neurotoxin A 

(BoNT/A), a neurotoxic protein produced by Clostridium botulinum, which acts by cleaving 

SNAP25448. BoNT/A causes a long-lasting (20 days) abolition of neurotransmitter release from 
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skin-innervating neurons8. BoNT/A reduces tumor growth in prostate cancer407 and blocks 

nociceptor-mediated modulation of neutrophils during skin infection8. BoNT/A does not impact 

cultured B16F10 or CD8+ T-cell function in vitro (Supp. Fig. 5A-F). When BoNT/A (25 pg/μL; 50µl; 

5 i.d. sites) is administered one and three days prior to the B16F10-OVA cell inoculation, it 

reduced subsequent tumor growth and preserved intra-tumoral CD8+ T-cells cytotoxic potential 

(Supp. Fig. 5G-N; as measured 18 days post inoculation). BoNT/A pre-treatment also reduced 

YUMMER1.7 tumor outgrowth (Supp. Fig. 5O), and enhanced αPDL1-mediated tumor regression 

(Supp. Fig. 5P). BoNT/A had limited efficacy when administered to mice with established tumors 

(~200mm3; Supp. Fig. 5G-N) or to mice whose nociceptor neurons were genetically ablated 

(TRPV1cre::DTAfl/wt; Supp. Fig. 5O). These data hints that BoNT/A-mediated decrease tumor 

growth depends on the presence of active tumor-innervating nociceptor neurons 

  

We next tested the anti-tumor efficacy of a proven nociceptor-selective silencing 

strategy449. This protocol uses large-pore ion channels (TRPV1) as cell-specific drug-entry ports to 

deliver QX-314, a charged and membrane-impermeable form of lidocaine, to block voltage-gated 

sodium (NaV) channels. During inflammation, similar to what we observed in tumor 

microenvironments, these large pore ion channels open, allowing QX-314 to permeate the 

neurons, which results in a long-lasting electrical blockade430. While QX-314 did not impact 

cultured B16F10-mCherry-OVA cells or CD8 T-cell function in vitro (Supp. Fig. 6A-F), we confirm 

that it silences tumor-innervating nociceptors in vivo, as shown by reduced B16F10-induced CGRP 

release and pain hypersensitivity (Supp. Fig. 6G-I). We found that vehicle-exposed B16F10-

mCherry-OVA -bearing mice succumb at a 2.7-fold higher rate (p≤0.0001) than QX-314-exposed 

mice (0.37 hazard ratio; Supp. Fig. 6J; measured until day 19 and determined by reaching a volume 

of ~800mm3 or other ethical endpoints). QX-314-mediated sensory neurons silencing (0.3%; daily 

i.d. surrounding the tumor) reduced melanoma growth (~3-fold; Supp. Fig. 6K-M; as observed 

seventeen days post tumor inoculation) and limited intra-tumoral CD8+ T-cell exhaustion (Supp. 

Fig. 6R). Nociceptor silencing also increased intra-tumor numbers of CD8+ T-cells and preserved 

their cytotoxic potential (IFNγ+, TNFα+) as well as proliferative capacity (IL-2+; Supp. Fig. 6N-Q). 

Similar to what we observed in nociceptor-ablated mice (TRPV1cre::DTAfl/wt; Fig. 3G), silencing 
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tumor-innervating neurons with QX-314 enhanced αPDL1-mediated tumor regression (Supp. Fig. 

6S-T; up to 5-fold). When administered to mice with an established B16F10-mCherry-OVA tumor 

(~200mm3; Supp. Fig. 6K-R), QX-314 still reduced tumor growth and preserved CD8 T-cells anti-

tumor capacity, thus supporting its potential use as a cancer therapeutic.  

  

Tumor-specific sympathetic denervation downregulates expression of PDL1, PD1, and 

FOXP3 in tumor-infiltrating lymphocytes (TIL), whereas parasympathetic innervation has the 

opposite effects385. Thus, tumor-infiltrating lymphocytes exhaustion correlates with relative 

distance from sympathetic terminals385. Human (Supp. Fig. 1B) and mouse (Supp. Fig. 3B) 

cytotoxic CD8+ T-cells express multiple neuropeptide receptors (≥10), including the CGRP receptor 

RAMP1. Given that nociceptors readily interact with CD8+ T-cells in culture and that the 

neuropeptides they release block TH1 immunity 7,8,450,451, we aimed to test whether these 

mediators drive CD8+ T-cell expression of immune checkpoint receptors. 

 To do so, splenocyte-isolated CD8+ T-cells were cultured under type 1 (Tc1) CD8+ T-cell-

stimulating conditions (ex vivo activated by CD3/CD28, IL-12, and anti-IL4) for two days and then 

were co-cultured with DRG neurons for an additional four days. We found that nociceptor 

stimulation with capsaicin increased the proportion of PD1+Lag3+Tim3+ expressing CD8+ T cells 

while it decreased the levels of IFNγ+, TNFα+, and IL2+. Capsaicin had no measurable impact on 

CD8+ T-cells in the absence of DRG neurons (Supp. Fig. 7A-B; measured after four days co-culture).  

 

When Tc1-activated CD8+ T-cells were exposed to fresh conditioned media (1:2 dilution) 

harvested from KCl (50 mM)-stimulated DRG neurons, it increased the proportion of 

PD1+Lag3+Tim3+ cytotoxic CD8+ T-cells and reduced those that are IFNγ+ and TNFα+ (Supp. Fig. 7C-

D; measured after four days co-culture). These effects were prevented when the cytotoxic CD8+ 

T-cells when challenged (1:2 dilution) with fresh KCl-induced conditioned media from BoNT/A-

silenced neurons (100pg/200µL) or when co-exposed to the RAMP1 blocker CGRP8-37 (2µg/mL 

Supp. Fig. 7C-D).  
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To confirm that nociceptor-released neuropeptides drive T-cells exhaustion we exposed 

Tc1-activated CD8+ T-cells to CGRP. CGRP-treated RAMP1wt cells show increased exhaustion and 

limited cytotoxic potential. These effects were absent in CGRP-exposed CD8 T-cells harvested 

from CGRP receptor KO (RAMP1-/-) mice (Fig. 4A, Supp. Fig. 7E-F).  

 

We then probed whether nociceptor neuron-released neuropeptides blunt the anti-tumor 

responses of cytotoxic CD8+ T-cells through exhaustion. OT1 cytotoxic T-cells induced robust 

apoptosis of cultured B16F10-mCherry-OVA cells (annexinV+7AAD+B16F10-mCherry-OVA; Supp. 

Fig. 7G-I). However, this B16F10-mCherry-OVA apoptosis was decreased when the T-cells were 

(i) co-cultured with DRG neurons-exposed to capsaicin; (ii) exposed to KCl-stimulated neuron-

derived conditioned media or (iii) directly stimulated with CGRP (Fig. 4B, Supp. Fig. 7G-I). OT1 

cytotoxic T-cells failed to eliminate cultured B16F10-mCherry-OVA when co-exposed to a RAMP1 

blocker (CGRP8-37; 2µg/mL) and neuron’s conditioned media (KCl-induced; Fig. 7H). Along with 

earlier findings that CGRP blocks CD8+ T-cell proliferation 452, our data suggest that via the CGRP-

RAMP1 axis, nociceptors lead to the functional exhaustion of CD8+ T-cells, as defined by 

simultaneous expression loss of cytotoxic molecules (i.e., IFNγ, TNFα) and proliferative capacity 

(i.e., IL-2), increased co-expression of several exhaustion markers (PD1+Lag3+Tim3+) and a 

reduced capacity to eliminate malignant cells.  

 

Nociceptor-produced neuropeptides reduce immunity against bacteria 451 and fungi 453, 

and promote cytotoxic CD8+ T-cell exhaustion422-425,427,431 (Fig. 4A-B; Supp. Fig. 7). Given that 

nociceptor-released CGRP is exacerbated when cultured with B16F10 cells (Fig. 1G) or exposed 

to SLPI (Fig. 2J), and that tumor-infiltrating nociceptor neurons overexpress Calca (Fig. 1H-J), we 

next sought to test whether intra-tumoral CGRP levels correlate with CD8 T-cell exhaustion. To 

do this we used NaV1.8cre driver to ablate most mechano- and thermo-sensitive nociceptors with 

diphtheria toxin (NaV1.8cre::DTAfl/wt) 430,451. We found that when compared with littermate 

controls (NaV1.8wt::DTAfl/wt), the ablation of NaV1.8+ sensory neurons preserve CD8+ T-cells anti-

tumor potential (Supp. Fig. 8A-D; as measured eleven days post inoculation). Moreover, intra-
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tumoral CGRP levels in both groups of mice directly correlates with the proportion of intra-

tumoral PD1+Lag3+Tim3+ CD8+ T-cells (Fig. 4C).  

 

We then set out to rescue CGRP levels (rCGRP, daily intra-tumoral injection) in sensory 

neuron-ablated mice and measured the impact on tumor growth and TIL exhaustion. CGRP-

treated sensory neuron-ablated mice (TRPV1cre::DTAfl/wt) showed similar tumor growth and CD8+ 

T-cell exhaustion to that found in nociceptor intact mice (Fig. 4D-E; measured until day 11). Next, 

we treated tumor-bearing mice with the selective RAMP1 antagonist BIBN4096 (5 mg/kg, i.p.; 

once every two days). The latter was previously found to block neuro-immune interplay during 

microbe infections and rescues host anti-bacterial activity7. BIBN4096-exposed mice (0.37 hazard 

ratio; Supp. Fig. 8E; measured until day 19 and determined by reaching a volume of ~800mm3 or 

other ethical endpoints) succumb at a rate 2.6-fold lower (p≤0.04) than vehicle-exposed B16F10-

bearing mice. As measured on day 13, BIBN4096 (5 mg/kg, i.p.; q.a.d.) reduced B16F10 growth 

(~4.3-fold), tumor weight, and CD8+ T-cell exhaustion (~1.3-fold; Fig. 4F-G; Supp. Fig. 8F-K). It is 

worth noting that BIBN4096 does not impact cultured B16F10 cells or CD8+ T-cell function in vitro. 

Importantly, BIBN4096 anti-tumor property relies on the presence of intact nociceptor neurons 

as it showed no effect when administered to TRPV1cre::DTAfl/wt ablated mice (Supp. Fig. 8L-R).  

 

Finally, to address whether RAMP1 is the main driver of CD8+ T-cell exhaustion we 

transplanted RAG1-/- mice with either RAMP1-/- or RAMP1wt CD8+ T-cells (i.v.; 2.5x106) or a 1:1 

mixture of RAMP1-/- (CD45.2+) and RAMP1wt (CD45.1+). Although we retrieved similar numbers of 

CD8 T-cells across all three groups (Supp. Fig. 8S), limited B16F10-OVA tumor growth (Fig. 4H) 

was found in mice that received the RAMP1-/- CD8+ T-cells – which are not responsive to CGRP. 

The relative proportion of intra-tumor PD1+Lag3+Tim3+ CD8+ T-cells was also lower in RAMP1-/--

transplanted RAG1-/- mice (Fig 4I).   

 

In RAG1-/- mice co-transplanted with RAMP1 expressing and non-expressing CD8+ T-cells, 

we found that within the same tumor, the relative proportion of intra-tumor PD1+Lag3+Tim3+ 



57 
 

CD8+ T-cells was lower in RAMP1-/- CD8+ T-cells than in the RAMP1wt CD8+ T-cells (Fig 4J; Supp. Fig. 

8T). Next, we RNA-sequenced FACS-purified RAMP1wt and RAMP1-/- CD8+ T-cells from these mice 

and confirmed that intra-tumoral RAMP1-/- CD8+ T-cells express fewer exhaustion markers (Pd1, 

Lag3, Tim3) compared to their RAMP1wt counterparts (Fig 4K). The sequencing data also show 

that the pro-exhaustion transcription factors Tox and Eomes are elevated in intra-tumoral 

RAMP1wt CD8 T cells while the anti-exhaustion factor Tbet was reduced in the RAMP1wt CD8+ T 

cells (Fig 4K). Overall, CGRP unresponsive RAMP1-/- CD8+ T-cells are protected against undergoing 

nociceptor-induced exhaustion, thereby safeguarding their anti-tumor responses.  

 

When compared with benign nevi, patient’s melanomas display an overexpression of 

RAMP1 (Supp. Fig. 1D), which strongly correlates (p≤0.05; 459 patients) 454 with reduced patient’ 

survival (1.8-fold hazard ratio; Fig. 4L; Supp. Fig. 9A-L). Whether RAMP1 does this by controlling 

intra-tumoral CD8+ T-cell exhaustion is unknown. To answer this, we analyzed two independent 

unbiased single-cell RNA-sequencings of human melanomas455,456, wherein we found that ~1% of 

tumor-infiltrating CD8+ T-cells expressed RAMP1. The patients’ melanoma-infiltrating RAMP1+ 

CD8+ T-cells overexpressed the immune checkpoint receptors Pd1, Tim3, Lag3, Ctla4, Cd27; this 

was coupled with a loss of the pro-proliferative cytokine Il-2 (Fig. 4M; Supp. Fig. 9M). This analysis 

also revealed that tumor-infiltrating CD8+ cells, when harvested from ICI resistant patients, 

substantially overexpress RAMP1 (~2.0-fold; Supp. Fig. 9N-P). This expression profile resembles 

the functional exhaustion of effector CD8+ T-cells and confirms that the CGRP receptor RAMP1 

controls patients’ CD8+ T-cell exhaustion and clinical response to ICI.  

 

Altogether, genetic ablation of nociceptor neurons decreases B16F10 tumor growth by 

safeguarding CD8+ T-cell from undergoing exhaustion, whereas exogenous administration of 

CGRP has the opposite effect. These actions are restricted to immunogenic tumors (B16F10-OVA, 

YUMMER1.7) and are not present in the absence of CD8 T-cells. Translationally, using the charged 

sodium channel blocker QX-314 to block tumor-innervating nociceptor release of CGRP, or 

blocking its receptor (RAMP1) with BIBN4096, decreases tumor growth and prevents CD8+ T-cell 

exhaustion. Similar to the pre-clinical mouse modelling, our human data implies that nociceptor-
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produced CGRP drives intra-tumoral CD8+ T-cells exhaustion which, in turn, fuels cancer growth, 

blunts the response to ICI and worsens clinical prognosis. Tumor-innervating nociceptors 

therefore, act to dampen the immune response to melanoma via an upregulation of multiple 

immune checkpoint receptors on cytotoxic CD8+ T-cells. Silencing these tumor-innervating 

sensory neurons can attenuate this immunomodulatory action of the nervous system on CD8+ T-

cells; thereby safeguarding the host anti-tumor immunity (Supp. Fig. 10), and providing new 

therapeutic opportunities by interrupting pro-cancerous neuroimmune links.  
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2.4- Results 

 

 Figure 14.Melanoma sensitizes nociceptor neurons.  (A). Nociceptor (NaV1.8cre::Td-tomatofl/wt; 
magenta) reporter mice hindpaw were inoculated with B16F10-eGFP cancer cells (i.d.; 105 cells; 
green). Representative iDISCO image of NaV1.8+ nerve fibers (magenta) innervating B16F10-eGFP-
inoculated mouse skin after 22 days (A).(B-D) When co-cultured with B16F10-eGFP cells, TRPV1+ 
nociceptor (red; TRPV1Cre::td-tomatofl/wt; orange) neurons form neuro-neoplasic contacts (B), 
show longer neurites (C), and exhibit reduced arborization (D) than when cultured alone or with 
non-tumorigenic keratinocytes (C-D).(E) In co-culture, B16F0 or B16F10 cells sensitize the 
response of nociceptors to capsaicin (100nM), AITC (100μM), and ATP (1μM) as measured by 
calcium flux (E). Low concentration of the ligands induced minimal response in control neurons, 
whereas B16F10 cells show marginal sensitivity to ATP (E). (F) L3-L5 DRG neurons were harvested 
from mice 2-weeks after they were inoculated (left hindpaw; i.d.) with B16F10- or non-
tumorigenic keratinocytes, cultured and calcium flux to ligands tested. Compared to 
keratinocytes, neurons from tumor-bearing mice were more sensitive to ATP (10 μM), and 
capsaicin (1 μM; F).(G) DRG neurons co-cultured with B16F10 cells release the neuropeptide CGRP 
(G). B16F10 cells alone do not release neuropeptides (G). (H-J) Naive DRG neurons 
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(TRPV1cre::QuASR2-eGFPfl/wt) were cultured alone or in combination with B16F10-mCherry-OVA. 
After 48h, the cells were harvested, FACS-purified, and RNA sequenced. Hierarchical clustering of 
sorted neuron DEG show distinct groups of transcripts enriched in TRPV1+ neuron vs cancer-
exposed TRPV1+ neuron populations (H). Pairwise comparison of naive TRPV1+ neuron vs cancer-
exposed TRPV1+ neuron populations showing differentially expressed transcripts as a volcano plot 
(p<0.05; I). Among others, Calca (gene encoding for CGRP) was overexpressed in TRPV1+ (FACS-
purified eGFP-expressing cells) neurons when co-cultured with B16F10-mCherry-OVA (H-J).Data 
are shown as representative images (A-B), mean ± S.E.M (C-G), heatmap of row Z-score (H), 
volcano plot (I) or scatter dot plot and median (J). N are as follows: A-B: n=4/groups, C-D: n=7-
15/groups, E: n=10-12/group (total of 16-409 neurons), F: n=4/group (total of 5-44 
neurons/groups), G: n=12/groups, H-I: n=4/groups. Experiments were independently repeated 
two (A, F) or three (B-E, G) times with similar results. Sequencing experiment was not repeated 
(H-I). P-values are shown in the figure and determined by one-way ANOVA post hoc Bonferroni (C-
E, G) or unpaired Student's t-test (F, J). NaV1.8+ nociceptors are labeled in magenta (A), TRPV1+ 
nociceptors are labeled in orange (B) and B16F10-eGFP cells are labeled in green (A-B). Scale bar 
= 200 μm (A) or 100 μm (B). 
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Figure 15.Cancer-secreted SLPI drives CGRP to release by nociceptor neurons. (A-B) Naive DRG 
neurons (TRPV1cre::QuASR2-eGFPfl/wt), B16F10-mCherry-OVA, and OVA-specific cytotoxic CD8+ T-
cells were cultured alone or in combination. After 48h, the cells were harvested, FACS-purified, 
and RNA-sequenced. Hierarchical cluster analysis was performed using normalized gene 
expressions from protein-coding genes (A). Hierarchical clustering of sorted neuron molecular 
profiles depicts distinct groups of transcripts enriched in each group (A). Differentially expressed 
genes (DEG) were calculated, and SLPI (Secretory Leukocyte Protease Inhibitor) was found to be 
overexpressed in cancer cells when co-cultured with OVA-specific cytotoxic CD8+ T-cells, DRG 
neurons or both populations (B). (C) In the presence of protease inhibitors, B16F10-mCherry-OVA 
were cultured alone, with naive DRG neurons and/or with OVA-specific cytotoxic CD8+ T-cells. The 
culture supernatant was harvested after 24 or 48h, and SLPI secretion was measured by ELISA. 
We found increased SLPI secretion by B16F10-mCherry-OVA when co-cultured with naive DRG 
neurons and OVA-specific cytotoxic CD8+ T-cell, with a maximal effect after 48h (C). D-I) Using 
calcium microscopy, we then probed whether SLPI directly activates cultured DRG neurons. We 
found that SLPI (10pg/mL-10ng/mL) activated ~20% of DRG neurons (D-F). SLPI-responsive 
neurons are mostly small-sized neurons (G-H; mean area = 151μm2) and largely capsaicin-
responsive (I; ~42%). (J) Naive DRG neurons were cultured and stimulated with SLPI (0-5 ng/mL) 
for 3h. SLPI triggered CGRP release from cultured naive DRG neurons (J). (K) The right hindpaw of 
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naive mice was injected with saline or SLPI (i.d., 1μg/20μL), and the mice’s noxious thermal 
nociceptive threshold was measured (0-6h). The ipsilateral paw injected with SLPI showed 
thermal hypersensitivity in contrast with the contralateral paw. Saline had no impact on the 
mice’s thermal sensitivity (K). Data are shown as heatmap (A) displaying normalized gene 
expression (Log2(1+transcript per millions)-mean, mean ± S.D.(B), as mean ± S.E.M (C-H; J-K) or as 
a Venn Diagram (I). N are as follows: A-B: n=4/groups, C: n=3-8/groups, D: n=17/groups, E: 
n=8/groups, F: n=28-1139/groups, G-I: n=9-1139/groups, J: n=4-5/groups, K: n=3-9/groups. 
Experiments were independently repeated two (J-K) or three (C-I) times with similar results. 
Sequencing experiment was not repeated. (A-B). P-values are shown in the figure and determined 
by one-way ANOVA post hoc Bonferroni (B, C, E, F); or unpaired Student’s t-test (J, K). 

Figure 16.Genetic ablation of nociceptors safeguards anti-tumor immunity. (A) Orthotopic 
B16F10-mCherry-OVA (5x105 cells; i.d.) cells were injected into the left hindpaw of wild-type mice. 
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Thermal hypersensitivity was measured daily and intra-tumoral CD8 T-cells exhaustion was 
assessed on day 13. Thermal hypersensitivity positively correlated (R2=0.52, p<0.0001) with CD8 
T-cells exhaustion (A; as measured on day 13).(B) Orthotopic B16F10-mCherry-OVA (5x105 cells; 
i.d.) were inoculated into 8-week-old male and female sensory neurons intact or ablated mice. 
The median length of survival was increased by ~250% (B; Mantel-Haenszel Hazard Ratio; 
measured on day 22) in nociceptor ablated mice (TRPV1Cre::DTAfl/wt; B).(C-F) Sixteen days post 
tumor inoculation, sensory neuron ablated mice have reduced tumor growth (C), increased tumor 
infiltration of total (D) and IFNγ+ CD8+ T-cells (E); while the proportion of PD1+Lag3+Tim3+ CD8+ T-
cells decreased (F).(G) Orthotopic B16F10-mCherry-OVA cells (5x105 cells; i.d.) were inoculated 
into 8-week-old male and female sensory neuron intact or ablated mice. The mice were treated 
with αPDL1 (6 mg/kg, i.p.; days 7, 10, 13, 16 post-tumor inoculation) or the isotype control (G). 
On day 21, αPDL1 potentiated the nociceptor ablation mediated reduction in B16F10-OVA tumor 
volume (G).(H) Sensory neurons ablation (TRPV1Cre::DTAfl/wt) decreased growth of YUMMER1.7 
cells (5x105 cells; i.d.) an immunogenic version of a BrafV600ECdkn2a-/-Pten-/- melanoma cell line 
(H; assessed until day 12).(I) The reduction in B16F10-mCherry-OVA (5x105 cells; i.d.) tumor 
growth observed in nociceptor ablated mice was absent following systemic CD8 depletion (I, 
assessed until day 14; αCD8, 200 μg/mice; i.p.; every 3 days).(J-L) To deplete their nociceptor 
neurons, wild-type (C57BL6; J) or RAG1-/- (K-L) mice were injected with Resiniferatoxin (RTX; s.c., 
30, 70, 100 μg/kg) and were subsequently (28 days later) inoculated with B16F10-mCherry-OVA 
(J, 2x105 cells;K-L, 5x105 cells; i.d.). Wild-type RTX-injected mice showed reduced tumor growth 
when compared to vehicle-exposed mice (J; assessed until day 13). In RAG1-/-, RTX-injected mice 
adoptively transferred with naive OVA-specific CD8+ T-cells (i.v.,1x106 cells, when tumor reached 
~500mm3) showed reduced tumor growth (K; assessed until day 19) and exhaustion (L) compared 
to vehicle-exposed RAG1-/- mice. Data are shown as linear regression analysis (A), Mantel-Cox 
regression analysis (B), mean ± S.E.M (C, G-K) or as box-and-whisker plots (running from minimal 
to maximal values) for which individual data points are given (D-F; L). N are as follows: A: n=61, 
B: n=67-75/groups, C: n=20-27/groups, D-F: n=29-33/groups, G: n=8-10/groups, H: n=8-
11/groups, I: n=8-11/groups, J: n=10-11/groups, K-L: n=10-12/groups. Experiments were 
independently repeated two (A, G-L) or six (B-F) times with similar results. P-values are shown in 
the figure and determined by Simple Linear regression analysis (A), Mantel-Cox regression (B), 
two-way ANOVA posthoc Bonferroni (C, G-K); or unpaired Student's t-test (D-F, L). 
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Figure 17.Nociceptor neuron-released CGRP controls CD8+ T-cells exhaustion. (A-B) 
Splenocytes-isolated CD8+ T-cells from wild-type (A), naive OT-1 (B) and RAMP1-/- (A-B) mice were 
cultured under Tc1-stimulating conditions (ex vivo activated by CD3/CD28, IL-12 and anti-IL4) for 
48h to generate cytotoxic CD8+ T-cells (A-B). In the presence of IL-2 (10ng/ml) the cells were 
stimulated with CGRP (0.1 μM; challenged once every two days) for 96h. Wild-type cytotoxic CD8+ 
T-cells showed an increased proportion of PD1+Lag3+Tim3+ cells; this effect was absent when 
treating cytotoxic CD8+ T-cells harvested from RAMP1-/- mice (A). Upon generating the cytotoxic 
CD8+ T-cells in vitro, B16F10-mCherry-OVA cancer cells were then co-cultured with or without 
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OT-1 cytotoxic CD8+ T-cells (4x105 cells; B). B16F10-mCherry-OVA cell elimination by cytotoxic 
CD8+ T-cells was reduced when the co-cultures were challenged with CGRP (0.1μM; once daily for 
two consecutive days; B).(C) Orthotopic B16F10-mCherry-OVA were injected into nociceptor 
intact (NaV1.8wt::DTAfl/wt) and ablated mice NaV1.8Cre::DTAfl/wt). On day 15, B16F10-mCherry-OVA 
(5x105 cells; i.d.)-tumor surrounding skin was harvested and capsaicin-induced CGRP release 
assessed by ELISA while intra-tumoral CD8 T-cell exhaustion (defined as PD1+Lag3+Tim3+) was 
assessed by flow cytometry. Intra-tumoral CGRP levels positively correlate with the proportion of 
PD1+Lag3+Tim3+ CD8+ T-cells (C).(D-E) Orthotopic B16F10-mCherry-OVA cells (5x105 cells; i.d.) 
were inoculated into 8-week-old female sensory neuron intact or ablated mice. In nociceptor 
ablated mice, recombinant CGRP injection (100nM, i.d., once daily) rescues tumor growth (D; 
assessed until day 11) and intra-tumoral CD8+ T-cells exhaustion (E; PD1+Lag3+Tim3+).(F-G) 
Orthotopic B16F10-mCherry-OVA cells (5x105 cells; i.d.) were inoculated into 8-week-old male 
and female mice. Starting one day post inoculation (defined as prophylactic), the RAMP1 
antagonist BIBN4096 (5mg/kg) was administered systemically (i.p.) once every two days (q.a.d.). 
In another group of mice, BIBN4096 (5mg/kg, i.p., q.a.d.) injections were started once the tumor 
reached a volume of ~200mm3 (defined as therapeutic). Prophylactic or therapeutic BIBN4096 
treatments decreased tumor growth (F) and reduced the proportion of intra-tumor 
PD1+Lag3+Tim3+ CD8+ T-cells (G, as measured thirteen days post tumor inoculation).(H-K) Naive 
splenocyte CD8+ T-cells were FACS-purified from RAMP1wt (CD45.1+) or RAMP1-/- (CD45.2+) mice, 
expanded and stimulated (CD3/CD28 + IL2) in vitro. 8-week-old female RAG1-/- mice were 
transplanted (i.v., 2.5x106 cells) with either activated RAMP1-/- or RAMP1wt CD8+ T-cells or 1:1 mix 
of 5x106 RAMP1-/- and RAMP1wt CD8+ T-cells. One week post transplantation, the mice were 
inoculated with B16F10-mCherry-OVA cells (5x105 cells; i.d.). Ten days post B16F10 inoculation, 
we observed greater tumor growth (H) in RAMP1WT transplanted mice than in RAMP1-/- or 
RAMP1wt + RAMP1-/- co-transplanted mice. The relative proportion of intra-tumor 
PD1+Lag3+Tim3+ CD8+ T-cells was lower in RAMP1-/- transplanted mice (I). Within the same tumor, 
the relative proportion of intra-tumor PD1+Lag3+Tim3+ CD8+ T-cells was also lower in RAMP1-/- 
CD8+ T-cells than in that found in RAMP1wt CD8+ T-cells (J). On day ten, tumor and draining lymph 
node were harvested, and RAMP1-/- (CD45.2+) and RAMP1wt (CD45.1+) CD8+ T-cells were FACS-
purified and RNA sequenced (K). When compared with RAMP1wt, RAMP1-/- CD8+ T-cells showed 
reduced expression of the exhaustion markers Ctla4, Havcr2 (Tim3), Lag3, and Pd1 as well as the 
pro-exhaustion transcription factors Tox and Eomes. In tumor-draining lymph nodes, the 
expression of exhaustion markers was similar across the two tested groups (K).(L) In-silico analysis 
of TCGA data 454 was used to correlate the survival rate of 459 melanoma patients with relative 
expression levels (determined by bulk RNA-sequencing) of RAMP1 found in their tumors (L). 
Kaplan-Meier curves show that increased RAMP1 expression (label as high; n=45 patients) in 
melanoma biopsy correlates with decreased patient survival (p≤0.01) in comparison to all patients 
or in patients found with low RAMP1 expression (label as low; n=68 patients; L).(M) In-silico 
analysis of single-cell RNA-sequencing of human melanoma 455 revealed that intratumoral 
RAMP1-expressing CD8+ T-cells strongly overexpressed several immune checkpoint receptors 
(PD1, Tim3, Lag3, CTLA-4, CD28, ICOS, BTLA, CD27) in comparison to RAMP1-negative CD8+ T-cells 
(M). Data are shown as box-and-whisker plots (running from minimal to maximal values), for 
which individual data points are given (A-B, E, G, I-J), linear regression (C), mean ± S.E.M (D, F, H), 
heatmap displaying Log10 of 103 transcript per millions (K), survival plot (L) or violin plot (M). N 
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are as follows: A: n=9-10/groups, B: n=4/groups, C: n=10-18/groups, D: n=11-14/groups, E: n=11-
16/groups, F: n=13-18/groups, G-J: n=5/groups, K: n=-23/groups, L: n=459, M: n=1712-
1732/groups. Experiments were independently repeated two (H-K) or three (A-G) times with 
similar results. P-values are shown in the figure and determined by unpaired Student's t-test (A-B, 
E, G, I-J), simple linear regression analysis (C), Mantel-Cox regression (L), and two-way ANOVA 
post-hoc Bonferroni (D, F, H). 

 

Figure 18.Nociceptor neuron-related transcripts are observed in patient melanoma biopsies but 
are not expressed by human immune cells or malignant cells. (A-B) In-silico analysis of single-
cell RNA sequencing of human melanoma-infiltrating cells revealed no Trpv1, Nav1.8 (Scn10a), 
Snap25 (the molecular target of BoNT/A), Calca (gene encoding for CGRP) expression in malignant 
melanoma cells (defined as CD90-CD45-) from 10 different patients’ biopsies (A). Similarly, cancer-
associated fibroblasts, macrophage, endothelial, natural killer, T, and B cells do not express Calca, 
Snap25, Trpv1 or NaV1.8 channels (B). Individual cell data are shown as a log2 of 1 + (transcript 
per million / 10). Experimental details and cell clustering were defined in Jerby-Arnon et al. 455. A: 
N=62-169/groups, B: N=92-1757/groups. (C) In-silico analysis of human immune cells revealed 
their basal expression of Cd45 and their absence of expression of Calca, Snap25, Trpv1 and NaV1.8 
channels. Heatmaps show the read counts normalized to transcripts per million protein coding 
genes (pTPM) for each of the single-cell clusters. Experimental details and cell clustering were 
defined in Monaco et al. 457 (C).(D) Forty-five cutaneous melanomas and 18 benign melanocytic 
skin nevus biopsies transcriptomes were profiled using Affymetrix U133A microarrays432. In-silico 
analysis of this dataset revealed that cutaneous melanoma heightened expression levels of Calca, 
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Ramp1, Pouf4f1, Eno2, and Tubb3, as well as other neuronal-enriched genes (D). Heatmap data 
are shown as log2 (median centered intensity); unpaired Student’s t-test; p-value shown in the 
figure. Experimental details were defined in Haqq et al. 432. N=19-45/groups. 

 

Figure 19. TRPV1+ neurons innervate patient melanomas.(A-H) Patients’ melanoma sections 
were stained with hematoxylin eosin (A-F), and the presence of TRPV1 (D-F; brown) neurons was 
analyzed by immunohistochemistry. Increased levels of TRPV1+ cells (G) were found in the tumor 
(delimited by red square; A-B, D-E) compared to healthy skin (delimited by blue square; A, C, D, 
F). Increased TRPV1 immunolabeling in tumor sections primarily correlated with enhanced levels 
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of tumor-infiltrating leukocytes (H) as scored from a retrospective correlation analysis performed 
on the patients’ pathology reports (n=10 patients). Data are shown as box-and-whisker plots 
(running from minimal to maximal values), for which individual data points are given (G) or as a 
heatmap (H) displaying Pearson’s correlation (R2). N are as follows: A-H: n=9-10/groups. Slides 
were scored blindly by two experienced medical pathologists. P-values are shown in the figure and 
determined by unpaired Student’s t-test (G). Scale = 100μm (A, D), 50μm (B, C, E, F). 

Figure 20.Trpv1, Nav1.8, Snap25, or Ramp1 are not expressed by B16F10 cancer cells or mouse 
immune cells. (A) In-silico analysis of three different B16F10 cells cultures (labelled as i, ii, iii) 
458 revealed their basal expression of Braf and Pten. In contrast, B16F10 cells do not express 
Trpv1 or Nav1.8 (necessary for QX-314 activity), Snap25 (molecular target of BoNT/A), or Ramp1 
(molecular target of BIBN4096; A). Heatmap data are shown as transcript per million (TPM) on 
a linear scale. Experimental details were defined in Castle et al.458. N=3/group (A).(B) ImmGen 
RNA sequencing of leukocyte subpopulations 459 reveals their basal expression of Cd45 and 
Ramp1. In contrast, immune cells do not express Snap25, Trpv1, or Nav1.8 (B). Heatmaps data 
are shown as DESeq2 on a logarithmic scale (B). (C) A meta-analysis of seven published 
nociceptor neuron expression profiling datasets 460 revealed the basal expression of sensory 
neuron markers (Trpv1, Trpa1) and neuropeptides (Sp, Vip, Nmu, Calca; C). Expression across 
datasets was ratioed over Trpv1 and multiplied by 100. The log10 of these values is presented as 
a heatmap. i) RNA sequencing of human lumbar neurons 461; ii) microarrays of mouse FACS-
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sorted NaV1.8+ neurons 462; iii) and iv) single-cell RNA sequencing of mouse lumbar neurons 
463,464; v) microarray profiling of mouse whole DRG 462; vi) performed RNA sequencing of mouse 
TRPV1+ neurons 465; and vii) single-cell RNA sequencing of mouse vagal ganglia 466.  

 

Figure 21.Nociceptor ablation prevents exhaustion of intra-tumoral CD8+ T cells. (A). Orthotopic 
B16F10-mCherry-OVA (5x105 cells; i.d.) cells were injected to nociceptor intact (TRPV1wt::DTAfl/wt) 
and ablated (TRPV1Cre::DTAfl/wt) mice. Fifteen days post-B16F10-mCherry-OVA cells inoculation 
(5x105 cells; i.d.), tumor-infiltrating CD8+ T-cells were immunophenotyped. Representative flow 
cytometry panel are showed (A). (B-F) Orthotopic B16F10-mCherry-OVA (2x105 cells; i.d.) cells 
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were injected into the left hindpaw paw of nociceptor intact (n=96; TRPV1wt::DTAfl/wt) or ablated 
(n=18; TRPV1cre::DTAfl/wt) mice. When compared to their baseline threshold, littermate control 
mice showed significant thermal hypersensitivity on day 7, an effect that peaks on day 21 (B). In 
these mice, intra-tumoral frequency of PD1+Lag3+Tim3+ (C) and IFNγ+ (D) CD8+ T-cells increased 
12 days post tumor inoculation, an effect that peaked on day 19. Finally, B16F10 tumor volume 
peaked on day 22 (E). When compared with littermate control mice, sensory neuron ablated mice 
inoculated with B16F10 cells showed no thermal pain hypersensitivity (B), reduced intra-tumoral 
frequency of PD1+Lag3+Tim3+ CD8+ T-cells (C) and tumor volume (E). In addition, nociceptor 
ablated mice have increased intra-tumoral frequency of IFNγ+ CD8+ T-cells (D). In littermate 
control mice, thermal pain hypersensitivity (day 7) precedes the increase in intra-tumoral 
frequency of PD1+Lag3+Tim3+ CD8+ T-cells (day 12), and significant tumor growth (day 12; F).(G-I) 
Orthotropic B16F10-mCherry-OVA cells (5x105 cells, i.d.) were injected into a cohort of nociceptor 
neuron-ablated mice 3 days prior to the injection given to nociceptor intact mice. Mice from each 
group with similar tumor size (~85mm3) were selected and exposed to αPDL1 (6 mg/kg, i.p.) once 
every 3 days for a total of 9 days. Twenty days post tumor inoculation, we found that αPDL1-
reduced tumor growth was higher (~47%) in nociceptor-ablated mice than was observed in 
nociceptor-intact mice (~32%; G-H). In addition, nociceptor ablation increased the proportion of 
intra-tumoral tumor-specific (I; defined as H2KB+) CD8+ T-cells. These differences were further 
enhanced by αPDL1 treatment (G-I). (J) The non-immunogenic YUMM1.7 cell line (5x105 cells; i.d.; 
assessed until day 14) cells were injected to nociceptor intact (TRPV1wt::DTAfl/wt) and ablated mice 
(TRPV1Cre::DTAfl/wt). Nociceptor ablation had no impact on tumor growth (J). (K) Orthotopic 
B16F10-mCherry-OVA (5x105 cells; i.d.) cells were injected to nociceptor intact (TRPV1wt::DTAfl/wt) 
and ablated mice (TRPV1Cre::DTAfl/wt). The reduction in B16F10-mCherry-OVA (1x105 cells; i.d.) 
tumor growth observed in nociceptors ablated mice was absent following systemic CD3 depletion 
(K, assessed until day 15; αCD3, 200 μg/mice; i.p.; every 3 days).(L-M) Orthotopic B16F10-
mCherry-OVA (5x105 cells; i.d.) cells were injected to light sensitive mice (NaV1.8Cre::ChR2fl/wt). As 
opposed to unstimulated mice, the optogenetic activation (3.5 ms, 10Hz, 478nm, 60 mW, giving 
approx. 2-6 mW/mm2 with a 0.39 NA fiber placed 5-10 mm from the skin, 20 min) of tumor-
innervating nociceptor neurons, when started once B16F10 tumors were visible (~20mm3) or well 
established (~200mm3), resulted in enhanced tumor growth (L, as measured until day 14) and 
intra-tumoral CGRP release (M).Data are shown as FACS plot (A; depict the gating strategy used 
in figure 3 D-F), mean ± S.E.M (B-L) or as box-and-whisker plots (running from minimal to maximal 
values) for which individual data points are given (M). N are as follows: A: n=20-25/groups, B-F: 
n=18-96/groups, G-H: n=4-14/groups, I: n=5-6/groups; J: n=6-13/groups, K: n=4-8/groups, L-M: 
n=8-12/groups. Experiments were independently repeated two (B-M) or ten (A) times with similar 
results. P-values are shown in the figure and determined by unpaired Student’s t-test (B-E, I, M), 
or two-way ANOVA post hoc Bonferroni (G-H, J-L). 
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Figure 22.Botox silencing of B16F10-innervating neurons decreases tumor growth. (A-E) 
Splenocytes-isolated CD8+ T-cells from naive C57BL6 mice were cultured under Tc1-stimulating 
conditions (ex vivo activated by CD3/CD28, IL-12, and anti-IL4) for 48h. The cells were then 
exposed to BoNT/A (10-50 pg/μL) for 24h; effects on apoptosis, exhaustion, and activation were 
measured by flow cytometry. When compared to vehicle-exposed cells, BoNT/A did not impact 
the survival (A) of cultured cytotoxic CD8+ T-cells, nor their relative expression of IFNγ+ (B), TNFα+ 
(C), IL2+ (D) and PD1+Lag3+Tim3+ (E). (F) B16F10 (1x105 cells) were cultured for 24h and 
subsequently exposed to BoNT/A (1.6-50 pg/μL) or its vehicle for an additional 24h. BoNT/A did 
not trigger B16F10 cells apoptosis, as measured by the mean fluorescence intensity of Annexin V 
(F). (G-N) One and three days prior to tumor inoculation (defined as prophylactic), the skin of 8-
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week-old male and female mice was injected with BoNT/A (25 pg/μl; i.d.) or its vehicle. One day 
after the last injection, orthotopic B16F10-mCherry-OVA (5x105 cells; i.d.) were inoculated into 
the area pre-exposed to BoNT/A. In another group of mice, BoNT/A was administered (25 pg/μl; 
i.d.) one and three days after the tumor reached a volume of ~200mm3 (defined as therapeutic). 
The impact of neuron silencing on tumor size and tumor-infiltrating CD8+ T-cell exhaustion was 
measured. Eighteen days post-tumor inoculation, we found that the tumor volume (G, H) and 
weight (I) were reduced in mice treated with BoNT/A (Prophylactic group). In parallel, we found 
that silencing tumor-innervating neurons increased the proportion of IFNγ+ (K), TNFα+ (L), and IL-
2+ (M) CD8+ T-cells. BoNT/A had no impact on the total number of intra-tumoral CD8 T cells (J) or 
the relative proportion of PD1+Lag3+Tim3+ (N) CD8+ T-cells. (O) One and three days prior to tumor 
inoculation, the skin of 8-week-old male and female sensory neuron-intact or ablated mice was 
injected with BoNT/A (25 pg/μl; i.d.) or its vehicle. One day following the last injection, orthotopic 
YUMMER1.7 cells (5x105 cells; i.d.) were inoculated into the area pre-exposed to BoNT/A. The 
effects of nociceptor neuron ablation on tumor size and volume were measured. Thirteen days 
post tumor inoculation, we found that the tumor growth was lower in mice treated with BoNT/A 
or in sensory neuron-ablated mice. BoNT/A had no additive effects when administered to sensory 
neuron-ablated mice (O).(P) One and three days prior to tumor inoculation, the skin of 8-week-
old male and female mice was injected with BoNT/A (25 pg/μl; i.d.) or its vehicle. One day 
following the last injection, orthotopic B16F10-mCherry-OVA cells (5x105 cells; i.d.) were 
inoculated into the area pre-exposed to BoNT/A. On days 7, 10, and 13 post tumor inoculation, 
the mice were exposed to αPDL1 (6 mg/kg, i.p.) or its vehicle. Eighteen days post tumor 
inoculation, we found that neuron silencing using BoNT/A potentiated αPDL1-mediated tumor 
reduction (P). Data are shown as mean ± S.E.M (A-G, O-P), as box-and-whisker plots (running from 
minimal to maximal values), for which individual data points are given (H-N). N are as follows: A-
E: n=5/groups, F: n=3/groups, G-I: n=10-12/groups, J-N: n=8-12/groups, O: n=8-10/groups, P: n=7-
8/groups. Experiments were independently repeated two (A-F, O-P) or four (G-N) times with 
similar results. P-values are shown in the figure and determined by unpaired Student’s t-test (A-
F), two-way ANOVA post hoc Bonferroni (G, O-P) or one-way ANOVA posthoc Bonferonni (H-N). 
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Figure 23.QX-314 silencing of B16F10-innervating neurons decreases tumor growth. (A-E) 
Splenocytes-isolated CD8+ T-cells from naive C57BL6 mice were cultured under Tc1-stimulating 
conditions (ex vivo activated by CD3/CD28, IL-12, and anti-IL4) for 48h. The cells were then 
exposed to QX-314 (50-150 μM) for 24h, effects on apoptosis, exhaustion and activation were 
measured by flow cytometry. When compared to vehicle-exposed cells, QX-314 did not impact 
the survival of cultured cytotoxic CD8+ T-cells (A), nor their relative expression of PD1+Lag3+Tim3+ 
(B), IFNγ+ (C), TNFα+ (D) and IL-2+ (E).(F) B16F10 (1x105 cells) were cultured for 24h. The cells were 
then exposed or not to QX-314 (0.1-1%) for an additional 24-72h, and cell count was analyzed by 
bright-field microscopy. QX-314 did not impact B16F10 cells’ survival, as measured by relative cell 
count changes (at each time point) in comparison to vehicle-exposed cells (F).(G-I) One and three 
days prior to tumor inoculation, 8-week-old male and female wild-type mice’s right hind paws 
were injected with BoNT/A (25 pg/μl; i.d.) or its vehicle. On the following day, orthotopic B16F10 
cells (2x105 cells; i.d.) were inoculated into the area pre-exposed to BoNT/A. Starting one day post 
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inoculation, QX-314 (0.3%) or its vehicle was administered (i.p.) once daily in another group of 
mice. The effects of sensory neuron silencing were tested on neuropeptide release (G), as well as 
mechanical (H) and thermal pain hypersensitivity (I). First, CGRP levels were increased in B16F10 
tumor surrounding skin explant (assessed on day 15) in comparison to control skin; an effect 
further enhanced by capsaicin (1 μM; 3h) but was absent in skin pre-treated with BoNT/A (25 
pg/μl) or QX-314 (0.3%; G). We also found that B16F10 injection induced mechanical (H) and 
thermal pain hypersensitivities (I) fourteen days post tumor inoculation. These effects were 
stopped by sensory neuron silencing with QX-314 or BoNT/A (H-I).(J) Orthotopic B16F10-
mCherry-OVA cells (5x105 cells; i.d.) were inoculated into 8-week-old male and female mice. 
Starting one day post-inoculation, QX-314 (0.3%; i.d.; 5 sites) was injected once daily around the 
tumor. The impact of nociceptor neuron silencing on tumor size and tumor-infiltrating CD8+ T-cell 
exhaustion was measured. We found that silencing tumor innervating neurons increased the 
mice’s median length of survival (J; ~270% Mantel-Haenszel hazard ratio; measured on day 19).(K-
R) Orthotopic B16F10-mCherry-OVA cells (5x105 cells; i.d.) were inoculated into 8-week-old male 
and female mice. Starting one day post-inoculation (defined as prophylactic), In other groups of 
mice, QX-314 daily injection started once the tumor reached a volume of ~200mm3 (defined as 
therapeutic). As measured seventeen days post tumor inoculation, silencing tumor innervation 
also decreased tumor volume (K, L) and weight (M), as well as the relative proportion of 
PD1+Lag3+Tim3+ (R) CD8+ T-cells. QX-314 treatment also increased the total number of intra-
tumoral CD8+ T-cells (N), as well as relative proportion of IFNγ+ (O), TNFα+ (P), and IL-2+ (Q) CD8+ 
T-cells. (S-T) Orthotropic B16F10-mCherry-OVA cells (5x105 cells, i.d.) were injected into mice 
treated with QX-314 (0.3%; i.d.) 2-3 days prior to being injected into vehicle-exposed mice. Mice 
from each group with similar tumor size (~100mm3) were selected and exposed to αPDL1 (6 
mg/kg, i.p.) once every 3 days for a total of 9 days. Sixteen days post tumor inoculation, we found 
that αPDL1-reduced tumor growth was higher (~61%) in nociceptor silenced mice than was 
observed in vehicle exposed mice (~49%; S-T). Data are shown as mean ± S.E.M (A-I; K; S-T), 
Mantel-Cox regression analysis (J), as box-and-whisker plots (running from minimal to maximal 
values), for which individual data points are given (L-R). N are as follows: A-E: n=4-5/groups, F: 
n=3/groups, G: n=4-7/groups, H-I: n=6/groups, J: n=37-89/groups, K-R: n=14-31/groups, S: n=9-
13/groups, T: n=12-18/groups. Experiments were independently repeated two (A-I, S-T) or four 
(J-R) times with similar results. P-values are shown in the figure and determined by unpaired 
Student’s t-test (A-I), Mantel-Cox regression (J), two-way ANOVA posthoc Bonferroni (K, S-T) or 
one-way ANOVA posthoc Bonferonni (L-R). 
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Figure 24.Nociceptor-released CGRP drives cytotoxic CD8+ T-cell exhaustion. A-B) Splenocytes-
isolated CD8+ T-cells were cultured under Tc1-stimulating condition (ex vivo activated by 
CD3/CD28, IL-12, and anti-IL4) for 48h. The cells were then cultured or not with wild-type DRG 
neurons and exposed to capsaicin (1μM, challenged once every two days) or its vehicle. As 
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measured after 4 days stimulation, capsaicin-stimulated intact neuron increased the proportion 
of PD1+Lag3+Tim3+ (A) cytotoxic CD8+ T-cells, while it decreased the one of IFNγ+ (B). (C-D) 
Splenocytes-isolated CD8+ T-cells were cultured under Tc1-stimulating conditions (ex vivo 
activated by CD3/CD28, IL-12, and anti-IL4) for 48h. In the presence of peptidase inhibitors 
(1μl/1000μl), naive DRG neurons were cultured in the presence of BoNT/A (100pg/200μl) or its 
vehicle for 24h. The cells were then washed, stimulated (30min) with KCl (50mM), and the 
conditioned media harvested. On alternate days for 4 days, the cytotoxic CD8+ T-cells were 
exposed or not to a RAMP1 blocker (CGRP8-37; 2μg/ml) and challenge (1:2 dilution) with fresh KCl-
induced conditioned media from naive, or BoNT/A-silenced neurons. As measured after 4 days 
stimulation, KCl-stimulated neuron conditioned media increased the proportion of 
PD1+Lag3+Tim3+ (C) cytotoxic CD8+ T-cells, while it decreased the one of IFNγ+ (D). Such effect was 
absent when cytotoxic CD8+ T-cells were co-exposed to the RAMP1 blocker CGRP8-37 or challenged 
with the neuron conditioned media harvested from BoNT/A-silenced neurons (C-D). (E-F) 
Splenocytes-isolated CD8+ T-cells from wild-type and RAMP1-/- mice were cultured under Tc1-
stimulating conditions (ex vivo activated by CD3/CD28, IL-12, and anti-IL4) for 48h. On alternate 
days for 4 days, the cytotoxic CD8+ T-cells were exposed to CGRP (0.1μM) or its vehicle. As 
measured after 4 days stimulation, representative flow cytometry plots (n=3/group; F) show that 
CGRP decrease RAMP1wt cytotoxic CD8+ T-cells expression of IFNγ+ (E, F), TNFα+ (F), and IL2+ (F) 
when exposed to CGRP. Inversely, CGRP increase the proportion of PD1+Lag3+Tim3+ in RAMP1wt 
cytotoxic CD8+ T-cells (F). RAMP1-/- cytotoxic CD8+ T-cells were protected from the effect of CGRP 
(E-F).(G-I) Splenocytes-isolated CD8+ T-cells from naive OT-1 mice were cultured under Tc1-
stimulating conditions (ex vivo activated by CD3/CD28, IL-12, and anti-IL4) for 48h. B16F10-
mCherry-OVA cells (1x105 cells) were then cultured with or without OT-1 cytotoxic CD8+ T-cells 
(4x105 cells; G-I). Tc1-stimulated OT1-CD8+ T-cells lead to B16F10-OVA cell apoptosis 
(AnnexinV+7AAD+; G, measured after 48h; H-I, measured after 24h). B16F10-mCherry-OVA cells 
elimination by cytotoxic CD8+ T-cells was reduced when the co-cultures were challenged (1:2 
dilution; once daily for two consecutive days) with fresh conditioned media harvested from 
capsaicin (1 μM)-stimulated naive DRG neurons (G; measured after 48h). Similarly, KCl (50mM)-
stimulated naive DRG neurons conditioned media (1:2 dilution) reduced B16F10-mCherry-OVA 
apoptosis (H; measured after 24h). This effect was blunted when the cells were co-exposed to the 
RAMP1 blocker CGRP8-37 (H; 2 μg/ml; measured after 24h). CGRP (0.1μM) challenges also reduced 
OT-1 cytotoxic CD8+ T-cells elimination of B16F10-OVA cell (I; measured after 24h). Data are 
shown as box-and-whisker plots (running from minimal to maximal values), for which individual 
data points are given (A-E, G-H), or representative FACS plot (F, I). N are as follows: A-B: n=4-
9/groups, B: n=5/groups, C-D: n=5-6/groups, E-F: n=6-8/groups, G: n=3-4/groups, H: n=4-
5/groups, I: n=4/groups. Experiments were repeated a minimum of three independent times with 
similar results. P-values are shown in the figure and determined by one-way ANOVA posthoc 
Bonferroni (A-E, G-H). 
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Figure 25.CGRP-RAMP1 axis controls intra-tumoral CD8+ T-cell exhaustion. (A-D) Orthotopic 
B16F10-mCherry-OVA (5x105 cells; i.d.) cells were injected to nociceptor intact (NaV1.8wt::DTAfl/wt) 
and ablated mice (NaV1.8Cre::DTAfl/wt). As measured fifteen days post inoculation, NaV1.8+ 
nociceptor-ablated animals had lower proportion of PD1+Lag3+Tim3+ (A) CD8+ T-cells, but 
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increased levels of IFNγ+ (B), TNFα+ (C), IL-2+ (D) CD8+ T-cells. (E) Orthotopic B16F10-mCherry-OVA 
cells (5x105 cells; i.d.) were inoculated into 8-week-old male and female mice. Starting one day 
post inoculation, the RAMP1 antagonist BIBN4096 (5mg/kg, i.p., q.a.d.) was administered 
systemically. We found that blocking the action of CGRP on RAMP1-expressing cells, increased 
the mice’s median length of survival (E; ~270% Mantel–Haenszel hazard ratio; measured on day 
19).(F-K) Orthotopic B16F10-mCherry-OVA cells (5x105 cells; i.d.) were inoculated into 8-week-
old male and female mice. Starting one day post inoculation (defined as prophylactic), the RAMP1 
antagonist BIBN4096 (5mg/kg, i.p., q.a.d.) was administered systemically. In another group of 
mice, BIBN4096 (5mg/kg, i.p., q.a.d.) injections were started once the tumor reached a volume of 
~200mm3 (defined as therapeutic). The impact of nociceptor neuron-silencing on tumor size and 
tumor infiltrating CD8+ T-cell exhaustion was measured. As assessed thirteen days post tumor 
inoculation, BIBN4096 decreased tumor volume (F) and weight (G) but increased the relative 
proportion of IFNγ+ (I), TNFα+ (J), and IL-2+ (K) CD8+ T-cells. BIBN4096 had no impact on the 
number of intra-tumoral CD8+ T-cells (H). When administered as therapeutic, BIBN4096 reduced 
tumor volume (F) and weight (G) but had limited impact on CD8+ T-cells’ cytotoxicity (I-K). (L) 
Orthotopic B16F10-mCherry-OVA cells (5x105 cells; i.d.) were inoculated into 8-week-old male 
and female sensory neuron-intact (TRPV1wt::DTAfl/wt) and ablated (TRPV1cre::DTAfl/wt) mice. 
Starting one day post inoculation, BIBN4096 (5 mg/kg) or its vehicle was administered (i.p.) on 
alternate days; effects on tumor volume were measured. Fourteen days post tumor inoculation, 
we found that tumor growth was reduced in sensory neuron-ablated mice and in BIBN4096-
treated mice. BIBN4096 had no additive effect when given to sensory neuron-ablated mice (L). 
(M-Q) Splenocytes-isolated CD8+ T-cells from naïve C57BL6 mice were cultured under Tc1-
stimulating conditions (ex vivo activated by CD3/CD28, IL-12, and anti-IL4) for 48h. The cells were 
then exposed to BIBN4096 (1-4 μM) for 24h; effects on apoptosis, exhaustion and activation were 
measured by flow cytometry. When compared to vehicle-exposed cells, BIBN4096 did not impact 
the survival (M) of cultured cytotoxic CD8+ T-cells, nor their relative expression of PD1+Lag3+Tim3+ 
(N), IFNγ+ (O), TNFα+ (P), and IL2+ (Q). (R) B16F10 cells (1x105 cells) were cultured for 24h. The 
cells were then exposed (or not) to BIBN4096 (1-4 μM) for an additional 24h; effects on apoptosis 
were measured by flow cytometry. BIBN4096 did not trigger B16F10 cells apoptosis, as measured 
by the mean fluorescence intensity of Annexin V (R). (S-T) Naive splenocyte CD8+ T-cells were 
FACS-purified from RAMP1wt (CD45.1+) or RAMP1-/- (CD45.2+) mice, expanded and stimulated 
(CD3/CD28 + IL2) in vitro. 8-week-old female RAG1-/- mice were transplanted (i.v., 2.5x106 cells) 
with either    RAMP1-/- or RAMP1wt CD8+ T-cells or 1:1 mix of RAMP1-/- and RAMP1wt CD8+ T-cells. 
One week post transplantation, the mice were inoculated with B16F10-mCherry-OVA cells (5x105 
cells; i.d.). Ten days post tumor inoculation, we retrieved a similar number of tumors draining 
lymph node CD8+ T-cells across the three tested groups (S). Within the same tumor, intra-tumoral 
CD8+ T-cell exhaustion was immunophenotyped by flow cytometry (representative panel shown 
in T), which indicated that the relative proportion of PD1+Lag3+Tim3+ CD8+ T-cells was ~3-fold 
lower in RAMP1-/- CD8+ T-cells than in RAMP1wt CD8+ T-cells (T).Data are shown as mean ± S.E.M 
(A–D; L–R), Mantel-Cox regression analysis (E), as box-and-whisker plots (running from minimal 
to maximal values, for which individual data points are given (F–K), scatter dot plot (S) or as FACS 
plot (T). N are as follows A–D: n=10-18/groups, E: n=15–89/groups; F-K: n=12–18/groups, L: 
n=14/groups, M: n=4/groups, N-R: n=3-5/groups, S: n=5/groups. Experiments were independently 
repeated once (S, T), twice (A–D, L–R) or four (E–K) times with similar results. P-values are shown 
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in the figure and determined by unpaired Student’s t-test (A–D, M–S), Mantel–Cox regression (E), 
by one-way ANOVA posthoc Bonferroni (F-K), or two-way ANOVA post-hoc Bonferroni (L).  

 

Figure 26. Ramp1 expression in patient melanoma-infiltrating T-cells correlates with 
worsened survival and poor responsiveness to ICI(A-L) In-silico analysis of Cancer Genome 
Atlas (TCGA)454 data linked the survival rate among 459 melanoma patients with their relative 
expression levels of various genes of interest (determined by bulk RNA sequencing of tumor 
biopsy). Kaplan-Meier curves show the patients’ survival after segregation in two groups 
defined by their low or high expression of a gene of interest. Increased gene expression 
(labelled as high; red curve) of Tubb3 (B), Pgp9.5 (C), NaV1.7 (E), Slpi (K) and Ramp1 (L) in biopsy 
correlate with decreased patient survival (p≤0.05). The mantel-Haenszel hazard ratio and 
number of patients included in each analysis are shown in the figure. Experimental details were 
defined in Cancer Genome Atlas (TCGA)454. N=22-459/groups (A-L). (M) In-silico analysis of 
single-cell RNA sequencing of human melanoma-infiltrating T-cells revealed that Ramp1+ T-
cells downregulated Il-2 expression and strongly overexpressed several immune checkpoint 
receptors (Pd1, Tim3, Lag3, Ctla-4, Cd28, Icos, Btla, Cd27) in comparison to Ramp1- T-cells. 
Individual cell data are shown as a log2 of 1 + (transcript per million / 10). Experimental details 
and cell clustering were defined in Jerby-Arnon et al. 455. N=25-1732/groups (M). (N-P) Based 
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on melanoma patients’ clinical response to immune checkpoint blocker, Jerby-Arnon et al 455. 
clustered patients into two groups, which they defined as immune checkpoint receptor-
responsive or immune checkpoint receptor-resistant455. In-silico analysis of single-cell RNA 
sequencing of patients’ biopsies revealed that tumor-infiltrating CD8+ T-cells from immune 
checkpoint receptor-resistant patients significantly overexpressed Ramp1 (2.0-fold), Pd1 (1.7-
fold), Lag3 (1.6-fold), Ctla4 (1.6-fold), and Tim3 (1.7-fold). Individual cell data are shown as a 
log2 of 1 + (transcript per million / 10). Experimental details and cell clustering were defined in 
Tirosh et al.456 P-values are shown in the figure and determined by unpaired Student’s t-test 
(N-O). N=2049-4099/groups (N-P). 

 

 

Figure 27.Melanoma-innervating nociceptors impair cancer immunosurveillance. Melanoma 
growth sets off anti-tumor immune responses, including the infiltration of effector CD8 T-cells 
and their subsequent release of cytotoxic cytokines (i.e., IFNγ, TNFα, Granzyme B). By acting on 
tissue-resident nociceptor neurons, melanoma-produced SLPI promotes pain hypersensitivity, 
tweaks the neurons’ transcriptome, and drives neurite outgrowth. These effects culminate in 
dense melanoma innervation by nociceptors and abundant release of immunomodulatory 
neuropeptides. CGRP, one such peptide, acts on tumor-infiltrating effector CD8+ T-cells that 
express the CGRP receptor RAMP1, increasing their expression of immune checkpoint receptors 
(i.e., PD1, LAG3, TIM3). Therefore, along with the immunosuppressive environment present in 
the tumor, nociceptor-produced CGRP leads to the functional exhaustion of tumor-infiltrating 
CD8+ T-cells, which opens the door to unchecked proliferation of melanoma cells. Genetically 
ablating (i.e., NaV1.8 or TRPV1 lineage) or pharmacologically silencing (i.e., QX-314, BoNT/A) 
nociceptor neurons as well as blocking the action of CGRP on RAMP1 using a selective antagonist 
(i.e., BIBN4096) prevents effector CD8+ T-cells from undergoing exhaustion. Therefore, targeting 
melanoma-innervating nociceptor neurons constitutes a novel strategy to safeguard host anti-
tumor immunity and stop tumor growth. 
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2.5- Material and methods 

 

Supplementary methods. 

Patients’ biopsy. Melanoma biopsies were collected at Sanford Health, de-identified and 
classified by a board-certified pathologist. Sanford Health IRB company established that these 
samples were not considered human subjects research, and no IRB number was assigned. In brief, 
DERM103 patient sample classified as a malignant melanoma from the left posterior shoulder, 
MART-1 and HMB45 positive, melanocytic in nature (Elastic positive), and MIB-1 positive 
(increased proliferation). DERM107 patient sample classified as malignant melanoma, high 
mitotic index, invasive, stage pT2a, MART-1, SOX-10, P16, and HMB45 positive. DERM110 patient 
sample classified as malignant melanoma; high mitotic index, Clark’s level IV, stage pT1b; the 
tumor appeared to be invading the epidermis with a fusion of malignant sheets of cells, strongly 
positive for SOX-10, MART-1, HMB45 with a moderate increase in proliferative index. 

IHC Staining and Scoring. Patient melanoma skin biopsies were stained using a BenchMark XT 
slide staining system (Ventana Medical Systems). The Ventana iView DAB detection kit was used 
as the chromogen, and slides were counterstained with hematoxylin and anti-TRPV1 (Alomone 
Labs, ACC-030; 1:100). H&E staining followed standard procedures. TRPV1 IHC stained human 
samples were analyzed on an Olympus BX51 bright-field microscope. Sections were viewed under 
20× magnification. Five random fields per sample for both tumor and adjacent normal tissue were 
analyzed and scored on a scale from 0-3. Scores were averaged. A score of 0 indicates no 
appreciated nerve fibres in the evaluated field; +1 indicates sparse nerve fibres; +2 indicates 5-20 
nerve fibres; +3 indicates >20 nerve fibres. 

Animals. The Institutional Animal Care and Use Committees of Boston Children’s Hospital and the 
Université de Montréal (CDEA: #21046; #21047) approved all animal procedures. Mice were 
housed in standard environmental conditions (12h light/dark cycle; 23oC; food and water ad 
libitum) at facilities accredited by the Association for Assessment and Accreditation of Laboratory 
Animal Care. 

6-8-week-old C57BL6J (Jax, #000664); CD45.1+ C57BL6J (Jax, #002014), RAMP1-/- (Jax, #031560), 
RAG1-/- (Jax, #002216), OT-1 (Jax, #003831)467, TRPV1cre (Jax, #017769)468, ChR2fl/fl (Jax, 
#012567)469, td-tomatofl/fl (Jax, #007908)470, DTAfl/fl (Jax, #009669)471 or DTAfl/fl (Jax, #010527), 
QuASR2fl/fl (Jax, #028678)472, mice were purchased from Jackson Laboratory. NaV1.8cre mice473 
were generously supplied by Professor Rohini Kuner (Heidelberg University) and Professor John 
Wood (UCL). Excluding CD45.1+ mice, all other lines were backcrossed >6 generations on C57BL6/J 
background (H2-Kb). It is worth noting that while the Capechi DTAfl/fl (Jax, #010527) was created 
on a mixed C57BL6J/129 background, both haplotypes are H2-Kb. These mice are therefore fully 
compatible to be transplanted with B16F10-derived cells (C57BL6/J background (H2-Kb)).  

We used the cre/lox toolbox to engineer the various mice lines used (TRPV1cre::DTAfl/wt, 
TRPV1cre::QuASR2fl/wt, TRPV1cre::Td-tomatofl/wt, NaV1.8cre::DTAfl/wt, NaV1.8cre::ChR2fl/wt and 
littermate control) by crossing male heterozygote Cre mice with female homozygous loxP mice. 
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All Cre driver lines used were viable and fertile, and abnormal phenotypes were not detected. 
Offspring were tail-clipped; tissue was used to assess the presence of transgene by standard PCR, 
as described by Jackson Laboratory. Offspring were used at 6-14 weeks of age. 

QX-314. Starting one day post tumor inoculation (defined as prophylactic), QX-314 449 (Tocris, 
#2313; 0.3%) was injected (i.d.) daily in 5 points around the tumor. In another group of mice, QX-
314 daily injection started once the tumor reached a volume of ~200mm3 (defined as 
therapeutic). 

BoNT/A. Botulinum neurotoxin A 474 (List biological labs, #130B; 25 pg/μl) was injected (i.d.) three 
and one days prior to tumor inoculation (defined as prophylactic). BoNT/A (25 pg/μl; i.d.) was 
injected in 5 points around the tumor one and three days after the tumor reached a volume of 
~200mm3 (defined as therapeutic) in another group of C57BL/6 mice.  

BIBN4096. Starting one day post tumor inoculation, BIBN4096 45 (Tocris, #4561; 5mg/kg) was 
administered systemically (i.p.) on alternate days (q.a.d.) to 8-week-old male and female mice 
(defined as prophylactic). In another group of mice, BIBN4096 (5mg/kg) was administered 
systemically (i.p.) on alternate days (q.a.d.) once the tumor reached a volume of ~200mm3 
(defined as therapeutic). 

Resiniferatoxin. RTX (Alomone labs, Cat #: R-400) was injected (s.c) in three dosages (30, 70, 100 
μg/kg) into the right flank of ~3 weeks old RAG1-/- and C57BL/6 mice. Denervation was confirmed 
28-days post-RTX by an absence of pain withdrawal reflex (paw flinching) when exposed to 
noxious heat (Hargreaves apparatus). 

Cell lines. B16F0475 (ATCC, #CRL-6322), B16F10476 (ATCC, #CRL-6475), B16F10-mCherry-OVA477 
(Matthew F. Krummel, UCSF), B16F10-eGFP (Imanis, #CL053), YUMM1.7444 (Marcus Bosenberg, 
Yale U), and non-tumorigenic keratinocytes (CellnTEC, #MPEK-BL6100) were cultured in complete 
Dulbecco’s Modified Eagle’s Medium high glucose (DMEM, Corning, #10-013-CV) supplemented 
with 10% fetal bovine serum FBS, Seradigm, #3100) and 1% penicillin/streptomycin (Corning, 
#MT-3001-Cl), and maintained at 37°C in a humidified incubator with 5% CO2. YUMMER1.7443 
(Marcus Bosenberg, Yale U) cells were cultured in DMEM F12 (Gibco; #11320033) supplemented 
with 10% fetal bovine serum (Seradigm, #3100), 1% penicillin/streptomycin (Corning, #MT-3001-
Cl) and MEM nonessential amino acids (Corning; #25-025CI), and maintained at 37°C in a 
humidified incubator with 5% CO2. The cell lines tested negative for mycoplasma. 

 

Cancer inoculation and volume measurement. Cancer cells (5x105 cells) were resuspended in 
Phosphate Buffered Saline (PBS, Corning #21040CV) and injected to the mice’s skin right flank 
(i.d., 150 μl) or hindpaw (i.d., 50 μl). Growth was assessed daily using a handheld digital caliper 
and tumor volume was determined by the formula (L × W2 × 0.52)478, in which L = length and W 
= width. 

Survival analysis. In dedicated groups of mice, orthotopic B16F10-mCherry-OVA (5x105 cells; i.d.) 
cells were administered to intact and nociceptor ablated mice and survival was measured until 
day 22 and determined by tumor reaching a volume ≥ 1000 mm3 or pre-determined ethical 
endpoint (i.e, ulceration). In B16F10-mCherry-OVA inoculated mice treated with QX-314 or 
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BIBN4096, the survival was measured until day 19 and determined by tumor reaching a volume ≥ 
800 mm3 or predetermined ethical endpoint. 

iDISCO imaging. Whole-mount immunohistochemistry of tumors was performed using an iDISCO 
protocol with methanol pre-treatment optimized for tumors436. Briefly, adult animals (8 weeks) 
were perfused with 25 mL of PBS (HyClone) and 25mL of 4% paraformaldehyde (Sigma) 
sequentially at room temperature (RT). Tumors were postfixed with 4% PFA for 6h at 4oC. For 
methanol pre-treatment, fixed tumors were washed sequentially in 50% methanol (in PBS) for 1 
hr, 100% methanol for 1 hr, and then bleached in 5% H2O2 in 20% DMSO/methanol overnight at 
4oC. Tumors were subsequently rehydrated in 100% methanol for 1hr twice, 20% 
DMSO/methanol for 1hr twice, 50% methanol in PBS for 1hr, PBS for 1 hr twice, and PBS/0.2% 
Triton X-100 for 1 hr twice at RT. Tumors were then left in PBS/0.2% Triton X-100/20% DMSO/0.3 
M glycine (Sigma) overnight at RT and blocked in PBS/0.2% Triton X-100/10% DMSO/6% donkey 
serum (Jackson ImmunoResearch)/anti-CD16/CD32 (Fc block; Bio X cell) overnight at RT. Tumors 
were subsequently washed in PBS/0.2%  

Tween-20/10 mg/mL heparin (Sigma) (PTwH), for 1h twice at RT before incubation with antibody 
mix (GFP (Aves Labs) at 1:500, mCherry (OriGene) at 1:500, in PTwH/5% DMSO/3% donkey 
serum/Fc block 1:100 for 4 days at RT. Tumors were extensively washed in PTwH at least 6 times 
over the course of 1 day at RT. Tumors were further incubated with a secondary panel of species-
specific anti-IgG (H+L) Alexa Fluor 488 or 546-conjugated antibodies (Invitrogen or Jackson 
ImmunoResearch), all at 1:500, in PTwH/5% DMSO/3% donkey serum/Fc block 1:100 for 3 more 
days at RT. Tumors were washed in the same way as after primary antibody incubation for 1 day. 
Immunolabeled tumors were then processed for clearing, which included sequential incubation 
with 50% methanol for 1 hr at RT, 100% methanol for 1 hr three times at RT, and a mixture of 1 
part benzyl alcohol (Sigma): 2 parts benzyl benzoates (Sigma) overnight at 4°C. For tdTomato and 
GFP immunolabeling, mCherry and GFP antibodies were preabsorbed against tumors from 
tdTomato- animals overnight at RT prior to use. Cleared whole mount tissues were imaged in 
BABB between two cover glasses using Olympus FV3000 confocal imaging system. 

Tumor and tumor-draining lymph node digestion. Mice were euthanized when the tumor 
reached a volume of 800-1500 mm3 479,475,476. Tumors and their draining lymph nodes (tdLN) were 
harvested. Tumors were enzymatically digested in DMEM + 5% FBS (Seradigm, #3100) + 2 mg/ml 
collagenase D (Sigma, #11088866001) + 1 mg/ml Collagenase IV (Sigma, #C5138-1G) + 40 ug/ml 
DNAse I (Sigma, #10104159001) under constant shaking (40 min, 37oC). The cell suspension was 
centrifuged at 400 g for 5 min. The pellet was resuspended in 70% Percoll gradient (GE 
Healthcare), overlaid with 40% Percoll, and centrifuged at 500g for 20 min at room temperature 
with acceleration and deceleration at 1. The cells were aspirated from the Percoll interface and 
passed through a 70-μm cell strainer. Tumor-draining lymph nodes were dissected in PBS + 5% 
FBS, mechanically dissociated using a plunger, strained (70μm), and washed with PBS. 

Immunophenotyping. Single cells were resuspended in FACS buffer (PBS, 2% FCS, EDTA), Fc 
blocked (0.5 mg/ml, 15 min; BD Biosciences, #553141) and stained (15 min, RT) with ZombieAqua 
(BioLegend, #423102) or (15 min, 4 C̊) a Viability Dye eFluor 780 (eBioscience, #65-0865-14). The 
cells were than stained with either of anti-CD45-BV421 (1:100, BioLegend, #103134), anti-CD45.1-
BV421 (1:100, BioLegend, #110732), anti-CD45.2-BV650 (1:100, BioLegend, #109836), anti-CD45-
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Alexa Fluor 700 (1:100, BioLegend, #103128), anti-CD11b-APC/Cy7 (1:100, BioLegend, #101226), 
anti-CD8-AF700 (1:100, BioLegend, #100730), anti-CD8-BV421 (1:100, BioLegend, #100753), anti-
CD8-PerCP/Cyanine5.5 (1:100, BioLegend, #100734), anti-CD8-Pacific Blue (1:100, BioLegend, 
#100725), anti-CD4-PerCP/Cyanine5.5 (1:100, BioLegend, #100540), anti-CD4-FITC (1:100, 
BioLegend, #100406), anti-PD-1-PE-Cy7 (1:100, BioLegend, #109110), anti-Lag3-PE (1:100, 
BioLegend, #125208), anti-Lag3-PerCP/Cyanine5.5 (1:100, BioLegend, #125212), anti-Tim-3-APC 
(1:100, BioLegend, #119706), and analyzed using a LSRFortessa or FACSCanto II (Becton 
Dickinson). Antigen specific CD8+ T cells were stained with H-2Kb/OVA257-264 (NIH tetramer core 
facility) for 15 minutes at 37 C̊ and were than stained with surface markers. Cytokines expression 
were analyzed after in vitro stimulation (PMA/ionomycin; see Intracellular cytokine staining). 

Intracellular cytokine staining. Cells were stimulated (3h) with phorbol-12-myristate 13-acetate 
(PMA; 50 ng/ml, Sigma- Aldrich, #P1585), Ionomycin (1 μg/ml, Sigma-Aldrich, #I3909) and Golgi 
Stop (1:100, BD Biosciences, #554724). The cells were than fixed/permeabilized (1:100, BD 
Biosciences, #554714) and stained with anti-IFN-γ-APC (1:100, BioLegend, #505810), anti-IFN-γ-
FITC (1:100, BioLegend, #505806), anti-TNFα-BV510 (1:100, BioLegend, #506339), anti-TNFα-
BV5711 (1:100, BioLegend, #506349), anti-TNFα-PE (1:100, BioLegend, #506306), anti-IL2-Pecy7 
(1:100, BioLegend, #503832), anti-IL-2-Pacific Blue (1:100, BioLegend, # 503820), anti-IL-2-BV510 
(1:100, BioLegend, #503833), and analyzed using a LSR Fortessa or FACSCanto II (Becton 
Dickinson). 

In vivo depletion of CD3 or CD8. Anti-mouse CD3 (200 μg/mouse, Bio X Cell, #BE0001-1) or anti-
mouse CD8 (200 μg/mouse, Bio X Cell, #BP0061) were injected (i.p.), 3 days prior to B16F10-
mCherry-OVA inoculation (5×105 cells; i.d.) and continued every 3 days. Blood samples were taken 
twice weekly to confirm depletion, and tumor growth was measured daily. 

In vivo CGRP injection. TRPV1 ablated mice were injected (i.d.) once daily with recombinant CGRP 
(100nM) at 5 points around the tumor (treatment began once the tumor was visible), and tumor 
growth was measured daily by a handheld digital caliper. Mice were sacrificed, and tumor 
infiltrated CD8+ cells exhaustion was immunophenotyped by flow cytometry using a LSRFortessa 
or FACSCanto II (Becton Dickinson). 

αPDL1 treatment. Orthotopic B16F10-mCherry-OVA cells (5×105 cells; i.d.) were inoculated into 
8-week-old male and female sensory neuron intact or ablated mice. On days 7-, 10-, 13-, and 16-
days post-tumor inoculations, the mice were treated with αPD-L1480 (Bio X Cell, #BE0101, 6 
mg/kg; i.p.) or its vehicle. Twenty-one days post-tumor inoculation, the impact of αPDL1 was 
analyzed on tumor growth while TILs exhaustion was immunophenotyped using a LSRFortessa or 
FACSCanto II (Becton Dickinson).  

αPDL1 treatment in mice with same size tumor. Orthotropic B16F10-mCherry-OVA cells (5×105 
cells; i.d.) were injected into a cohort of nociceptor neuron-ablated mice 3 days prior to one given 
to nociceptor intact animals. Mice from each group with similar tumor size (~85mm3) were 
selected and exposed to αPD-L1480 (Bio X Cell, #BE0101, 6 mg/kg; i.p.) once every 3 days for a 
total of 9 days. The impact of αPDL1 treatment was analyzed on tumor growth until day 20.  

Orthotropic B16F10-mCherry-OVA (5×105 cells; i.d.) were injected into mice treated with QX-314 
(0.3%; i.d.) 2-3 days prior to being given to vehicle-exposed mice. Mice from each group with 
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similar tumor size (~100mm3) were selected and exposed to αPD-L1 31 (Bio X Cell, #BE0101, 6 
mg/kg; i.p.) once every 3 days for a total of 9 days. Sixteen days post-tumor inoculation, the 
impact of αPDL1 was analyzed on tumor growth while TILs exhaustion was immunophenotyped 
using a LSRFortessa or FACSCanto II (Becton Dickinson). 

Adoptive transfer of RAMP1wt or RAMP1-/- CD8 T-cells. Total CD8+ T-cells were isolated from the 
spleen of wild-type (CD45.1+) or RAMP1-/- (CD45.2+) mice, expanded and stimulated in vitro using 
a mouse T-cell Activation/Expansion Kit (Miltenyi cat #130-093-627). CD8+ cells from RAMP1-/- 

and RAMP1wt were injected separately or 1:1 mix through tail vein of RAG1-/- mice. One week 
after, the mice were inoculated with B16F10-mCherry-OVA cancer cells (5×105 cells; i.d.), and 
tumor growth was measured daily using a handheld digital caliper. On day 10, tumors were 
harvested and RAMP1-/- (CD45.2+) and RAMP1wt (CD45.1+) CD8+ T-cells were immunophenotyped 
using a FACSCanto II (Becton Dickinson) or FACS-purified using a FACSAria IIu cell sorter (Becton 
Dickinson). 

RNA sequencing of adoptive transferred RAMP1wt or RAMP1-/- CD8 T-cells. For FACS-purified 
cells, RAMP1-/- and RAMP1wt CD8+ T-cells RNA-seq libraries were constructed using KAPA 
Hyperprep RNA (1x75bp) following the manufacturer’s instructions. Nextseq500 (0.5 Flowcell 
High Output; 200 M de fragments; 75 cycles Single-End read) sequencing was performed onsite 
at the IRIC (Institute for Research in Immunology and Cancer) genomic center. Sequences were 
trimmed for sequencing adapters and low quality 3' bases using Trimmomatic version 0.35 and 
aligned to the reference mouse genome version GRCm38 (gene annotation from Gencode version 
M23, based on Ensembl 98) using STAR v2.5.1b481. Gene expressions were obtained both as 
readcount directly from STAR as well as computed using RSEM in order to obtain normalized gene 
and transcript level expression, in TPM (Transcripts Per Kilobase Million) values, for these 
stranded RNA libraries. DESeq2 version 1.18.1482 was then used to normalize gene readcounts. 
Individual cell data are shown as a log10 of (transcript per million x 1000). These data have been 
deposited in the National Center for Biotechnology Information (NCBI)’s Gene Expression 
Omnibus483 (GSE205863). 

Adoptive T-cell transfer in RTX-exposed mice. CD8+ T-cells were isolated from OT-1 mice spleens 
and magnet-sorted (StemCell; #19858). Naïve CD8+ T-cells (CD8+CD44lowCD62Lhi) cells were than 
FACS-purified and injected (1x106 cells; i.v., tail vein) to vehicle- or RTX-exposed RAG1-/- mice. 

Mechanical hypersensitivity. B16F10-mCherry-OVA (2×105 cells; i.d.) or non-cancerous 
keratinocytes (MPEK-BL6; (2×105 cells; i.d.) were inoculated intradermally in the mice’s left 
hindpaw. On alternate days, mechanical sensitivity was evaluated using Von Frey filaments (Ugo 
Basile, #52-37450-275). To do so, the animals were placed in a test cage with a wire mesh floor 
and allowed to acclimatize (3 consecutive days; 1h/session). Von Frey filaments of increasing size 
(0.008-2 g) were applied to the plantar surface and response rate was evaluated using the up-
down test paradigm. 

Thermal hypersensitivity. B16F10-mCherry-OVA (2×105 cells; i.d.) or non-cancerous 
keratinocytes (MPEK-BL6; (2×105 cells; i.d.) were inoculated intradermally to the mice’s left 
hindpaw. On alternate days, thermal sensitivity was evaluated using Hargreaves. To do so, the 
animals were placed in a Plexiglas box coupled to a heat source (Ugo Basile) and allowed to 
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acclimatize (3 consecutive days; 1h/session). Radiant heat (intensity: 48) was applied to the 
hindpaw and the time for withdrawal was measured. 

 

Kinetics of pain and intra-tumoral CD8 T-cells exhaustion. We implanted B16F10-mCherry-OVA 
(2×105 cells; i.d.) in several groups of littermate control (TRPV1wt::DTAfl/wt; n=96) and nociceptor-
ablated (TRPV1cre::DTAfl/wt; n=18) mice. We then evaluated the level of thermal hypersensitivity 
(daily), tumor size (handheld digital caliper), and intra-tumoral CD8+ T cell exhaustion (flow 
cytometry) at the time of euthanasia (days 1, 4, 7, 8, 12, 13, 14, 19, 22). We processed these data 
by determining the percentage change of each data point to the maximal value obtained in the 
pain, exhaustion, size datasets, and then presented these data as percentages of the maximum 
(100%).  

Optogenetic. Orthotopic B16F10-mCherry-OVA cells (5×105 cells; i.d.) were inoculated into the 
left flank of 8-week-old transgenic male mice expressing the light-sensitive protein 
Channelrhodopsin2 under the control of the NaV1.8 promoter (NaV1.8cre::ChR2fl/wt). Optogenetic 
stimulation (3.5 ms, 10Hz, 478nm, 60 mW, in a 0.39 NA fiber placed 5-10 mm from the skin, for 
20 min) started either when the tumor was visible (~20mm3; five days post inoculation) or when 
it reached a 200mm3 volume (eight days post inoculation) and lasted up to 14 days post tumor 
inoculation. The control mice (NaV1.8cre::ChR2fl/wt) were not light-stimulated. Groups of littermate 
control (NaV1.8wt:: ChR2fl/wt) mice were light stimulated and show no response (not shown). 

CGRP release from skin explant. Tumor-surrounding skin was harvested using 10 mm punch 
biopsies from nociceptor intact (NaV1.8wt::DTAfl/wt), nociceptor ablated (NaV1.8Cre::DTAfl/wt), light-
sensitive nociceptor (NaV1.8cre::ChR2fl/wt), or wild-type mice 3h following the exposure to vehicle 
(100 μl), QX-314 (0.3%, 100 μl) or BoNT/A (25 pg/μL, 100μl), The biopsies were transferred into 
24-well plates and cultured in DMEM containing 1 μl/ml of protease inhibitor (Sigma, #P1860) 
and capsaicin (1 μM. Sigma, #M2028). After 30 min incubation (37oC), the supernatant was 
collected and CGRP release analyzed using a commercial ELISA474 (Cayman Chemical, #589001). 

Neuron culture. Mice were sacrificed, and dorsal root ganglia (DRG) were dissected out into 
DMEM medium (Corning, #10-013-CV), completed with 50U/mL penicillin and 50 μg/ml 
streptomycin (Corning, #MT-3001-Cl) and 10% FBS (Seradigm, #3100). Cells were then dissociated 
in HEPES buffered saline (Sigma, #51558) completed with 1 mg/mL collagenase IV (Sigma, 
#C0130) + 2.4 U/mL Dispase II (Sigma, #04942078001) and incubated for 80 min at 37°C. Ganglia 
were triturated with glass Pasteur pipettes of decreasing size in supplemented DMEM medium, 
then centrifuged over a 10% BSA gradient and plated on laminin (Sigma, #L2020) coated cell 
culture dishes. Cells were cultured with Neurobasal-A medium (Gibco, #21103-049) completed 
with 0.05 ng/μL NGF (Life Technologies, #13257-019), 0.002 ng/μL GDNF (PeproTech, #450-51-
10), 0.01 mM AraC (Sigma, #C6645) and 200 mM L-Glutamine (VWR, #02-0131), and B-27 
supplement (Gibco, #17504044). 

Calcium imaging. L3-L5 DRG neurons were harvested and co-cultured with B16F10, B16F0, or 
MPEK-BL6 for 24-48h. The cells were then loaded with 5 mM Fura-2 AM (BioVision, #2243) in 
complete Neurobasal-A medium for 30 min at 37oC, washed in Standard Extracellular Solution 
(SES, 145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES, pH 7.5), 
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and response to noxious ligands (100nM capsaicin; 100μM AITC; 1μM ATP) was analyzed at room 
temperature. Ligands were flowed (15s) directly onto neurons using perfusion barrels followed 
by buffer washout (105-sec minimum)472. Cells were illuminated by a UV light source (Xenon lamp, 
75 watts, Nikon), 340 nm and 380 nm excitation alternated by an LEP MAC 5000 filter wheel 
(Spectra services), and fluorescence emission was captured by Cool SNAP ES camera (Princeton 
Instruments). 340/380 ratiometric images were processed, background corrected and analyzed 
(IPLab software; Scientific Analytics), and Microsoft Excel used for post hoc analyses. For SLPI, the 
DRG neurons were cultured for 24h and then loaded with 5 mM Fura-2 AM in complete 
Neurobasal-A medium for 45 min at 37oC, washed into SES, and response to noxious ligands (0-
10ng/ml of mouse recombinant SLPI (LifeSpan BioSciences, #LS-G13637-10); 1μM capsaicin; 50 
mM KCl) were analyzed at room temperature. 

Immunofluorescence. 2x103 DRG neurons were co-cultured with 2x104 B16F10-mCherry-OVA for 
24-48h. The cells were fixed (4% paraformaldehyde; 30 min), permeabilized (0.1 % Triton X-100, 
20 min), and blocked (PBS, 0.1% Triton X-100, 5% BSA, 30 min). The cells were rinsed (PBS), 
stained, and mounted with vectashield containing DAPI (Vector Laboratories, #H-1000). Images 
were acquired using a Ti2 Nikon fluorescent microscope. 

Neurite length, ramification index, and intersecting radii. TRPV1+ nociceptors (TRPV1cre::Td-
tomatofl/wt) were cultured alone (2×103 cells) or co-cultured (2×104 cells) with B16F10-GFP, B16F0, 
or non-tumorigenic keratinocytes (MPEK-BL6). After 48h, cells were fixed (see 
immunofluorescence section), and images were acquired using a Ti2 Nikon fluorescent 
microscope. TRPV1+ (td-tomato) neurons’ neurite length was measured using a neurite tracer 
macro in Image J developed by the Fournier lab484, while the Schoenen ramification index (SRI) 
and the number of intersecting radii were measured by a Sholl analysis485 macro in ImageJ. 

CD8+ T cell isolation. 6–8-week-old male and female mice were euthanized, spleen harvested in 
ice-cold PBS (5% FBS), and mechanically dissociated. The cells were strained (70 μm), RBC lysed 
(Life Technologies, #A1049201; 2 min), and counted using a hemocytometer. Total CD8+ T-cells 
were magnet sorted (Stem cell, #19853A) and cultured (DMEM + FBS 10%, Pen/Strep 1% + non-
essential amino acid (Corning, #25-025-Cl) + vitamin + β-mercaptoethanol (Gibco, #21985-023) + 
L-Glutamine (VWR, #02-0131) + sodium pyruvate (Corning, #25-000-Cl)). Cell purity was 
systematically confirmed after magnet sorting and the numbers of CD8+CD62Lhi 
immunophenotyped by flow cytometry. To generate cytotoxic T lymphocytes, 2x105 CD8+ T-cells 
were seeded and stimulated for 48h under Tc1 inflammatory condition (2 μg/ml plate bounded 
αCD3/αCD28 (Bio X Cell, #BE00011, #BE00151) + 10 ng/ml rIL-12 (BioLegend, #577008) + 10 μg/ml 
of anti-IL-4 (Bio X Cell, #BE0045). 

In vitro cytotoxic CD8+ T-cell stimulation with neuron-conditioned media. Naive or ablated DRG 
neurons were cultured (72h) in Neurobasal-A medium supplemented with 0.05 ng/μL NGF (Life 
Technologies, #13257-019) and 0.002 ng/μL GDNF (PeproTech, #450-51-10). After 48h, the 
neurobasal medium was removed, neurons were washed with PBS, and 200 µL/well of T-cell 
media supplemented with 1 μL/ml peptidase inhibitor (Sigma, #P1860) and, in certain cases, 
capsaicin (1μM) or KCl (50mM) was added to DRG neurons. The conditioned media or vehicle 
were collected after 30min and added to Tc1 CD8+ T-cells for another 96h. The CD8+ T-cells 
expression of exhaustion markers (PD-1, Lag-3, Tim-3) and cytokine (IFN-γ, TNF-α, IL-2) were 
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analyzed by flow cytometry using a LSRFortessa or FACSCanto II (Becton Dickinson). Cytokines 
expression were analyzed after in vitro stimulation (PMA/ionomycin; see Intracellular cytokine 
staining). 

In vitro cytotoxic CD8+ T-cell stimulation with CGRP. CD8+ T-cells were isolated and stimulated 
under Tc1 condition in 96 wells plate. After 48h, cells were treated with either CGRP (0.1 μM) or 
PBS in the presence of peptidase inhibitor (1 μM) for another 96h. Expression of PD-1, Lag-3, and 
Tim-3, as well as IFN-γ, TNF-α, and IL-2, was immunophenotyped by flow cytometry using a 
LSRFortessa or FACSCanto II (Becton Dickinson). Cytokines expression were analyzed after in vitro 
stimulation (PMA/ionomycin; see Intracellular cytokine staining). 

In vitro DRG neuron silencing with Botox. Naive DRG neurons (2×104) were seeded in a 96 well 
plate with neurobasal medium supplemented with NGF and GDNF. Neurons were pretreated with 
50 pg/ml of BoNT/A for 24h. After 24 hours, the culture medium was removed, neurons were 
washed with PBS and 200 μl/well of T-cell media supplemented with 1 μl/ml peptidase inhibitor, 
and KCl (40 mM) was added to DRG neurons. The conditioned media or vehicle were collected 
after 30 min and added to Tc1 CD8+ T-cells for another 96h. 

In vitro RAMP1 blockade. αCGRP (Bioss, #bs-0791R), CGRP8-37 (Tocris, #1169), and BIBN4096 
(Tocris, #4561) were used in culture. CD8+ T-cells were treated with BIBN4096 (4μM) 6h before 
being exposed to the neurons’ conditioned media. For CGRP antagonists, the neurons’ 
conditioned media were incubated for 1h with 2 μg/ml of αCGRP and 1 μg/ml of CGRP8-37 before 
being added to the CD8+ T-cells. 

CD8+ T-cell and DRG neurons co-culture. Naive DRG neurons (2×104) were seeded in a 96-well-
plate with T-cell media (supplemented with 0.05 ng/μL NGF (Life Technologies, #13257-019), 
0.002 ng/μL GDNF (PeproTech, #450-51-10). One day after, Tc1 CD8+ cells (1×105) were added to 
the neurons in the presence of IL-2 (BioLegend, #575408). In some instances, co-cultures were 
stimulated with either capsaicin (1 μM) or KCl (50mM). After 96h, the cells were collected by 
centrifugation (5 min at 1300 rpm), stained, and immunophenotyped by flow cytometry using a 
LSRFortessa or FACSCanto II (Becton Dickinson). Cytokines expression were analyzed after in vitro 
stimulation (PMA/ionomycin; see Intracellular cytokine staining). 

RNA sequencing of CD8+ T-cell and DRG neurons co-culture and data processing. 1×104 naive 
TRPV1Cre::QuASR2fl/wt DRG neurons were co-cultured with 1×105 B16F10-mCherry-OVA overnight 
in T-cell media (supplemented with 0.05 ng/μL NGF (Life Technologies, #13257-019), 0.002 ng/μL 
GDNF (PeproTech, #450-51-10). After 48h, the cells were detached and TRPV1 neurons (CD45- 
eGFP+), and OVA-specific CD8+ T-cells (eGFP- CD45+ CD3+ CD8+) were FACS-purified using a 
FACSAria IIu cell sorter (Becton Dickinson) and cell supernatant was collected for ELISAs. RNA-seq 
libraries were constructed using Illumina TruSeq Stranded RNA LT Kit (Illumina, San Diego, CA) 
following the manufacturer’s instructions. Illumina sequencing was performed at the Fulgent 
Genetics (Temple City, CA). Reads were aligned to the Mouse mm10 reference genome using 
STAR v2.7481. Aligned reads were assigned to genic regions using featureCounts function from 
subread v1.6.4486. Gene expression levels were represented by TPM (Transcripts Per Kilobase 
Million). Hierarchical clustering was computed using heatmap.2 function (ward. D2 method) from 
gplots R package. Differential gene expression analysis was carried out by DeSeq2 v1.28.1482. 
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These data have been deposited in the National Center for Biotechnology Information (NCBI)’s 
Gene Expression Omnibus483 (GSE205865). 

ELISA on CD8+ T-cell and DRG neurons co-culture. SLPI (R&D Systems, #DY1735-05), TSLP 
(BioLegend, # 434104), and HMGB1 (Novus Biologicals, #NBP2-62767) levels were measured in 
the cells’ supernatant (as described above) using commercial ELISA. 

In vitro B16F10 cells apoptosis. 2×104 naive TRPV1Cre:QuASR2fl/wt DRG neurons were co-cultured 
with 1×105 B16F10-mCherry-OVA overnight in T-cell media (supplemented with 0.05 ng/μL NGF 
(Life Technologies, #13257-019), 0.002 ng/μL GDNF (PeproTech, #450-51-10). One day after, 4 
×105 stimulated OVA-specific CD8+ T-cells under Tc1 condition were added to the co-culture. After 
48h, the cells were detached by trypsin (Gibco, #2062476) and collected by centrifugation (5 min 
at 1300 rpm), stained using anti-Annexin V, 7-AAD (BioLegend, #640930), and anti-CD8 for 20 
minutes at 4oC, and were immunophenotyped by flow cytometry using a FACSCanto II (Becton 
Dickinson). Cytokines expression were analyzed after in vitro stimulation (PMA/ionomycin; see 
Intracellular cytokine staining). 

For neuron condition media, 4×105 stimulated OVA-specific CD8+ T-cells were added to 1×105 
B16F10-mCherry-OVA and treated with fresh condition media (1:2 dilution). After 48h, cells were 
stained using anti-Annexin V, 7-AAD (BioLegend, #640930), and anti-CD8 for 20 minutes at 4oC, 
and were immunophenotyped by flow cytometry using a LSRfortessa or FACSCanto II (Becton 
Dickinson). For CGRP, 4×105 stimulated OVA-specific CD8+ T-cells were added to 1×105 B16F10- 
mCherry-OVA and treated with CGRP (100nM). After 24h the cells were stained using anti-
Annexin V, 7-AAD (BioLegend, #640930), and anti-CD8 for 20 minutes at 4oC, and were 
immunophenotyped by flow cytometry using a LSRFortessa or FACSCanto II (Becton Dickinson). 
Cytokines expression were analyzed after in vitro stimulation (PMA/ionomycin; see Intracellular 
cytokine staining). 

RNA sequencing of triple co-culture and data processing. 1×104 naive TRPV1Cre:QuASR2fl/wt DRG 
neurons were co- cultured with 1×105 B16F10-mCherry-OVA overnight in T-cell media 
(supplemented with 0.05 ng/μL NGF (Life Technologies, #13257-019), 0.002 ng/μL GDNF 
(PeproTech, #450-51-10). One day after, 4 ×105 stimulated OVA-specific CD8+ T-cells under Tc1 
condition were added to the co-culture. After 48h, the cells were detached and TRPV1 neurons 
(CD45- eGFP+ mCherry-), B16F10-mCherry-OVA (CD45- eGFP- mCherry+), and OVA-specific CD8+ T-
cells (eGFP- mCherry-CD45+ CD3+ CD8+) were FACS-purified using a FACSAria IIu cell sorter (Becton 
Dickinson). RNA-seq libraries were constructed using Illumina TruSeq Stranded RNA LT Kit 
(Illumina, San Diego, CA) following the manufacturer’s instructions. Illumina sequencing was 
performed at the Fulgent Genetics (Temple City, CA). Reads were aligned to the Mouse mm10 
reference genome using STAR v2.7481. Aligned reads were assigned to genic regions using 
featureCounts function from subread v1.6.4486. Gene expression levels were represented by TPM 
(Transcripts Per Kilobase Million). Hierarchical clustering was computed using heatmap.2 function 
(ward. D2 method) from gplots R package. Differential gene expression analysis was carried out 
by DeSeq2 v1.28.1482. These data have been deposited in the National Center for Biotechnology 
Information (NCBI)’s Gene Expression Omnibus483 (GSE205864). 
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B16F10 survival. 1x105 B16F10 cells were cultured in 6-well-plate and challenged with BoNT/A 
(0-50 pg/μL) for 24h, QX-314 (0-1%) for 72h, BIBN4096 (1-4 μM) for 24h or their vehicle. B16F10 
cell survival was assessed using anti-annexin V staining and measured by flow cytometry using a 
LSRFortessa or FACSCanto II (Becton Dickinson) or counted using a hemocytometer. 

In-silico analysis of neuronal expression profile using RNA Sequencing and Microarray datasets. 
Publicly available RNA Gene expression from seven datasets487,488 were downloaded from the 
NCBI GEO portal. RNA Gene expression values of genes of interest were extracted. Expression 
values from single cell sequencing were averaged for all cells. To be able to compare expression 
from datasets that were generated using different techniques (scRNAseq, bulk RNAseq, 
microarrays) and normalization methods (TPM, RPKM, RMA, UMI), all genes of interest were 
ratioed over Trpv1 expression, then multiplied by 100, and the Log10 of these values were plotted 
as a heatmap. Kupari et al.,488 used single-cell RNA-sequencing of JNC neurons while Usoskin et 
al.,489 and Li et al.,490 used single-cell RNA-sequencing of lumbar neurons. Chiu et al.,491 
respectively measured gene expression by microarrays of whole and FACS-sorted NaV1.8+ lumbar 
neurons. Goswami et al.,487 performed RNA sequencing of TRPV1+ lumbar neurons, whilst Ray et 
al.,492 performed RNA-sequencing of human lumbar neurons. 

In-silico analysis of melanoma patients’ tumor expression profile using single-cell RNA 
sequencing. Using the publicly available Broad Institute single-cell portal, we proceed to an in-
silico analysis of single-cell RNA-sequencing of human melanoma biopsies. We assessed the gene 
profile of Ramp1-expressing and Ramp1-negative T cell in patients’ tumor with metastatic 
melanoma456. Similarly, we assessed the genetic program of Ramp1-expressing and Ramp1-
negative CD8+ T-cells in patient with melanoma455. The latter dataset was also used to analyze the 
genetic profile of CD8+ T-cells in patients responsive to immune checkpoint blocker or 
unresponsive to such treatment as well as the genetic profile of malignant melanoma cells 
(defined as CD90-CD45-) from 10 different patients’ biopsies455. Individual cell data are shown as 
a log2 of 1 + (transcript per million / 10). Experimental details and cell clustering were defined in 
Tirosh et al.,456 and Jerby-Arnon et al.,455.  

In-silico analysis of human immune cells expression profile. Publicly available RNA Gene 
expression from Monaco et al.,457 was downloaded from the NCBI GEO portal. Read counts 
normalized to transcripts per million protein-coding genes (pTPM) values for genes of interest 
were extracted. Expression values from single cell sequencing were averaged for all cells. 
Experimental details and cell clustering were defined in Monaco et al.,457. 

In-silico analysis of cultured B16F10 cells expression profile. Publicly available RNA Gene 
expression from Castle et al.,458 was downloaded from the NCBI GEO portal. Read counts 
normalized to transcript per million (TPM) for genes of interest were extracted. Experimental 
details and cell clustering were defined in Castle et al.,458. 

In-silico analysis of mouse immune cells expression profile using the Immgen database. Using 
the publicly available Immgen database we proceed to an in-silico analysis of RNA-sequencing 
data (DESeq2 data) of various mouse immune cells. As per Immgen protocol, RNA-sequencing 
reads were aligned to the mouse genome GENCODE GRCm38/mm10 primary assembly and gene 
annotations vM16 with STAR 2.5.4a. The ribosomal RNA gene annotations were removed from 
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general transfer format file. The gene-level quantification was calculated by featureCounts. Raw 
reads count tables were normalized by median of ratios method with DESeq2 package from 
Bioconductor and then converted to GCT and CLS format. Samples with less than 1 million 
uniquely mapped reads were automatically excluded from normalization. Experimental details 
were defined in www.immgen.org/Protocols/ImmGenULI_RNAseq_methods.pdf.  

Oncomine. In-silico analysis of melanoma patient biopsy expression profile using BULK microarray 
sequencing. As described in Haqq et al., samples from forty-five cutaneous melanomas and 18 
benign melanocytic skin nevus biopsies (~5-20μm) were harvested, amplified and transcriptome 
profiled using Affymetrix U133A microarrays. Data were downloaded from oncomine database 
(www.oncomine.org) as log2 (median centered intensity) and gene of interest were displayed as 
heatmaps. Experimental details and cell clustering were defined in Haqq et al.,432. 

Melanoma patient survival analysis. OncoLnc (www.oncolnc.org) contains survival data for 8,647 
patients from 21 cancer studies performed by The Cancer Genome Atlas (TCGA)454. Using OncoLnc 
we assess transcript expression of a user defined list of 333 neuronal-enriched genes (neuronal 
membrane proteins, neural stem cell markers, transcription factors, ion channel receptors, and 
neuropeptides) in 459 skin cancer (SKCM) tumor biopsies from the Cancer Genome Atlas (TCGA) 
database. Of these genes, 206 were expressed, and 108 were selected based on their negative 
Cox coefficient value, indicating a link between lower gene expression and improved patient 
survival. Kaplan-Meier curves show the patients’ survival after segregation in two groups defined 
by their low or high expression of a gene of interest. Details of patients can be found in the Cancer 
Genome Atlas454 and computational analysis were defined by Anaya et al., 2016 
(doi.org/10.7717/peerj-cs.67). 

Data availability statement. The datasets generated and/or analyzed during the current study 
are available at www.talbotlab.com/new-page (Password: Nature) of from the corresponding 
author on reasonable request. The RNA sequencing datasets have been deposited in the National 
Center for Biotechnology Information’s Gene Expression Omnibus (#GSE205863, #GSE205864, 
#GSE205865).  

Statistics. Data expressed as mean ± S.E.M. Statistical significance determined by Mantel-Cox 

regression (survival curve), one-way or two-way ANOVA for multiple comparisons and two-tail 

unpaired Student t-test for single variable comparison. P-values less than 0.05 were considered 

significant. Numbers of animals are defined in figures. 
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Chaptere 3 : Discussion 

 

The major contribution of this study was to demonstrate the role of tumor-associated 

sensory neurons in the progression of cancer, which was achieved by the utilization of in 

vitro and in vivo models of melanoma cancer. To better understand the mechanism of action of 

sensory neurons, two major questions need to be answered : which mediators and neuronal 

genes are involved when tumor cells and tumor-associated neurons interact in the tumor 

microenvironment, and what is their impact on anti-tumor immunity? To answer these 

two questions, we performed several in vitro experiments, including transcriptomic analysis, 

tissue staining, tumor–neuron co-culture, and several in vivo experiments. The findings of this 

study opened several avenues of investigation in the field of cancer research. The following 

paragraphs will discuss our findings, as well as future research that can further cancer research. 

3.1- Tumor cells interact with sensory neurons 

 

A growing body of evidence indicates that tumor cells are innervated and innervation 

supports cancer progression349,493,494, it has also been shown that neurogenesis (number of 

neurons) and axonogenesis (neural sprouting in the tumor microenvironment) play a significant 

role in tumorigenesis338,349,495. However, there is contradictory evidence regarding the infiltration 

of nerve fibers within the tumor496-498. Some studies indicate the presence and infiltration of 

nerve fibers within the tumor, while other reports indicate that nerves are only visible 

surrounding the tumor or are absent altogether.  

One possibility for this contradiction is the variability in types of cancer or stages of tumor 

development that have been used for staining of the nerve fibers. In this study, iDISCO imaging 

of NaV1.8+ nerve fibers revealed melanoma-infiltrating sensory nerve fibers, and we found that 

these intra-tumoral sensory neurons contributed to tumor progression (Figure 14). We also 

carried out an in vitro study of DRG neurons with melanoma tumor cells as an approach to study 
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the interaction of DRG neurons with tumor cells. Several studies have revealed that there is 

bidirectional communication between tumor cells and DRG neurons, which can influence neurite 

extension by neurons and the migratory potential of tumor cells through nerves.                                                   

Semaphorin S4F produced by prostate cancer cells has been shown to induce axonogenesis 348.  In 

our study, we found that in vitro co-culture of DRG neurons with melanoma tumor cells (B16F0 

or B16F10) increased neurite outgrowth and upregulated the expression of several neuropeptides 

secreted by DRG neurons. In addition, the number of neurons responsive to capsaicin, ATP, and 

mustard oil was significantly increased in presence of melanoma tumor cells. Interestingly, our in 

vivo data also showed that DRG neurons isolated from melanoma-bearing mice showed greater 

responses to ligands than neurons harvested from tumor-free mice (Figure 14). These results 

suggested sensitization of these sensory neurons by tumor cells and showed that there is 

reciprocal communication between DRG neurons and tumor cells. In addition, it is possible that 

tumor cells may have a systemic effect on the peripheral nervous system.  

 

3.2-  Tumor cells sensitize sensory neurons 

 

As a component of the tumor stroma, nerves promote tumor growth, invasion, and 

metastasis376.Reciprocal communication between cancer and nerves occurs through factors 

released by both tumor cells and nerve fibers. Tumor cells release neurotrophic factors, which 

induce axonogenesis to innervate the growing tumor cells360, while nerve fibers release 

neuropeptides and neurotransmitters, which stimulate tumor cell proliferation and survival. 

Many of these factors, such as glutamate, γ-aminobutyric acid (GABA), noradrenaline or 

acetylcholine, NGF, and GDNF have already been well studied. Our RNA sequencing data showed 

that sensitization of DRG neurons by cancer cells resulted in overexpression of a number of genes 

by DRG neurons, including neuropeptides such as CGRP and galanin, cytokines such as IL-4, IL-10, 

IL-13, and growth factors such as fibroblast growth factors (Figuer 14). On the other hand, we 

also found that, when co-cultured with DRG neurons, melanoma tumor cells overexpressed a 

factor known as Secretory Leukocyte Protease Inhibitor (SLPI), which was able to sensitize sensory 



94 
 

neurons. We confirmed this data by measuring the concentration of SLPI in the supernatant 

obtained from DRG neurons co-cultured with B16F10 cancer cells. We also observed that 

exposing DRG neurons to SLPI triggered CGRP release and induced calcium flux, supporting the 

idea that secretion of SLPI by cancer cells is able to sensitize tumor-associated sensory neurons 

(Figure 15). 

 

3.3- Sensitization of tumor-associated neurons induce pain 

Cancer-related pain is a common symptom of cancer affecting approximately 66% of 

patients499. Cancer-related pain involves both neuropathic and nociceptive components500. 

Under normal conditions, nociceptor neurons generate pain as a protective mechanism when 

they are stimulated by a noxious stimulus, in order to prevent tissue injury501. Invasion of tumor 

cells into the nerves, inflammatory mediators, and tumor-induced acidosis in the tumor 

microenvironment sensitize nociceptive neurons in an abnormal way, resulting in the induction 

of pain502-504. In this study, we found that SLPI increased the excitability of sensory neurons when 

injected intradermally into the mouse, implicating SLPI as an active nociceptive agent in cancer 

pain (Figure 15). Constant signaling by SLPI in the tumor microenvironment could favor long-term 

activation of tumor-associated sensory neurons, along with increased levels of neuropeptides. In 

addition, we found a correlation between pain score and tumor size. We observed that mice with 

bigger tumors showed higher pain scores in comparison to mice with medium or small tumors. 

One possible mechanism underlying this difference could be the lower number of infiltrated 

sensory neurons in smaller tumors, as well as lower levels of inflammatory mediators in the tumor 

microenvironment. Our results also imply that SLPI could be relevant to the mechanism of pain 

sensation in cancer patients  

Cancer patients can suffer from pain during disease progression and bone metastasis 505. 

Tumor cells release inflammatory mediators that induce injury and irritation around the site; 

however, in most cases, pain associated with bone metastasis is not caused by tissue damage 

alone, indicating that it has a neuropathic nature506-510. The activation of nociceptor neurons in 

cancer patients by nociceptive mediators can generate pain that reduces their quality of life, 
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leading to reduced survival. The current study identified SLPI as a mediator that was released by 

cancer cells and activated sensory neurons. It was also shown, in cancer patients, that lower 

expression of SLPI was correlated with better survival (Figure 26). Therefore, blocking SLPI could 

be another target for alleviating pain in cancer patients and improving their quality of life. The 

autocrine or paracrine involvement of neuropeptides or their receptors in promoting tumor 

metastasis and proliferation indicates that there are amplification loops between sensory 

nociceptors and cancer cells. 

 

3.4- DRG neurons drive CD8+ T cells exhaustion 

 

The above findings prompted us to investigate the in vitro and in vivo effects of DRG 

neurons on the function of the immune system, in particular cytotoxic CD8+ T cells. Effector 

CD8+ T cells play a crucial role in anti-tumor immunity. In cancer, a high level of T cell exhaustion 

has been correlated with faster tumor progression. Thus, our in vitro results showed that either 

co-culture of CD8+ T cells with neurons or exposure of CD8+ T cells to supernatant obtained from 

stimulated neurons accelerated CD8+ T cell exhaustion. Given that neuron supernatant contains 

various neuropeptides, we tested the effect of individual neuropeptides CGRP, substance P, and 

galanin on CD8+ T cells. Interestingly, we found that CGRP is the main driver of CD8+ T cell 

exhaustion, while galanin also partially induced CD8+ T cell exhaustion, and substance P had no 

effect (Figure 24). CGRP has previously been shown to inhibit T cell proliferation through 

inhibiting IL-2 production by T cells511. In this study, we found that CD8+ T cells upregulated CGRP 

receptor (RAMP1) when they were in direct contact with DRG neurons. Given that CGRP drives 

CD8+ T cell exhaustion, it is possible that on binding to its receptor, CGRP inhibits IL-2 production 

by CD8+ T cells through upregulation of immune checkpoint proteins such as PD1. We also found 

that CD8+ T cells exposed to neuron supernatant or CGRP were less efficient at eliminating B16F10 

cancer cells, confirming that neuropeptides secreted by DRG neurons are able to dampen anti-

tumor immunity (Figure 24). 
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Although these in vitro and in vivo experiments were useful for testing neuron–immune 

and neuron–cancer interactions, it was necessary to investigate the effectiveness of these 

interactions in a mouse model of cancer, i.e., by examining the effect of ablation or silencing of 

tumor sensory neurons on immune system responses and control of tumor growth. It was hoped 

that such investigations would provide a novel insight into the mechanism of tumorigenesis.  

 

3.5- Tumor-associated sensory neurons promote cancer progression 

 

Tumor-associated nerves play an important role in tumor progression and dissemination. 

However, the role of tumor-associated sensory neurons in this context remains unknown. We 

found that DRG neuron-derived neuropeptides reduced cancer cell elimination by cytotoxic CD8+ 

T cells and induced CD8+ T exhaustion (Figure 16). Therefore, it is possible that sensory neurons 

can suppress anti-tumor immunity through the modulation of immune checkpoint receptor 

expression by CD8+ T cells. CD8+ T cells are one of the most abundant types of immune cells in 

tumors, where they play an important role in destroying tumor cells33,512-518. Our findings showed 

that genetic ablation of sensory neurons reduced tumor growth and promoted anti-tumor 

immunity. Infiltrated CD8+ T cells produced more cytokines and expressed lower level of immune 

checkpoint receptors, indicating that they were less exhausted. More activated CD8+ T cells 

correlated with less tumor growth.  

 

Therefore, considering our findings, we concluded that a high level of inflammatory 

mediators in the tumor can activate tumor-associated sensory neurons and that activated sensory 

neurons release various neuropeptides that inhibit the infiltration and activation of CD8+ T cells 

in tumors. As genetic ablation of sensory neurons has the potential to generate indirect side 

effects and lead to compensatory mechanisms, we also carried out experiments to locally silence 

tumor-innervated sensory neurons using botulinum toxin A and a membrane-impermeable form 



97 
 

of lidocaine, (QX-314). We found that both approaches decreased tumor growth and reduced 

CD8+ T cell exhaustion (Figure 22,23).  

 

 

Knowing that neuropeptides can modulate immune responses, we decided to study intra-

tumoral neuropeptide signaling in order to uncover possible mechanisms that may be involved in 

neural suppression of anti-tumor immunity during tumor progression. CGRP has more than one 

effect on immune responses and affects both immune and non-immune cells. For example, CGRP 

has been shown to promote inflammation in asthma through upregulation of IL-5 production by 

ILCs519 or enhancement of IL-10 production by macrophages520. 

 

 

CGRP also inhibits T cell function through upregulating inhibitory genes such as Pdcd1, 

Tnfrsf18, Entpd1, Lilbr4, Tnfrsf9, and Icos in T cells198. To investigate whether in vivo release of 

neuropeptides by neurons promotes CD8+ T cell exhaustion, we pharmacologically blocked 

neuropeptide signaling. Expression of multiple neuropeptide receptors, including RAMP1, by 

CD8+ T cells suggests that CGRP may mediate immune suppressive function in tumors. Therefore, 

we blocked CGRP-RAMP1 signaling using the pharmacological blocking reagent BIBN4096. Our 

results showed that inhibiting CGRP-RAMP1 signaling significantly reduced tumor growth and 

CD8+ T cell exhaustion. We confirmed this data using in vivo adoptive transfer of RAMP1-/- or 

RAMP1wt  CD8+ T cells to Rag1-/- mice, which lack T and B cells (Figure 17). Using an alternative 

method, we also found that daily intertumoral injection of CGRP in mice ablated for sensory 

neurons resulted in similar rates of tumor growth and T cell exhaustion as in nociceptor-intact 

mice (Figure 17). These data supported the idea that secretion of neuropeptides by sensory 

neurons is one of the mechanisms by which sensory neuron suppress immune system responses 

in tumors. 
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3.6- Melanoma patient biopsies are innervated by TRPV1+ sensory 

neurons 

 

We found that melanoma patient samples were innervated by TRPV1+ neurons, while 

staining for TRPV1 was almost two-fold higher in tumors in comparison to healthy adjacent tissue, 

indicating a higher level of innervation in tumor tissue (Figure 19). Given that we have shown that 

these sensory neurons are important for controlling tumor growth in vivo, specific targeting of 

these neurons represents an opportunity for clinical intervention. For example, we showed that 

TRPV1+ neuron function was increased in melanoma tumors, dampening anti-tumor immunity 

and promoting tumor cell growth. Therefore, inhibiting TRPV1+ neuron function, in combination 

with other cancer therapeutics, such as immune checkpoint blockers and chemotherapeutic 

agents, could enhance the efficacy of treatments.  

 

3.7- Neuropeptide-induced modulation of carcinogenesis in human 

 

Several studies have indicated that infiltration of sensory neurons into a tumor can drive 

tumor-cell proliferation and immune-cell suppression through the local secretion of 

neurotransmitters and growth factors. These findings have been associated with poor clinical 

outcomes, metastasis, and reduced patient survival332,360,521,522. Neuro-inflammatory 

neuropeptides including substance P (SP), calcitonin gene-related peptide (CGRP), and neurokinin 

A (NKA) have been implicated in autocrine or paracrine stimulation of several cancers523-528. 

Increased expression of their receptors on cancer cells was associated with the migration and 

proliferation of cancer cells. For example, NK1R and NK2R are receptors for SP, which has been 

shown to promote the migration and aggressiveness of human metastatic breast-cancer cell lines. 

By contrast, neuropeptide Y1 (NPY1) receptor expression in patients with breast cancer was 

correlated with the inhibition of tumor-cell proliferation529.  
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However, CGRP, after binding to receptor-activity modifying protein 1 (RAMP1) and 

calcitonin receptor-like receptor (CALCRL), did not have an impact on human breast-cancer cell 

lines530, whereas transcriptomic analysis of melanoma biopsies showed that upregulation of 

neuronal genes, such as calcitonin gene-related polypeptide-alpha (CALCA), class III β-tubulin 

(TUBB3), and RAMP1, was associated with reduced patient survival (Figure 26). 

 

 

Discovering that neuropeptides acting as growth factors can drive the proliferation of tumor cells 

in a paracrine or autocrine manner531 or the overexpression of neuropeptide receptors by human 

cancers as a factor for prognosis and progression of disease, suggested novel possibilities for 

translational research. Ttargeting these neuropeptides or their receptors with antibodies, 

antagonists, or selective inhibitors is not sufficient for the elimination of tumor cells. However, 

strategies that can block the secretion or biological effects of many neuropeptides can provide an 

effective approach for treating cancers in which they play a role as a growth factor.  

 

 

 

 

In the current study, different approaches such as silencing by the intracellular sodium-

channel blocker QX-314 and botulinum toxin (Botox), genetic ablation, and blocking CGRP 

receptor by pharmacological blockers were found to decrease tumor growth and boost immune-

system responses. 
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3.8- Neuro-immunotherapy as a theracpeutic approch for cancer 

 

Identifying the mechanism by which nerves suppress immune-system function in the 

tumor microenvironment (TME) can boost anti-tumor immunity and improve patient survival. 

Several studies have shown that T cells and other immune cells express receptors for various 

types of neurotransmitters and neuropeptide including CGRP receptors, dopamine receptors532-

535, glutamate receptors536-539acetylcholine receptors540,541 γ-aminobutyric acid (GABA) 

receptors542,543 and vasoactive intestinal peptide (VIP) receptors544. Secretion of these 

neurotransmitters from the nerve endings in the vicinity of immune cells in tumor tissues can 

affect the function of immune cells cells545,546 . For example, RNA sequencing of human 

melanoma-infiltrating T cells showed that expression of RAMP1 by cytotoxic T cells (CD8+ cells) 

was correlated with a higher expression of immune-checkpoint receptors and lower cytokine 

production in comparison with RAMP1-/-  T cells (Figure 26). These data indicate that the release 

of CGRP by tumor-associated sensory neurons could drive T-cell exhaustion in patients. 

 

Cancer immunotherapy using immune-checkpoint blockers such as anti-programmed cell 

death-1 (anti-PD1) or anti-programmed cell death ligand-1 (anti-PDL-1), or adoptive T-cell 

therapies such as chimeric antigen receptor (CAR) T cells, has revolutionized treatment for several 

cancers547,548. However, it remains necessary to search for the mechanisms that increase the 

expression of immune-checkpoint receptors in order to improve therapeutic strategies. The 

present study investigated whether neuropeptides such as CGRP or galanin could drive CD8+ T-

cell exhaustion and suppress anti-tumor immunity; to this end, we examined whether blocking 

these neuropeptides in combination with immune-checkpoint blockers could boost anti-tumor 

immunity. We found that either local silencing of neurons by QX-314 or Botox, or genetic ablation 

of sensory neurons in combination with anti-PDL-1, could significantly increase CD8+ T-cell 

responses, reduce CD8+ T-cell exhaustion, and decrease tumor growth (Figure 16,21). 
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Consistent with previous findings, our results indicated that direct communication 

between neurons and either cancer or T cells through neurotransmitters or neuropeptides 

facilitated tumor progression; therefore, blocking this direct communication by QX-314 or Botox 

could be beneficial for patients and could be translated into therapeutic approaches.  

 

We proposed that a combination of immunotherapy with neuropeptide blockers, which 

has been called ‘neuro-immunotherapy’549 could be an effective strategy to improve T-cell 

adoptive or immune-checkpoint therapy by enhancing T-cell function, proliferation, and 

migration in the TME. This novel combination may increase survival and improve the quality of 

life of cancer patients. We hypothesized that this could be achievable based on several sources 

of evidence such as the ability of neuropeptides to drive T-cell exhaustion and to function as 

growth factors for tumor cells, involving the generation of neurogenic inflammation and 

angiogenesis.   

 

3.9- Limitations of the study 

 

Patient samples  

One of the limitations of our study was related to access to patient samples. Examining 

innervation at different stage of tumor progression in different types of cancer would be 

extremely informative, however, obtaining fresh cancer tissue from clinicians was difficult. 

Generation of mouse with conditional knockout of CGRP gene in sensory neurons 

In this study we showed that CGRP is the key neuropeptide released by DRG neurons to 

dampen anti-tumor immunity. Although we used pharmacological blockers to inhibit CGRP 

signaling, it would be extremely useful to confirm these data using mice that are genetically 

knocked out for secretion of CGRP by sensory neurons. Unfortunately, this strain of mouse was 

not available. 
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3.10-   Future Directions 

 

The role of nerves in cancer is becoming a hot topic in cancer research. Discovering the 

role of tumor-infiltrated nerves could assist in uncovering unknown mechanisms used by 

cancerous cells for progression and migration. Neuronal activity has been correlated with tumor 

progression in several types of cancers, including prostate, stomach, and colon cancer; however, 

the mechanism of function of these nerves is still not well understood. So far, our knowledge of 

mechanism is related to downstream signaling from neurotransmitters and growth factors, which 

has been shown to be involved in cancer progression and tumor cell division.  

 

There remains much to be discovered about the modulatory role of nerves in the immune 

system in the context of cancer. Our findings of the suppressive effect of intertumoral 

neuropeptides on CD8+ T cells in the tumor milieu indicate that there is a strong link between 

tumor-associated sensory neurons and adaptive immune system function. Knowing that sensory 

neurons have many different subsets with different functions, the identification of aberrant 

neurons within the tumor microenvironment could increase our knowledge of the role of nerves 

in anti-tumor immunity. Given that ablation of sensory neurons would have adverse effects on 

cancer patients, another strategy would be to perform single cell transcriptomics on tumor-

associated sensory neurons in mice in order to identify novel drug targets (a project currently 

underway in the Talbot Lab). The effect of tumor cells on neurogenesis has been shown by several 

groups using multiple mouse models of cancer. Since neurons use electrical stimulation as a 

means of communication within the body, it would be interesting to investigate whether 

melanoma tumor cells are able to induce electrical stimulation of neurons, and whether this 

electrical stimulation affects tumor growth. 

 

Several neuropeptides, such as bradykinin (BK), CGRP, and NPY, have been demonstrated 

to regulate angiogenesis. BK is a neuropeptide that, through binding to the B2 receptor in the 

endothelial cells, increases capillary permeability and also upregulates the expression of vascular 
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endothelial growth factor (VEGF) in stromal fibroblasts to promote angiogenesis550. CGRP 

enhances tube formation by endothelial cells and also increases the expression of VEGF in the 

tumor stroma551. NPY has been shown to stimulate endothelial cell migration, proliferation, and 

differentiation, and also to increase the release of VEGF552. However, in this study, we did not 

investigate the angiogenesis directly, but it would be highly interesting to see if ablation or 

silencing of sensory neurons by Botox or QX-314 can reduce angiogenesis.  

 

There are several studies indicating that injection of Botox was correlated with 

improvement. For example, it has been shown that intradermal injection of Botox inhibited scars 

by reducing the expression of VEGF and angiogenesis553 or another study showed that 

intramuscular injection of Botox could reduce expression of VEGF, CD31, and other proteoglycans 

that are involved in angiogenesis554. Also, it has been described that injection of Botox could 

reduce tumor volume in patients with prostate cancer555.  

However, there is a confliction regarding the inhibitory effect of Botox on angiogenesis. 

Some studies showed that Botox treatment might increase expression of VEGF and induce 

protection against ischemia553. These findings suggested that investigating the effect of Botox on 

angiogenesis during the cancer progression can help us to understand weather Botox provides a 

therapeutic advantage for treatment of cancer.  

 

The role of sensory neurons in affecting the function of the innate immune system also 

merits investigation. For instance, one group of immune cells whose role in pain has been 

highlighted is macrophages556,557. Macrophage’s release neurotrophins, which can stimulate 

sensory neurons and enhance pain. M2 macrophages induce regeneration of nerves and neurite 

outgrowth through secretion of VEGF and Semaphorin 4D, respectively558-560. Given that 

macrophages express multiple neuropeptide receptors, it would be interesting to examine 

whether ablation of sensory neurons affects the function and phenotype of tumor-associated 

macrophages. 
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3.11-  Conclusion 

 

In conclusion, the signaling of neurons to the immune system has a major impact on the 

outcome of tumor growth. During the course of studying novel aspects of the somatosensory 

neuronal control of host immune defense, we found that neurons may form active synapses with 

cancer cells or cytotoxic T-cells. After stimulation by cancer cells, these neurons release 

neuropeptides, which bind to receptors on cytotoxic CD8+ T cells and induce overexpression of 

immune checkpoint receptors. In turn, this dampens the anti-tumor activity of the T cells. It 

appears that in order to prevent overly intense immune responses, nociceptor neurons can 

initiate a local retro-control feedback loop to reduce cytotoxic T-cell activity.  

Overall, by expressing certain ligands and controlling the expression of immune checkpoint 

receptors, sensory neurons emerged as inhibitors of host anti-tumor activity. To test the way in 

which sensory neurons affect tumor development, we ablated or silenced tumor-associated 

sensory neurons. Our approach revealed that inhibition of sensory neurons decreased tumor 

growth and enhanced anti-tumor immunity. 
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