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Résumeé

Les interactions neuro-immunitaires entre les systémes sensoriels et immunitaires ont été abondamment
étudiées; cependant, leur réle dans la régulation des cancers est encore mal connu. Les interactions
croisées entre les cytokines, les facteurs de croissance et les neuropeptides peuvent promouvoir la
progression des tumeurs. Les neuropeptides libérés par les nocicepteurs peuvent affecter la polarisation,
la chimiotaxie et I'activité¢ du systéme immunitaire acquis. Etant donné que les neurones sensoriels
liberent localement des neuropeptides qui modulent I'activité des lymphocytes, nous faisons I'hypothése
que les nocicepteurs sécrétent des neuropeptides qui induisent I'épuisement des cellules T CD8 et la
croissance tumorale. L'épuisement des lymphocytes T CD8 est un phénomene observé dans le cadre
d’infections chroniques et de cancers. Elle est définie comme une perte de la fonction effectrice
des lymphocytes T CD8 (diminution de la production d'IFN-y, de TNF-a et d'IL-2) ainsi qu'une expression
élevée de récepteurs inhibiteurs tels que PD-1 (protéine 1 de mort cellulaire programmée), LAG-3 (géne
3 d'activation des Iymphocytes) et TIM-3 (protéine 3 d'immunoglobuline des Iymphocytes T
et de contenant du domaine mucine).

Nous avons utilisé le modéle murin de mélanome pour tester cette hypothése et avons observé que les
cellules malignes de cancer de la peau B16F10 interagissent avec les nocicepteurs pour promouvoir la
croissance des neurites, la sensibilité aux ligands activateurs et la libération de neuropeptides. En
conséquence, le peptide lié au géne de la calcitonine (CGRP), qui est libéré par les nocicepteurs,
augmente directement I'épuisement des cellules T CD8 et réduit leur capacité a éliminer les cellules du
mélanome. L'ablation génétique des neurones sensoriels, leur inhibition pharmacologique ou le blocage
du récepteur au CGRP (RAMP1) suffisent a limiter I'épuisement des lymphocytes infiltrés dans la tumeur
et la croissance tumorale. De plus, l'injection de CGRP recombinant dans des souris dépourvues de
neurones sensoriels réduit I'épuisement des cellules T CD8. Les cellules T CD8 RAMP17- montrent aussi
moins d'épuisement que leurs homologues sauvages lorsqu'elles sont co-transplantées dans des souris
immunodéficientes Rag1”- portant une tumeur.

En résumé, réduire la libération de CGRP en bloquant localement les nocicepteurs associés a la tumeur
limite les effets immunomodulateurs de CGRP sur les cellules T cytotoxiques CD8 et représente une
stratégie d'intérét pour protéger l'immunité antitumorale.

Mots-clés: Neurones sensoriels, I'épuisement des cellules T CD8, CGRP, RAMP1



Abstract

Neuroimmune crosstalk between the nervous and the immune systems has been widely studied;
however, their modulating roles are largely unknown in cancer. Bilateral interactions of cytokines, growth
factors and neuropeptides may support tumor progression. Nociceptor-released neuropeptides can affect
polarization, chemotaxis and adaptive immune system activity. Since sensory neurons locally release
neuropeptides that modulate the activities of lymphocytes, we hypothesized that nociceptors might
secrete neuropeptides leading to CD8" T-cell exhaustion and tumor growth. CD8 T cell exhaustion is a
phenomenon observed in the context of chronic infections and cancer. It is defined as loss of effector
function of CD8 T cells (decreasing the production of IFN-y, TNF-a, and IL-2) as well as high expression
of inhibitory receptors such as 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). We used the mouse
model of melanoma cancer to test this hypothesis and found that malignant B16F10 skin cancer cells
interacted with nociceptors to expand neurite outgrowth, responsiveness to noxious ligands, and
neuropeptide release. Consecutively, neuropeptide calcitonin gene-related peptide (CGRP), which is
released by nociceptors, directly increased the exhaustion of cytotoxic CD8" T cells and reduced their
ability to eliminate melanoma cells. Genetic ablation of sensory neurons, local pharmacological silencing,
and antagonism of the CGRP receptor (RAMP1) were all able to limit the exhaustion of tumor-infiltrating
lymphocytes (TIL) and tumor growth. Moreover, treatment with recombinant CGRP in sensory neuron-
depleted mice reduced the exhaustion of CD8* T cells. Compared with wild-type cells, RAMP17- CD8" T
cells were rescued to go under exhaustion when co-transplanted into tumor-bearing Rag1”- deficient
mice. In summary, reducing CGRP release by local silencing of tumor-associated nociceptors, limits the
immunomodulatory effects of CGRP on cytotoxic CD8* T cells and represents an ideal strategy to protect
anti-tumor immunity.

Keywords: Nociceptor neurons, T cell exhaustion, CGRP, RAMP1
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Chapter 1: Introduction

Cancer is a leading cause of death worldwide’, and with an aging population, its rate is expected to rise.
Malignant cells form within tissues, divide and grow faster than their progenitors over time resulting in less
responsiveness to several signals which control cell growth and death?. Given the fact that various
abnormalities of tumor cells must force them as the early targets for apoptosis; however, abnormal cells
are able to escape programmed cell death?. In this regard, tumors can be classified into metastatic and
nonmetastatic groups®. Conventionally, metastasis has been observed in later stages of cancer
progression®. During metastasis, cancer cells, by passing into the blood circulation or lymphatic system
and neurons via perineural invasion can escape from the primary tumor site and migrate or colonize
distant tissues®.

Both primary and metastatic tumor microenvironments (TME) compose of extracellular matrix, endothelial
cells, resident mesenchymal support cells, inflammatory immune cells and components of the nervous
system. Dynamic communication between tumors and other cells or components of TME shapes and
supports the proliferation, survival and invasion of cancer cells®. In addition, as evidenced by several
studies, angiogenesis and neurogenesis are also the main procedures that contribute to the progression
and metastasis of malignant cells in TMES.

The immune system protects the body against detrimental invaders and eliminates transformed cells.
However, some of the transformed cells may escape the elimination and develop tumors in the body by
recruiting immunosuppressive leukocytes that shape a tumor microenvironment to suppress anti-tumor
immune responses’. By developing different mechanisms, tumors are able to evade destruction by the
immune system. Tumors mainly limit antigen recognition by downregulating the expression of major
histocompatibility complex (MHC) peptides on their surface and upregulating inhibitory ligands.
Engagement of the inhibitory ligands with their cognate receptors on T cells suppresses the cytotoxic
functions of T cells’.

In addition to the immune system, the nervous system has been validated to detect and respond to
environmental threats, achieved by specialized receptors on the surface of both systems. This neuro-
immune crosstalk happens in both central nervous system (CNS) and peripheral nervous system (PNS)8.
The peripheral nervous system is composed of autonomic and somatic branches. The autonomic nervous
system maintains internal homeostasis through the sympathetic and parasympathetic branches. The
somatic nervous system divides into the sensory and somatosensory fibers, which innervate most tissues.
The sensory fibers regulate the immune responses by releasing several neurotransmitters and
neuropeptides and by transferring glial cells across the axons, which enable glial cells to produce several
cytokines and growth factors.

These peripheral glial cells -Schwann cells- play an important immunomodulatory role under critical
situations, including cancer®®'%, Schwann cells also participate in tumor processes, including tumor
invasion, migration, immune exclusion, and cancer pain™. Communication of tumor-Schwann cells-nerve
play a major role in immunosuppressive TME by communicating with myeloid-derived suppressor cells
(MDSCs), dendritic cells (DCs), mast cells, and other immune cell types. This interaction induces the
activation of immune cells and facilitates the migration and invasion of tumor cells'. Intra-tumoral nerve
fibers actively secrete neuropeptides and neuromodulators such as substance P (SP) and calcitonin
gene-related peptide (CGRP) in the tumor microenvironment to stimulate cancer growth and metastasis'®
1314 Conversely, the presence of nerves in the tumor primes the secretion of neurotrophic growth factors
such as nerve growth factor (NGF) by cancer cells leading to axonogenesis of nerves. These factors, in
turn, influence immune cells and endothelial cells resulting in the inhibition of anti-tumor immune
responses or inducing neoangiogenesis, which supports tumor proliferation and survival.

Since the tumor-stimulating effects of nerves are well appreciated, the interaction of different mediators in
TME might provide crucial targets to improve anti-tumor immunity. This thesis explores the mechanisms
underlying the interaction between sensory nerves and cancer growth. Sensory nerves induce the
overexpression of several inhibitory molecules on T cells, this phenomenon is termed T cell exhaustion,
which attenuates the immune responses in the cancer microenvironment. We investigate whether the



absence of sensory neurons, either by genetic approaches or pharmacology, can facilitate anti-tumor
immunity, limit tumor growth and increase the overall survival rate in cancers.

1. Background

1.1. Melanoma

Melanoma is the most aggressive skin cancer type that initiates from transformed melanocytes. The
chance of survival rate for melanoma patients in stage IV of the disease is around 10%, and the incidence
of melanoma is rapidly increasing across the world'®. The incidence and mortality rate of melanoma vary
worldwide depending on genetic disposition and access to early diagnosis and primary care. Depending
on several risk factors including age, melanoma varies between genders. In younger individuals,
melanoma is more commonly reported in females. However, in older individuals, the incidence of
melanoma enhances more rapidly in males'®.There are different types of melanoma that might be
developed in the skin, eyes, or in internal tissues such as throat. Multiple risk factors have been specified
for transforming healthy cells into malignant melanocytes, including genetic alterations and environmental
factors such as ultraviolet (UV) exposure'”'8. Cutaneous melanoma is a heterogeneous disorder with a
high tumor mutational load. These mutations contribute to the rapid proliferation and migration of
transformed melanocytes into the dermis layer of the skin resulting in the metastatic spread of melanoma
cells to distant organs.

Numerous mutated genes have been pointed out as main contributors to several signaling pathways in
melanoma carcinogenesis. Among different signaling pathways, the mitogen-activated protein kinase
(MAPK) pathway is the most frequently activated signaling pathway in cancer which assist in the rapid
proliferation of malignant cells'®. Mutated components such as BRAF and NRAS drive hyperactivation of
MAPK cascade. Almost 50% of melanoma cases carry V600E mutation in BRAF. BRAF (v-raf murine
sarcoma viral oncogene homolog B1) is a serine/threonine kinase protein that is involved in transferring
the signals in MAPK signaling. MAPK signaling also acts as the main regulator of NRAS that controls the
proliferation, differentiation and survival of the cells. Activated NRAS (neuroblastoma RAS viral oncogene
homolog) protein triggers the subsequent activation of receptor tyrosine kinase (RTK) to amplify the
downstream activity of RAF signaling. NRAS mutation is detected in around 25% of melanoma
patients’®2021:22 Several neoantigens, derived from somatic mutations, can be recognized by the host
immune system resulting in anti-tumor responses?3. In melanoma, cancer cells communicate with immune
components to suppress anti-tumor immunity?*.

1.2. Cancer Immunosurveillance

The immune system applies three major strategies to fight against tumors. First, by eradicating or
suppressing viral infections, the immune system shields the host from virus-induced cancers?®; Second,
by resolving an inflammatory environment, following the elimination of infection; Third, through tumor-
specific antigens recognition, which selectively destroys tumor cells.

The idea of cancer immunosurveillance which was proposed by Thomas (1959) and Burnt (1970), argues
that the immune system is able to detect and eliminate carcinogenic cells?>2?¢. Despite the cancer
immunosurveillance mechanisms in action, malignant cells are still developed and metastasized because
of the concept of tumor immunoediting?>?’.

Cancer immunoediting is a procedure in which the immune system acts to control and shape the tumor
under three consecutive stages which are entitled “elimination, equilibrium and escape”. Each phase
requires a number of immune effector cells and different cytokines. In course of the elimination phase,
both innate and adaptive immune cells cooperate to detect and eliminate transformed cells which are
hidden from cell-intrinsic mechanisms of tumor suppression?®,

A portion of tumor cells may not be completely eliminated, and they undergo the temporary phase of
equilibrium. During equilibrium stage, cancer cells may either stay dormant or continue to develop more
transformations which may stimulate and express tumor-specific antigens. In this phase, despite the



constant pressure by the immune system to control tumor development, the immune response may fail to
completely destroy the tumors. As this process continues, it results in the selection of resistant tumor cells
and establishes an immunosuppressive microenvironment. These immunoedited tumors can pass into
the escape phase, where the immune system is no longer capable of suppressing tumor growth, and
consequently leads to aggressive tumor progression?>282° (Figure 1).
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Figure 1. Cancer immunoediting represses immune system responses. The immune system
recognizes and destroys transformed cells while they are hidden from intrinsic tumor suppressors
(elimination stage). Cancer immunoediting is classified into three main steps: elimination phase, where
tumor cells are killed by immune cells; equilibrium, where cancer cells grow and develop suppressive
pathways to attenuate immune responses; escape phase, where immune-resistant tumor cells start to
grow progressively .



1.2.1. The evidences of cancer immunosurveillance in animal models

T lymphocytes are the major mediators for resolving tumor cells. However, in tumors with a high level of
mutations, such as melanoma, tumor cells are able to evade immune responses by secreting
immunosuppressive cytokines and overexpression of inhibitory ligands on their surface in the tumor
microenvironment®'. The anti-tumor function of adaptive immune cells has been proven by different
approaches, such as the use of preclinical gene-targeted models.

Recombination activating gene-2 (RAG2-knockout) mice, immunodeficient mice with no mature B and T
lymphocytes, led to the progression of intestine and lung adenocarcinomas®'. Interestingly, the rate of
tumor growth was even higher when RAG2-knockout mice were deficient for STAT1 (signal transducer
and activator of transcription 1), which is a key signaling pathway activated by type | and type I
interferons (IFN) in carcinogenesis. Activation of STAT1 can perform antitumor effects by increasing
immune responses against tumor cells. When stimulated by interferons, STAT1 can enhance the
expression of different immune-related genes, including genes encoding MHC molecules and
cytokines®'*2. These data propose that innate and adaptive immune cells, as well as IFN signaling, are
the major components for the inhibition of tumor growth®'. In addition, mice lacking IFN-y were found to
promote T cell lymphomas, and mice deficient for both IFN-y and perforin developed B cell abnormality3.
Perforin is a pore-forming molecule produced by cytotoxic T lymphocyte and natural killer cells that
facilitates apoptosis of target cells®**. Despite the important roles of IL-12 and IL-18 in IFN-y signaling, it
was found that mice lacking IL-12 or IL-18 have no significant impact on tumor development compared to
their wild-type counterparts?s-33.

Using aB T cell” mice (deficient mice for T cell receptor (TCR) B-chain), the impact of ap T cells in
regulating tumor progression was determined as fibrosarcoma development was faster in mice lacking af8
T cell®. The use of other preclinical models with the lack of crucial immune mediators not only proved the
influence of immune system in the regulation of tumors but also proposed the contribution of both innate
and adaptive immune compartments in cancer immune surveillance. Specifically, genetic depletion of
natural killer (NK) cells, NKT cells, af T cells, as well as IFN-y or IL-12, all result in the vulnerability of the
host to the tumors®®.

Overall, different immune cell types such as NK cells, NKT cells, o T cells, as well as some effector
components and cytokines such as perforin and IFN-y have been shown to involve in the elimination and
immunoediting processes.

1.2.2. Cancer immunosurveillance evidence in human

In addition to mice, cancer immunosurveillance has been evidenced in humans. Immunodeficient and
immunosuppressed humans presented a higher risk of developing cancer®. Moreover, several
malignancies arise following chronic inflammations, such as viral infections. Higher rates of lymphoma
and sarcoma have been observed in transplanted patients®. AIDS patients and infected patients with the
herpes virus and papillomavirus have been viewed to elevate the frequency of malignancies®”. Thus, a
higher incidence of cancer in immunodeficient patients represents an important role of the immune
system in cancer immunosurveillance. Additionally, the rate of malignant melanoma has been reported to
increase as a consequence of organ transplantation?”*8. Furthermore, the prevalence of lung cancer was
higher in cardiac transplant patients®®. Beside all supporting epidemiological evidences, another
convincing investigation supported the positive correlation between the level of infiltrated T lymphocytes
(TILs) and elevated patient survival in cutaneous melanoma*®4!. In summary, the evidences observed in
both murine and human provide powerful support for cancer immunosurveillance.

1.3. Adaptive immunity in cancer
1.3.1. CD8* T cells

The natural immune responses depend on the cooperation and interplay between innate and adaptive
immune systems. Unlike innate immunity, the adaptive immune system consists of fewer types of cells to



perform its tasks, including B and T lymphocytes. Both B and T cells are derived from hematopoietic stem
cells in the bone marrow. T cell progenitors then migrate to the thymus and mature there before entering
secondary lymphoid organs such as lymph nodes (LNs). The initiation of T cell responses in the lymph
nodes involves the encounter of these cells with antigen-presenting cells (APC) such as dendritic cells
(DCs)*?4243 Depending on the different immunological settings, T lymphocytes obtain effector phenotype
to function as an anti-tumor immunity. Naive T cells also require multiple contact dependent and contact
independent signals for proper differentiation. During initial infection, some effector signals are needed for
proper CD8* T cell differentiation. They include the interaction of TCR/peptide-MHC | (signal 1), co-
stimulatory signals induced by CD28 binding to CD80/86 on APC (signal 2), and production of cytokines
such as IL-12 (signal 3)*45. Thus, naive CD8* T cells are primed by three main signals and differentiated
into activated T cells (Figure 2).

Following clearance of antigen or infection, a subpopulation of these effector CD8" T cells differentiates
into long-lived memory T cells capable of producing several cytokines and effector T cells. However, in
chronic infection and high inflammation, by increasing the antigen level or viral load, the effector T
lymphocyte responses amplify, and they enter into the inflammation site or tumor environment to clear the
infection or cancer cells. These functional cytotoxic CD8* T cells apply different mechanisms to eliminate
target cells, including the release of cytolytic cytokines such as granzyme B and perforin. Perforin makes
pores in the plasma membrane of the infected or tumor cells allowing the passage of granzyme B
cytokine to trigger apoptosis of target cells. Another mechanism is mediated by the interaction of the Fas
ligand on the surface of cytotoxic T lymphocytes and its receptor Fas on the surface of tumor cells
resulting in apoptosis of target cells. In addition, secreted cytokines by cytotoxic T lymphocytes (IFN-y
and tumor necrosis factor alpha (TNF-a)) can induce indirect tumor cell death*®. Therefore, CD8* T cells
are considered the first arm of defense in adaptive T cell immunity.
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Figure 2. T-cell activation requires three signals. The initial signal is triggered by TCR recognition of
antigen-MHC complex. The second signal, mainly defined as co-stimulation, is equipped by interaction of
co-stimulatory molecules (e.g., CD28) on the surface of T cells with CD80/CD86 on APCs. The third
signal is delivered through cytokines (e.g., IL-2) that stimulates T cell proliferation*®.

1.3.2. CD4+ T cells

CD4+ T cells are considered as the second line of defense in adaptive T cell immunity. In response to
different signals, often in the form of cytokines and interactions with APCs, CD4" T cells are able to
differentiate into several functional subtypes, such as T-helpers (Th1, Th2 and Th17) to allocate help to
effector immune cells and regulatory T cells (Tregs). CD4" T cells mediate anti-tumor immunity by
modulating the function of CD8* cytotoxic T cells and B cells and through the release of effector
cytokines, such as IFN-y and TNF-a*’48. CD4* T cells can directly target the transformed cells either by
eliminating them through the cytolytic mechanisms or by indirect modulating effect on the tumor
microenvironment. Activated CD4* T cells produce IL-2 to induce CD8* T cells activation, which express
IL-2 receptor (CD25) to drive the differentiation and proliferation of these cells. In addition, CD4" T cells
help CD8* T cell responses using cross-presenting tumor antigen of DCs which stimulates the activating
signals for CD8" T cells**%%51%2 Engagement of CD40 ligand on activated CD4* T cells with CD40
receptor on DCs allows for induction and maintaining functional pro-inflammatory DCs and initiates type 1
immunity. Furthermore, CD4* T cells activate humoral anti-tumor responses by assisting through CD40
ligand binding to CD40 receptor on B cells which differentiate them into mature B cells to produce specific
antibodies for tumor antigens®34,

1.3.3. B cells

B cells are the main humoral immune cells and a type of adaptive immune system that has an important
role in anti-tumor immunity>®. B cells are able to infiltrate within the tumor tissues and differentiate into
different subtypes after they are primed by several components in the tumor microenvironment. Different



subgroups of B cells perform the dual function in tumor immunity through antigen presentation, producing
antibodies and releasing cytokines®-7.

Regulatory B cells (Bregs) are a subpopulation of tumor-infiltrating B cells with an active role in tumor
immunosuppression. They not only have a direct impact on tumor cells but also indirectly regulate the
immunity of the tumors by modulating the role of other immune cell types, such as CD4* T cells and Tregs
inside the tumor. Breg cells are involved in tumor progression and metastasis by producing mainly IL-10
to stimulate DCs. Activated DCs then upregulate IL-4 production and downregulate the IL-12 synthesis.
This inhibitory mechanism suppresses the differentiation of CD4* T cells into Th1 and Th17 and shifts the
differentiation of naive CD4* T cells mostly into Treg cells®®5%€0,

1.4. Innate immunity in cancer

1.4.1. Natural killer cells

Natural killer cells (NK) belong to the innate immune system that presents strong cytolytic functions
against transformed cells. Activated NK cells regulate the activity of other innate and adaptive immune
compartments via the release of cytokines such as IFN-y, TNF-a, granulocyte macrophage colony
stimulating factor (GM-CSF) and several chemokines ((C-C motif) ligand: CCL-1, CCL-2 and CXCL-8)".
The activation and effector activity of NK cells depend on the signals that originate from activating or
inhibitory receptors.

In normal condition, NK cells express MHC | ligands on their surface, which after binding to inhibitory
receptors, mediate the self-tolerance of NK cells. However, malignant cells downregulate the expression
of MHC | molecules to reduce the inhibitory signals in the NK cells. Cancer cells, on the other hand,
increase the expression of inhibitory ligands. The interaction between those ligands and their receptors
on NK cells, eliminate target cells through the direct cytotoxic function of NK cells or indirectly via the
release of pro-inflammatory cytokines®23,

1.4.2. Neutrophils

Neutrophils are another myeloid cell type, which play important roles in solid tumors. Despite their
immune defence activity, neutrophils have been observed to be involved in tumor progression and
metastasis. Their recruitment to the TME is mediated by several factors, such as cytokines, chemokines,
and growth factors that are released from tumor cells®%. Several studies using animal cancer models
reported that transforming growth factor beta (TGF-R, an immunosuppressive cytokine) induces the
production of neutrophils with pro-tumoral phenotypes, whereas IFN-3 induces the generation of
neutrophiles with anti-tumor properties®%7. In addition, protease cathepsin C released by breast cancer
cells has been observed to generate a signalling cascade in murine models that facilitate neutrophile
recruitment to the lung metastatic niche®®.

1.5. T cell exhaustion

The term T cell exhaustion was preliminary recognized in a chronic lymphocytic choriomeningitis virus
(LCMV) infection model®®. Activated cytotoxic CD8" T cells apply their anti-tumor activity using cytolytic
components such as granzymes and through inflammatory cytokines such as IFN-y and TNF-a in the
tumor microenvironment*?7%. However, under chronic antigen stimulation in the tumor site, cytotoxic CD8*
T cells start to decrease the secretion of effector cytokines and increase the co-expression of inhibitory
checkpoint receptors such as program cell death (PD-1), lymphocyte-activation gene 3 (LAG-3), T cell
immunoglobulin domain mucin domain-containing protein 3 (TIM-3) and cytotoxic T lymphocyte-
associated antigen-4 (CTLA4)""72. The engagement of immune checkpoint receptors on T cells with their
cognate ligands on the surface of target cells transmits the negative signals to T cells. These signals
attenuate the effector function of T cells and induce their apoptosis. Therefore, this phenomenon which is
associated with the reduced cytotoxic activity of T cells, is termed T cell exhaustion’?73 (Figure 3).
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Figure 3. T cell exhaustion. During an infection, naive CD8* T lymphocytes encounter antigens and
differentiate into effector CD8" T cells capable of producing different types of cytokines, including TNF-q,
IFN-y and IL-2. However, in chronic infection, along with increased antigen or viral load, T cells go under
stages of dysfunction by decreasing cytokines expression and enhancing the co-expression of various
inhibitory receptors such as PD-1, LAG-3 and TIM-3 on their surface. This step by which T cells lose their
effector properties is known as T cell exhaustion®.



1.6. Several mediators in TME drive T cells exhaustion

The anti-tumor effect of CD8" T cells is related to their differentiation and infiltration within the tumor’.
The tumor microenvironment contains different components and signals, such as tumor cells,
inflammatory cells and cytokines which shape an immunosuppressive network around the tumor to
mediate T cell dysfunction. These factors are the main drivers of T cell exhaustion in cancer. In the TME,
there are a large number of tumor antigens that contribute to the exhaustion of T cells’>76. Furthermore,
the abundance of immunosuppressive cells and components such as Tregs, MDSCs, tumor-associated
macrophages (TAM), tumor-associated fibroblasts (TAFs), TGF-R) in TME is associated with T cell
exhaustion and tumor progression””-’® (Figure 4).
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Figure 4. Several cells and components control CD8* T cell exhaustion in TME. Immunosuppressive
components, including TGF-B, ARG1 and iINOS are released by MDSCs and TAMs to trigger CD8* T cell
dysfunction. Cancer cells and MDSCs inhibit the proliferation of CD8" T cells via IDO hydrolyzation.
Kynurenine is another component of TME that limits anti-tumor T cell functions. In addition, MDSCs
release immunosuppressive cytokines such as IL-10 and TGF-R to mediate Tregs activation. The
overexpression of PD-L1 on MDSCs, TAMs, as well as cancer cells, support CD8" T cell exhaustion.
CAFs also release CXCL-1 and CXCL-2 chemokines that trigger polarization of M2 macrophages in TME.
CAFs also produce FAS ligand that binds to FAS receptor on T cells to block CD8* T cells anti-tumor
immunity?.
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1.6.1. Myeloid drive suppressor cells (MDSC)

MDSCs are a population of myeloid cells with the immunosuppressive activity which are present in the
pathological conditions. Based on their origin, MDSCs are classified into two major subtypes:
granulocytic/polymorphonuclear MDSCs (PMN-MDSCs) and monocytic MDSCs (M-MDSCs)"98°,
Recruitment of MDSCs in the tumor site assist with the inhibition of T cell function by overexpression of
inducible nitric oxide synthase (iINOS). Produced nitric oxide (NO) from iNOS, suppresses T cell
proliferation via direct inhibition of Jak/STAT5 pathway or indirect prohibition of antigen presentation from
DCs as well.

Moreover, overexpression of reactive oxygen species (ROS) in MDSCs, decreases the synthesis T cell
receptor chains®'828, MDSCs also interfere trafficking of T cells to the target site by increasing the
production of metalloproteinase 17 (ADAM17) that cleaves the ectodomain of L selectin and decreases L-
selectin on CD8" T cells. MDSCs are able to inhibit the proliferation of T cells through depletion of
essential amino acids, which are necessary for T cell activation. Furthermore, the Indoleamine 2,3-
dioxygenase (IDO) is produced by both cancer cells and MDSCs that catabolizes tryptophan to
kynurenine. Depletion of essential amino acid tryptophan and production of kynurenine blocks the
proliferation and expansion of cytotoxic T cells®?.

1.6.2. Tumor-associated macrophages (TAMs)

Macrophages are another cell type that are present in the environment of solid tumors. When these cells
infiltrate within TME, they are termed tumor-associated macrophages (TAMs) and contribute to tumor
growth by producing and releasing inflammatory cytokines and growth factors®*. Depending on the type of
stimulation they receive, TAMs polarize to M1 and M2 macrophages®-®. M1-like TAMs are designed to
have antitumor properties by releasing pro-inflammatory cytokines (e.g., IFN-y, TNF-a and IL-12), which
effectively destroy malignant cells. Cytokines released by other immune cell types in TME, such as IFN-y
and granulocyte-macrophage colony stimulating-factors (GM-CSF), can stimulate M1-like macrophages.
Activated M1-macrophages, in turn, present antigens to T cells and activate them. At the same time,
cytokines released by activated M1-macrophages and T cells modulate the activity of NK cells to reduce
the production of matrix metalloproteinases (MMP-9) and Vascular Endothelial Growth Factor (VEGF) in
the tumor area, which promotes anti-tumor immunity.

In contrast, Mz2-like macrophages, through several inhibitory mechanisms, contribute to
immunosuppressive activities in TME and support the formation of tumor-associated fibroblasts’. They
are also responsible for promoting angiogenesis in TME®®878_ Both M2-like TAMs and malignant cells
produce MMP-9 and VEGF that can contribute to the malignant growth of cancer cells and
metastasis®®®°. Furthermore, these cells increase the expression of PD-L1 on the surface of monocytes.
PD-L1/PD-1 interaction on CD8* T cells, suppress the anti-tumor CD8" T cell responses and induce T cell
exhaustion. Moreover, immunosuppressive cytokines and components produced by TAMs, such as IL-10
and TGF-B can induce the exhaustion of tumor-infiltrated CD8* T cells. TAMs can directly hamper the
cytotoxicity of CD8* T cells by depletion of L-arginine and tryptophan amino acids in TME®"0,

1.6.3. Cancer-associated fibroblasts (CAFs)

Cancer-associated fibroblasts are the most abundant stromal subtypes that negatively regulate TME by
releasing suppressive mediators of T cell immune responses. CAFs release chemokines such as CXCL-1
and CXCL-2, which induce infiltration of myeloid cells in vicinity of the tumor. CAFs activation also helps
the infiltration of MDSCs and Tregs in the target site, which further suppresses anti-tumor responses.
Furthermore, they apply direct immunosuppressive effect on T cell responses underlying mechanisms
which amplify PD-1/PD-L2 and FAS/FASL interaction on CD8 T cells and CAFs’®%2, The presence of
several cytokines released by activated immune cells (e.g., IL-1B8) can facilitate the transformation of
healthy fibroblasts into CAFs to orchestrate anti-tumor immunity®394,
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1.6.4. Other mediators

The tumor microenvironment consists of several inflammation-related factors such as immunosuppressive
cytokines, which not only upregulate the expression of inhibitory molecules on T cells, but also trigger
oncogenic signaling pathways and modulate the production of inhibitory ligands. IL-6 induces T cell
exhaustion by transcription regulation of IL-6/STAT3/PD-1%%%. Other pro-inflammatory cytokines, such as
IL-10 and TGF-B released by immunosuppressive cells in TME, also upregulate PD-1 expression on T
cells resulting in T cell exhaustion®:97:989_|n addition, it has been reported in prostate cancer that Notch
receptor overexpression on T cell surface activates Notch signaling that induces T cell exhaustion by
controlling the Nuclear factor of activated T cells (NFAT) transcription factor'®'' A variety of
transcription factors such as NR4A1, TOX, Eomes, T-bet and BATF have been shown to involve in PD-1
overexpression and T cell dysfunction'?.

For example, NR4A1 overexpression prevents the differentiation of effector T lymphocytes, while deletion
of NR4A1 promotes T cell growth and anti-tumor activity. Furthermore, in NR4A17- mice, PD-1 and TIM-3
expression on T cells declined compared to the intact mice'21%3, Transcription factor TOX was recently
reported as a key modulator of T cell exhaustion during chronic infection'. Deletion of TOX limited CD8*
T cell exhaustion and boosted anti-tumor effect of CD8* T cells'%4. BATF expression of CD8* T cells was
also found to contribute to lower T cell differentiation and cytokine production during HIV infection%®.

Together, all these outcomes show that TME contains several mediators and components that create an
immunosuppressive environment that restricts anti-tumor T cell activity by inducing T cell exhaustion.

1.7. Inhibitory receptors
1.7.1. Programmed cell death-1 (PD-1)

Antigen presenting cells present antigen to CD8* T cells using MHC-I molecules to activate CD8* T cells.
Activated CD8* T cells are then transferred into the inflammation site to implicate anti-tumor activity. On
the other hand, malignant cells apply multiple approaches to escape from T cell-mediated immunity. One
such technique is through the upregulation of immune checkpoints on T lymphocytes to repress the
cytotoxic functions of these cells'% (Figure 5).

PD-1 is one of the immune checkpoint receptors produced by activated innate and adaptive immune cells
including tumor-infiltrating CD8* T cells that play a critical role in the regulation of inflammation®’. In turn,
tumor cells express PD-L1 on their surface, which can bind to PD-1 on T cells. This interaction activates
PD-1 signaling on CD8* T cells and provides tumor immune escape. Due to continuous antigen
encounter, tumor-infilirating CD8* T cells markedly overexpress PD-1 and decrease cytokine production
leading to T cell dysfunction%8°1,

PD-1 binding to PD-L1 (expressed by tumor cells) induces phosphorylation of ITIMs in the intracellular
domain of PD-1 that recruits tyrosine acid phosphatases SHP1 and SHP2 to attenuate
PI3K/AKT/Ras/MAPK/ERK signaling pathway and consequently leads to T cell dysfunction'®®110,
Furthermore, PD-1 directly impacts on T cell receptor signaling by blocking the activity of cyclin-
dependent kinases (CDKs), which suppresses cell cycle development. PD-1 also attenuates TCR
expression by downregulation of casein kinase Il (CK2)'%11.112 CR-C and CR-B are highly conserved
regions in Pdcd1 promoter which are mandated for Pdcd?1 gene transcription. Upon antigen encounter,
these regions are demethylated, causing PD-1 expression''®''4, In some studies, PD-1 has been
documented as a T cell activation marker. However, in chronic inflammatory conditions such as TME,
sustained PD-1 expression by antigen-specific T lymphocytes associates with terminal exhaustion of T
cells'®116.109  Also, the absence of PD-1 was found to protect CD8" T cells from undergoing
exhaustion%.
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1.7.2. Lymphocyte activation gene 3 (LAG-3)

LAG-3 (CD223) is another inhibitory molecule that is expressed by activated T cells, B cells and NK cells.
Similar to PD-1, LAG-3 is also overexpressed on exhausted tumor-infiltrating lymphocytes (TILs)'"”. This
protein generally binds to MHC-II molecules on APC or cancer cells. LAG-3 is able to interact with other
ligands such as Galectin-3, lymph node endothelial cell C-type lectin (LSECTIN), and fibrinogen-like
protein 1 (FGL1)'"'®. Even though the mechanisms behind LAG-3 signaling are not fully understood, LAG-
3 has been demonstrated to negatively modulate immune responses-mediated by T cells and boost the
suppressive functions of regulatory T cells. Co-expression of LAG-3 with other inhibitory receptors has
been found to assist cytotoxic CD8* T cell exhaustion in cancer''®'20, After ligand binding, LAG-3 blocks
TCR signaling and limits the activation of transcription factors, including NFAT, which results in a
decreased proliferation and cytokine production of cytotoxic CD8* T cells. IL-2 and IL-17 have been found
to promote the expression of LAG-3 on activated T cells'?"122,

1.7.3. T cell immunoglobulin and mucin domain 3 (TIM-3)

TIM-3 is an inhibitory receptor expressed by exhausted T cells in the tumor microenvironment, which was
first found in IFN-y-producing Th1 and Tc1 cells''24, Upon binding with its ligands galectin-9 and
HMGBH1, TIM-3 evokes T cell dysfunction and apoptosis'?>'2. The exact intracellular mechanisms of TIM-
3 have not been fully understood. However, TIM-3 interaction with its ligands on the surface of target cells
results in dephosphorylation of Lck and downregulation of ZAP70/LAT/PLCg1/Ca™ TCR signaling
pathway, which attenuates the proliferation of TILs'?". Co-expression of TIM-3 and PD-1 has been
reported to correlate with the inhibition of anti-tumor responses of tumor-infiltrating T cells. TIM-3
expression also involves the development of Tregs and MDSCs in tumor tissues'?®. In breast cancer,
TIM-3 expression by CD8* and CD4* T cells has been reported to correlate with lymph node metastasis
via TIM-3-mediated immune escape'?®122,

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

CTLA-4 is an inhibitory receptor which is upregulated on activated T cells. It engages with B7-1 (CD80)
and B7-2 (CD86) ligands (similar ligands as CD28) on APCs to block the delivery of positive signals
induced by CD28. Additionally, CTLA-4 prevents T cell activation by decreasing IL-2 synthesis and
impairing cell cycle'1%, CTLA-4/CD80/86 interaction also induces the expression of indoleamine-2,3-
dioxygenase (IDO) by APCs and promotes Tregs function'3'.

1.7.5. T cell immunoreceptor with Ig and TIM domains (TIGIT)

TIGIT is characterized as an inhibitory receptor which is expressed by several activated lymphocytes'2.
Upon binding TIGIT to its ligands CD155 and CD112 on dendritic cells, TIGIT indirectly targets the
transfer of co-inhibitory signals, which suppress effector functions of cytotoxic CD8* T cells. Furthermore,
TIGIT interaction with CD155 on DCs augments IL-10 secretion and declines pro-inflammatory cytokine
production. TIGIT-CD155 signaling through ITIM domain of TIGIT exerts NK cell dysfunction'2133, TIGIT
overexpression on a subset of Tregs is associated with inhibition of Th1 and Th17 T cell responses'3+13%,

Together, inhibitory receptors such as PD-1, LAG-3, TIM-3, CTLA-4 and TIGIT play an important role in
the control of T cell immunity. The co-expression of these inhibitory molecules on T cells has been shown
to dampen effector responses of T cells and correlate with T cell exhaustion.
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Figure 5. Co-expression of inhibitory receptors on T cells induces T cell exhaustion. PD-1, LAG-3
and TIM-3 co-expression on activated T lymphocytes is correlated with dysfunction or exhaustion of T
cells in chronic viral infection and cancer'??,
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1.8. Cancer immunotherapy

The aim of cancer immunotherapy is to control the host immune system, which detects and destroys
malignant cells and most likely limits the development of different cancer types. The main part of cancer
immunotherapy response is the recognition of tumor-associated neoantigens by T cell receptors.
However, massive variations in neoantigens as well as antigen- presenting molecules, are the main
obstacles in solid tumors. Therefore, tumor-infiltrating lymphocytes are considered the major targets for
cancer immunotherapy. Multiple types of immunotherapy approaches are applied to treat cancer'3.

1.8.1. Immune checkpoint inhibitor therapy

There are several negative regulatory molecules on activated T cells that function as checkpoint
molecules to regulate immune responses and control the hyperactivation of immune cells. However,
tumor cells apply different strategies to escape from the immune system. Expression of different ligands
by tumors (e.g., PD-L1), which bind to immune checkpoint inhibitors (e.g., CTLA-4, PD-1, LAG-3 and TIM-
3) on T cells is one mechanism by which cancer cells target anti-tumor activity’.

Immune checkpoint blockade is a validated and important therapy to rescue anti-tumor T cell responses
by targeting these checkpoint receptors. Ipilimumab was the first antibody authorized by FDA to block
CTLA-4 receptor. Following that, several monoclonal antibodies have been successfully developed to
target PD-1 (nivolumab and pembrolizumab) and PD-L1 (durvalumab and avelumab). These monoclonal
antibodies showed strong and long-lasting anti-tumor effects on different types of cancers, including
melanoma, breast cancer, renal cell carcinoma, and colorectal cancer'®8:13%.140_ Similar to PD-1 blockade
therapeutic effects, anti-PD-L1 antibodies have been verified for the treatment of several cancer types.
Combination blockade of LAG-3 and PD-1 therapy are certified to effectively improve the survival rate of
patients with metastatic melanoma™'. Similarly, several monoclonal antibodies against TIM-3 in
combination with anti-PD1 therapy showed promising effects in patients’ survival'42143,

1.8.2. Targeting inhibitory cells

The tumor microenvironment produces several soluble factors that target normal myeloid differentiation
and transform them into immunosuppressive cells. This environment facilitates tumor cell growth and
limits the efficacy of tumor immunotherapy. MDSCs are a subset of cells with immunosuppressive effects
that impair the efficacy of anti-tumor strategies such as immunotherapy'#4. Therefore, these cells are
regarded as potential therapeutic targets for cancer immunotherapy. It has been evidenced that vitamin D
and trans-retinoic acid (ATRA) treatment lead to immature differentiation of myeloid cells and attenuate
immunosuppressive activity of these cells in head and neck squamous cell carcinoma (HNSCC) and renal
cell tumors'®146.147 " Similar to MDSCs, regulatory T cells can be another important target to improve the
efficacy of immunotherapy. Blocking the suppressive activity of Tregs using antibodies against or by
targeting small molecule antagonists in combination with immune checkpoint blockade can protect the
anti-tumor immunity 48149,

1.8.3. CAR T cell therapy

Chimeric antigen receptor (CAR) T cells are synthetic receptors that are designed to detect and destroy
tumor cells expressing cognate antigens'®'''. In this technology, T lymphocytes are isolated from
circulation and designed to express CARs. T cells expressing CARs identify and bind to tumor cells
independent of a MHC interaction'2. Subsequent to in vitro proliferation, the modified cells are reinfused
into the patients to induce anti-tumor immune responses'?'%3, These modifications of T cells allow for
better proliferation and improve CAR T cell survival. Modified T cells also produce cytokines such as IL-12
that promote T cell viability and activate other immune cells to eliminate tumors'4-1%5. CAR T cells have
been applied to various solid tumors, including glioblastoma'®, sarcoma', gastrointestinal track
tumors'®8, and B cell abnormalities®®'6° with promising responses'®".
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However, the immunosuppressive effect of TME induces the exhaustion phenotype of CAR T cells and
limits their infiltration to the tumor site and metabolic starvation. These issues negatively contribute to less
efficiency of CAR T cells. Recent generation of CAR T cells with “exhaustion-resistant” phenotype have
presented high anti-tumor efficacy and durable survival'®+162163 CAR T cells with genetic ablation of
inhibitory receptors such as PD-1 and CTLA-4 have demonstrated higher anti-tumor activity%5164165_|n
addition, overexpression of TOX and NR4A transcription factors have been reported to involve in T cell
exhaustion. Thus, TOX and NR4A deficient CAR T cells could limit exhaustion by promoting cytokine
production and declining the expression of inhibitory receptors'66.167,

1.8.4. Neoantigen T cell therapy

Neoantigens generated from somatic mutations are expressed on malignant cells that inhibit T
lymphocytes anti-tumor responses. Hence, they can be an ideal target for cancer immunotherapy, either
as a vaccine or cell therapy'®®. For instance, dendritic cell vaccines modulated neoantigen-specific T cell
responses, which were previously undetected neoantigens in patients with advanced melanoma'®®. More
studies have revealed that neoantigens were also associated with immune checkpoint antagonism
responses in lung cancer and melanoma'®®170.171 " |n addition, clonal neoantigen therapy has been found
to correlate with the improvement in immune checkpoint blockade responses'’2.

1.8.5 Cytokine therapy

Upon normal immune responses, cytokines can directly impact immunity by increasing or blocking the
activity of immune system components'”®. Therefore, another type of immunotherapy involves systemic
inoculation of certain cytokines to boost cancer immunity. IFN-y treatment has been recognized to
improve anti-cancer immune responses through several strategies, including activation of DCs and
enhancement of antigen presentation, increase of Th1 responses and elevation of cytotoxic functions of
NK cells'™*75, Similar to IFN-y, IL-2 has been shown to promote anti-tumor activity of the immune system
via elevating the cytotoxic functions of tumor-infiltrating T cells and NK cells'".

In summary, cancer immunotherapy advances aim to support the immune system and harness tumor
development. Despite all efforts made by researchers, there are still some challenges that limit the
efficacy of immunotherapy techniques.

1.8.6. Challenges and future directions of cancer immunotherapy

Cancer immunotherapy can be broadly described as an effective approach for promoting the immune
system to fight against cancer cells. Current advances in cancer immunotherapy, including immune
checkpoint blockade, tumor vaccination and CAR T cell therapy, have obviously altered the outlook of
cancer treatment. Despite all advancements for treating patients with certain types of cancers, the
majority of cancer patients are still non-responsive to these treatment approaches'*'76. There are
multiple directions to improve the response rate to cancer immunotherapy, including recognition of more
specific immune checkpoint inhibitors, biomarkers and mechanisms'”’. In addition, promoting anti-tumor
immunity via targeting immune checkpoint inhibitors may impair the normal mechanisms involved in the
regulation of autoimmune disorders. Inhibiting these immune checkpoint proteins can also be associated
with some side effects'”®17°, Therefore, due to all challenges facing cancer immunotherapy, there is a
necessity to concentrate on crucial questions in both research and clinical investigation areas.
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1.9. Peripheral Nervous System (PNS)

Peripheral nervous system (PNS) refers to components of the nervous system that reside outside of the
brain and spinal cord that innervates the skin and other organs, including lung and gut. The PNS is
originated from neural crest stem cells which migrate to distant parts. PNS is classified into the autonomic
nervous system and somatic nervous system. The somatic nervous system consists of two main
subtypes, including afferent (sensory) nerves that convey the electrical signals from the periphery towards
the central nervous system (brain and spinal cord) for integration and efferent (motor) neurons that carry
electrical signals from central nervous system to the periphery'®'8'. The cell bodies of visceral sensory
nerves are located in dorsal root ganglia (DRG).

1.9.1. Nociceptor neurons

Nociceptors are a subgroup of sensory neurons that act as a line of defense to detect environmental
danger, specifically through ligand- and voltage-gated ion channel receptors. These receptors include
transient receptor potential cation channels (TRP) and voltage-gated sodium channels (Nav1.8), which
are expressed in the nerve terminals. The danger signal receptors enable nociceptor sensory neurons to
detect and respond to thermal, chemical and mechanical stimuli'®2.

Activated sensory neurons transfer electrical information from the axon terminals in the periphery to the
cell body and then to the central axon branch, which ends in the spinal cord and brain stem?83184.185
Sensory neurons are classified as C fibers, AR and Ad fibers. C afferent nerves are unmyelinated, slow-
conducting fibers that are mainly sensitive to capsaicin and are accompanied by thermal pain sensitivity.
AR and Ad are myelinated fibers that are faster conductors and Ad nerves are mostly associated with
mechanical pain sensitivity'8187  |n addition to these classifications, C fibers can be categorized as
peptidergic and non-peptidergic nerves'8®. Peptidergic C fibers secrete neuropeptides, including SP and
CGRP and express tropomyosin receptor kinase A (TrkA), which can bind to nerve growth factor.
However, non-peptidergic C fibers are determined to bind to isolectin B4 (IB4) and they can express
several receptors, including GFR-a and the purinergic receptor P2X3189.180.191

Upon activation of C fibers, they highly overexpress ion channels on their surface. Phosphorylation of
these ion channels can consequently mediate some alterations in the membrane properties, such as
enhancing action potential firing and increasing the sensitivity to thermal and mechanical stimulators'®2.

Compared to other transducers, Nav1.8 voltage-gated sodium channels on nociceptors can markedly
generate action potential firing and they are mandated for nociceptors depolarization leading to pain
signaling'®21%3, Mechanosensation is mediated by Piezo2 ion channel. TRP ion channels are also critical
mediators of pain and mechanical sensation. Transient receptor potential ankyrin 1 (TRPA1) nociceptors
are characterized to mediate chemical and mechanical pain sensitivity and can be activated by allyl
isothiocyanates9+19%,

Transient receptor potential vanilloid 1 (TRPV1) is expressed by both sensory C and Ad fibers. TRPV1
nociceptors are also necessary for the mediation of pain hypersensitivity and can be activated by
exogenous stimulators such as heat (>43 °C) and capsaicin (chili peppers components), as well as
endogenous modulators including acidic pH, prostaglandins E2 (PGE2), serotonin (5-HT), Histamine,
ATP and NGF which are products of tissue injury, inflammation, and tumor progression "96.197.198,199,200
Activation of the TRPV1 channel leads to the influx of cations (Ca** and Na*) into nociceptor neurons
(depolarization state) and secretion of pro-inflammatory neuropeptides, such as calcitonin-gene-related
peptides (CGRP) and substance P (SP), which can drive neurogenic inflammation?°1.202.203204.205 (Figure
6).
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Figure 6. TRPV1 channel structure. TRPV1 is a protein consist of six transmembrane subunits. There is
a pore-forming hydrophobic group between fifth and sixth transmembrane subunits. Activation of TRPV1

by a variety of stimuli such as heat, capsaicin and H* induces the influx of extracellular Ca** ions inside
the neurons that modulates neuronal activity2°®.
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1.9.2. Neurogenic inflammation

The “neurogenic inflammation” term has described the notion of sensory nerve presence in inflammation.
The neurogenic inflammation was proposed in 1874 when Goltz reported the existence of vasodilator
fibers in sciatic nerve in the dogs?’’. This idea was also confirmed by another evidence demonstrating
that stimulation of dorsal root in the dogs led to an enhanced blood circulation around the skin densely
innervated with sensory neurons?®. In 1967, Jancsoé pointed that upon stimulation of sensory nerves by
damaging stimuli, action potential is generated and conveyed to the CNS to begin reflexes (withdrawal) or
sensations (pain, itch)?%°. After transmission of electrical signals to the CNS, they are transferred back to
the axon terminals in the periphery. This leads to the activation of voltage-gated calcium channels,
enhances cytoplasmic calcium and triggers the local release of neuropeptides, including SP and CGRP.
Released neuropeptides, in turn, modulate the activity of local immune cells and affect vascular smooth
muscle cells. They all result in inflammation which is determined by four major signs: redness, swelling,
heat and pain. Accordingly, the process by which neuropeptides-released nociceptors induce
inflammatory symptoms is known as “neurogenic inflammation”210-211.212,

1.9.3. Peripheral nervous system with immune system crosstalk

The peripheral nervous system and immune system preserve vast communication, including nerve
innervation of lymphoid organs. Neurotransmitters and neuropeptides released by the peripheral nervous
system directly regulate immune activity?'>. Conversely, immune cells express receptors for several types
of neurotransmitters (e.g., acetylcholine and catecholamine) and neuropeptides such as CGRP and
SP2'4215  Immune cells also produce cytokines that make these neurons more sensitive. Nociceptor
sensory neurons are able to notify CNS about the detection of harmful stimuli in both synaptic terminals in
the CNS and in peripheral nerve terminals. This leads to the modulation of immune responses in the
periphery and is essential for the maintenance of physiological homeostasis?'2'" (Figure 7).
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1.9.4. Innervation of lymphoid organs

Several studies have revealed the bidirectional crosstalk between the peripheral nervous system and
primary (bone marrow and thymus) or secondary (spleen and lymph node) lymphoid organs. For
instance, peptidergic sensory fibers have been observed to innervate lymphoid organs and barrier
tissues?17:218.219220 However, the type of innervation and nerve density as well as resident cell types are
different between organs. Sensory neurons innervation of specific tissues may affect different immune
responses??'222, Mechanisms underlying and outcomes of neuro-immune communications are still poorly
understood. But in several evidences, the interaction of PNS (sympathetic, parasympathetic and sensory
nerves) and the immune system happens through the local secretion of neuromodulators such as
neuropeptides, neurotransmitters, and growth factors.

1.9.5. Bone marrow innervation

Immune cells originate from hematopoietic stem cells (HSCs) and the process of immune cells
development mainly happens in the bone marrow and thymus??®. Bone marrow innervation by the
autonomic nervous system orchestrates the progression of innate and adaptive immune cells??*. Bone
marrow innervation was described by Calvo in 1968 when he suggested the idea that autonomic and
sensory fibers regulate the activity of bone marrow??®. Sympathetic nerves are the main group of neurons
in the bone marrow and the periosteal part of bone is highly innervated by these neurons??®.

Sensory and sympathetic nerves do not provide direct synapse with the target cells in the bone. The
direct effect of these nerves on bone marrow is provided by the presence of axons in the vicinity of target
cells and through the local secretion of neurotransmitters and neuropeptides??”??8, Sympathetic fibers that
express tyrosine hydroxylase (TH) were found in the vicinity of bone marrow adipocytes??. In addition to
TH-expressing sympathetic nerves, CGRP-producing sensory axons were found in the bone marrow
adipocytes?39-231,

1.9.6. Lymph nodes (LNs) innervation

LNs are a part of secondary lymphoid organs where the local adaptive immune responses against
harmful stimuli initiates. Compared to other lymphoid organs, source of LN innervation has been less
investigated, however it is probably to be region specific. Several investigations have reported the
innervation of LNs by noradrenergic and peptidergic fibers?'®. Sympathetic nerves which are located
around blood vessels travel to the subcapsular plexus of LNs and then these nerves enter into T cell
zones?32233_ The secretion of norepinephrine in LNs is necessary for antigen presentation and activation
of T lymphocytes as well as their efflux into circulation?®*. In the absence of norepinephrine, cytotoxic T
cell activation is also limited?'523%

Furthermore, sensory nerve fibers that produce SP and CGRP, have been discovered in the close
proximity of lymphocytes in LNs while there is no evidence for the presence of cholinergic fibers in LNs2%.
Huang et al. have shown that LNs are innervated with a specific neuronal population with strong
enrichment of peptidergic nociceptor fibers. Using combination of several approaches including
immunolabeling, single-cell genomics and optogenetic techniques, they determined that there is a
bilateral neuro-immune correlation in LNs??°. In addition, it has been recently reported that the depletion
of nociceptor sensory nerves in mouse model using diphtheria toxin fragment A (DTA), contributes to
antigen preservation via peripheral LNs. This data reflect that regulation of lymphatic trafficking may be
one of the major mechanisms by which sensory fibers can locally control immune responses in LNs37:220,

1.9.7. Spleen innervation

Spleen is densely innervated by autonomic fibers through the splenic nerve which contains sympathetic
nerves from superior mesenteric-celiac ganglion. Postganglionic nerve endings innervate the spleen
along with blood vessels which provide an essential network in the white pulp?3239240, Nerves ending in
the splenic parafollicular regions are detected close to the T and B lymphocytes and macrophages. The
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splenic sympathetic innervation mainly acts through norepinephrine which has been termed the
inflammatory reflex. The splenic inflammatory reflex is regulated by noradrenergic and cholinergic
neuronal networks which accordingly leads to inhibition of splenic macrophages?*'.

Neuropeptide production by sensory and sympathetic fibers are also associated with splenic immune
modulation. Neuropeptide Y (NPY) regulates the development of effector T and B cells?*2. VIP has been
found to decrease the production of pro-inflammatory cytokines by T cells and macrophages. VIP also
triggers the activation of DCs which contribute in generation of regulatory T cells (Tregs)?*3244. Substance
P-producing sensory neurons in the spleen modulate proliferation of lymphocytes through increasing the
level of IFN-y, IL-2 and IL-4. CGRP-expressing sensory neurons act on DCs, T cells and macrophages in
order to control inflammation?45:246.247.233 ' Collectively, these outcomes provide supports for innervation of
lymphoid tissues by autonomic and sensory fibers. This bidirectional communication can regulate immune
system responses in several pathophysiological disorders.

1.10. Regulation of immune cells by neurotransmitters

1.10.1. Neurotransmitters of autonomic nervous system

Norepinephrine (NE) secretion level is increased by activated sympathetic nerves. NE engages with (32-
adrenergic receptors (B2ARs) which are the most expressed receptors on immune cells?4824°,
Additionally, stimulation of B2ARs on the surface of natural killer T (NKT) cells has been viewed to
enhance IL-10 and inhibit IFN-y production by these cells which results in systemic immune activity in a
model of stroke?*%2%0. Moreover, in mouse model of allergic airway, NE has been found to negatively
control innate lymphoid cell 2 (ILC-2) proliferation and Th2 cytokines production (IL-13) via B2AR?5". In
contrast, during mouse cytomegalovirus infection (MCMV), splenic NK cells have been shown to elevate
B2AR production using IL-12 and STAT4 signaling pathways.

The depletion of B2AR was associated with limited proliferation of NK cells and their effector functions?%2.
In animal tumor model, catecholamine-producing nerves have been viewed to overexpress $2AR on
myeloid-derived suppressor cells (MDSCs). This effect was correlated with the development and survival
of MDSCs within tumors and other tissues?%3. Activation of dopaminergic neurons enhance the activity of
peritoneal myeloid cells and IFN-y-expressing T cells in lymph node during Escherichia coli infection?%4.
Stimulation of cholinergic nerves in the spleen has been demonstrated to trigger B2AR signaling as well
as nicotinic a-7 acetylcholine-receptor on myeloid cells to limit the expression of TNF-a2%°,

1.10.2. Neurotransmitters of sensory nerves

CGRP is a neuropeptide released by sensory neurons which involved in nociception and pain sensation.
During inflammatory responses, the frequency of local and systemic CGRP is quickly upregulated. CGRP
acts normally through its receptors which are expressed by wide variety of immune cell subsets: receptor
activity-modifying protein 1 (RAMP1), RAMP2, RAMP3, andits co-receptor calcitonin receptor-like
receptor (CLR)?°72%¢_ In murine model of lung infection, CGRP has been found to repress immune
responses through the restriction of neutrophil and yd-T cells infiltration in the inflammation site and via
limiting the activity of these cells?*’.

Furthermore, CGRP can control adaptive immunity by affecting the activity of antigen-presenting cells. It
was reported that the treatment of Langerhans cells with CGRP weakens their ability to stimulate the
proliferation of mouse T cells?%%2%°. Several lines of evidence have shown that CGRP dampens the
production of inflammatory mediators including TNF-a and IL-1R as well as CCL-4 by phagocytes and
DCs treated with inactivated bacteria or toll-like receptor (TLR) agonists?®®. CGRP also declines the
production of IFN-y by CD4 T cells while it elevates the production of IL-425". Additional studies revealed
that CGRP signaling promotes intracellular cAMP level and triggers protein kinase A (PKA). cAMP-PKA
signaling works as an inhibitory pathway in immune cells and it involves in anti-inflammatory responses to
hamper self-tissue damage?®2.
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Substance P is secreted by activated TRPV1*Nav1.8* sensory neurons and controls the function of innate
and adoptive immune cells through different intracellular signaling pathways. The important function of SP
lies in its capacity to induce the production of numerous cytokines by different immune cells including pro-
inflammatory (IL-13) and immunomodulatory (IL-10) cytokines. Cytokines (IL-12, IL-18 and TNF-a) in
turn, promote the effect of substance P by upregulating the expression of its receptor neurokinine-1
(NK1R) on T cells. In a murine model of atopic dermatitis, harmful stimuli induces the release of SP to
activate type-2 skin inflammation through the activation of mast cells and their degranulation?63264.265
(Figure 8).

Altogether, these findings suggest that neuromodulators notably act to control immune responses, and it
would be interesting to further explore how and what type of these mediators are involved in modulation
of anti-tumor immune responses.

1.11. Nerve-cancer crosstalk

1.11.1. Neuron-cancer interaction mediates tumor progression

The participation of nerves in pathogenesis has been remarkably noted in several studies. Nerves have
been viewed to infiltrate into tumor microenvironment and communicate with other components resulting
in progression and invasion of cancer cells. In addition, an enhanced nerve density was found to
positively correlate with more aggressive disease as shown for melanoma, prostate, colon and rectum,
pancreas, breast and lung'82%¢. The interaction between nerve and cancer is described by two principal
aspects: 1) cancer cells can release neurotrophic factors such as NGF and brain-derived neurotrophic
factor (BDNF), neurotransmitters (Ach and glutamate) as well as axon guidance molecules (CX3CL1 and
EphA2) to contribute in nerves infiltration or cancer invasion; 2) nerves in turn release neuroactive
molecules which engage with their receptors on tumor cells and assist with the proliferation and
metastasis of cancer cells'® 2%7 (Figure 9).
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Figure 8. Interaction of sensory nerves with immune cells in the skin. Skin is highly innervated with
DRG sensory fibers which have been found to interact with skin-resident and infilirated immune cells.
Noxious stimuli activate these fibers to release CGRP and SP. CGRP can suppress the activity of
inflammatory macrophages to block TNF-a production. It also declines the infiltration of neutrophiles in
the infection site. In addition, CGRP acts on skin-resident DCs to release IL-23 which consequently
modulates the activity of yd-T cells. SP triggers MRGPRA1 on the surface of DCs to induce their
migration to draining lymph nodes and drive Th2 responses. Moreover, SP mediates mast cell
degranulation?®.
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1.11.2. Cancer drives axonogenesis

Cancer-released neurotrophins promote axonogenesis through activation of tyrosine kinase receptors
(TrkA) on nerve terminals resulting in tumor progression?®8. DRG neuron co-culture with prostate cancer
cells showed the differentiation and extension of nerves toward cancer cells as well as migration of tumor
cells to the neurons?®®. Similar to neurotrophic factors, axon guidance molecules released by tumor cells
contribute to axonogenesis?’%?"!. For example, semaphoring 4 (an axon guidance molecule) has been
viewed to play an important role in promoting axonogenesis in prostate cancer?’2.

In addition to nerve fibers, tumor cells also express wide variety of receptors including TrkA, TRKB and
NGF receptors to encounter with several nerve factors and trigger downstream pathways?’3274. The
neurotransmitter ACh has been reported to function as an autocrine growth factor to stimulate the
proliferation of lung tumors by modulating mitogen-activated protein kinase and AKT signaling. Ach also
triggers the adhesion, migration and invasion of tumor cells?75:276.277,

Interaction through chemical synapses between nerves and cancer cells usually mediated by two
neighboring cells that communicate via neurotransmitters such as glutamate?’®. This form of
communication requires presynaptic nerves and postsynaptic cancer cells as confirmed by electron
microscopy?7%280_ Altogether, nerves interact with the tumor cells by forming functional synapses to
promote tumor development.

1.11.3. Cancer promotes neurogenesis

In addition to involvement in axonogenesis, Ayala et al. revealed the role of cancer cells in neurogenesis.
Neurogenesis is a procedure by which tumor cells respond to nerve regeneration and recruit the axons
within the tumor site. In contrast to neurons of central nervous system, peripheral nerves are able to
regenerate following an injury?’>281, In prostate tumor, high density of nerves in the ganglion represents
neurogenesis phenomenon which is associated with cancer progression?®?. This process is probably
cancer specific. In normal prostate tissue, sympathetic fibers have been shown to regenerate themselves
after damage which might be a consequence of axonogenesis, with no proof of neurogenesis.

However, in prostate cancer, the infiltration of new autonomic nerves within the tumor supports the
establishment and development of tumors using activation of B-adrenergic and toxicological cholinergic
pathways development?®3284285 (Figure 10). Furthermore, cancer cells can generate new neurons from
cancer stem cells (CSCs). In 2017, Lu et al. showed that cancer stem cells harvested from gastric and
colorectal carcinoma patients, can generate neurons that contribute to tumor development and
neurogenesis?®®. In addition to sympathetic and parasympathetic innervation, sensory nerves also
contributed to tumor development.

For example, in pancreatic cancer microenvironment, the release of neurotrophic factors leads to
increased sensory innervation®®’. In the aggressive stages of pancreatic cancer, tumor cells can travel to
the ganglia of sensory nerves and spinal cord reflecting the participation of these neurons in different
stages of pancreatic cancer?’>288,
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Figure 10. Nerve innervation in prostate cancer. Peripheral nerves infiltrate in the early stages of
prostate cancer which results in tumor initiation. Autonomic nerve development happens in the prostate

TME in response to neurotrophic factors and axon guidance molecules produced by prostate cancer
cells. Following cancer metastasis to bone, NGF released by tumor cells can mediate cancer-related pain
by sending the signals to nociceptor sensory neurons?®,
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1.11.4. Tumor cells induce neural reprogramming

Amit et al. proposed that extracellular vesicles released by tumor cells can contribute to neuronal
reprogramming and cancer-related axonogenesis?®. The authors observed that p53-knochout or mutant
murine oropharyngeal squamous cell carcinomas (OPSCC) secret exosomes that increase axonogenesis
of DRG sensory neurons?%0291.29229 The release of exosomes is relying on RAB-27 GTPase which is a
key protein for EVs secretion. Upon stimulation of PC12 cells with derived exosomes from OPSCC,
neurite outgrowth is significantly increased. Analysis of miRNA profiles of exosomes revealed that the
differentially expressed genes are identified with morphogenesis, neuronal development and synaptic
transportation®7°.

The density of tyrosine hydroxylase expressing nerves (TH* adrenergic fibers) is significantly enhanced in
TP53-mutant or depleted OPSCC compared to their wild-type counterparts, whereas there is no
significant change in the parasympathetic nerves density?®°. The analysis also disclosed that the absence
of miR-34a in vesicles extracted from p53-knockout OCSCC induces transcriptional reprogramming of
tumor-associated sensory fibers and transdifferentiated them to adrenergic nerves and increases tumor
development in murine model of OCSCC?®. Overall, these findings proposed a new pathway by which
tumor cells can prime the nerve density and initiate adrenergic neurogenesis (Figure 11).
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Figure 11. Axonogenesis, neurogenesis and remodeling induced by tumor cells in TME.
Neurotrophic factors released by tumor cells, including GDNF, BDNF, NGF, Artemin, Neuturin, EphrinB1,
and Netrin-1 induce axonogenesis. Extracellular vesicles with decreased levels of miR-34a and miR-121
induce the transformation of sensory nerves into adrenergic fibers. Cancer cells also mediate the
migration of neural progenitor cells from the brain into the tumor tissue via the bloodstream. Furthermore,

cancer produces new neurons from cancer stem cells in TME?%.
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1.11.5. Perineural invasion in cancer (PNI)

Solid tumors disseminate by different processes including direct invasion of neighboring tissues, invasion
through vascular and lymphatic vessels as well as dissemination along nerves (PNI)?%®. Perineural
invasion has been detected in several malignancies including head and neck, prostate, pancreas and
colon cancers?®. In PNI, tumor cells disseminate passively throughout the connective tissues that shield
the nerves. During invasion, cancer cells contribute to structural nerve damage that in turn increases
neural regeneration. It is conceivable that injured nerves release several growth factors that further
develop cancer cell proliferation. On the other hand, increased level of growth factors by nerves may
happen independent of neuronal injury?®”. Destruction of perineurium space by invading tumor cells

provides a torrent of inflammation and repairs processes which favor cancer cell survival, proliferation and
invasion298'282'299'3°°’296.

1.11.6. Tumor-associated neurons repress intra-tumoral immune cells

Infiltration and activation of lymphocytes in the tumor vicinity are critical for preventing tumor growth3°'.
However, beside their direct effects on tumor progression, cancer-associated nerves (CANs) interact with
the infiltrated immune cells in TEM, to contribute to tumor progression via inflammation32.
Neuroendocrine and neuronal pathways are associated with the regulation of immune responses, as
most of their molecular signals and receptors originate from the same superfamily.

In breast cancer, it has been reported that sympathetic and parasympathetic nerve density upregulates
the expression of immune checkpoint molecules such as PD-1 and FOXP3 in CD8* and regulatory T
cells®®. Both denervation of sympathetic nerves or parasympathetic stimulation have been reported to
decline the expression of immune checkpoints in a tumor-specific and nerve-type specific manner in
murine breast cancer models.

These results unveils the opposite impacts of sympathetic nerves and parasympathetic fibers in breast
cancer as well as the nerves contribution in immune checkpoint therapy®®®. Moreover, the infiltration of
tumor associated macrophages (TAM) is controlled by sympathetic and parasympathetic nerves in TME.

Adrenergic signaling in pancreatic cancer has been shown to contribute to tumor development and poor
survival by recruitment of TAM in the tumor site. However, cholinergic signaling showed the opposite
effects?®. Altogether, these findings propose that neurons can control tumor development by affecting on
the immune cells.

1.11.7. Autonomic neurotransmitters modulate tumor progression

Neurotransmitters produced by peripheral and autonomic fibers are considered as the key modulators of
tumor microenvironment. In addition to regulating immune responses, neurotransmitters can directly
affect tumor progression. Based on their structure, neurotransmitters are classified into different groups:
1) amino acids, including acetylcholine (Ach) and glutamate; 2) biogenic amins, such as dopamine,
norepinephrine (NE) and epinephrine (E); 3) peptidergic neuropeptides such as SP and CGRP3%,
Interaction of neurotransmitters with their receptors on tumor cells can activate several processes related
to tumor progression.

Catecholamines, including E and NE, released by sympathetic fibers act through a- and B-adrenergic
receptors on tumor cells that support proliferation, survival, invasion, and metastasis of tumor cells. NE
can modulate the metabolism of endothelial cells, limit oxidative phosphorylation, and elevate
angiogenesis to assist cancer development3?>3%, QOne of the main mechanisms by which E and NE
contribute to tumor growth is through the activation of -adrenergic receptor.

This consequently upregulates the expression of vascular endothelial growth factor (VEGF),
metalloproteases 2 (MMP2) and MMP9, which mediate angiogenesis and metastasis of breast, ovarian
and lung cancer®®. Conversely, dopamine is able to suppress signaling pathways by VEGF receptor and
reduce tumor development in a mouse model of colon cancer3’.
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1.11.8. Sensory neuron activity supports tumor development

Neuropeptides released by sensory fibers can also contribute to tumor progression. SP neuropeptide
mainly acts through neurokinin-1 (NK-1) receptor and their interaction is widely involved in the
proliferation, survival, invasion, and metastasis of several cancer types, including melanoma, colon,
pancreatic, gastric, and lung carcinoma3®%®3%_ Several studies showed that pharmacological blockade of
NK1 receptor is associated with anti-tumor effects31%:3%,

NPY is another neuropeptide released by the sensory nerve which not only contributes to tumor growth
and dissemination but also potentially assists with metastasis and resistance of cancer cells to
chemotherapy?'".

Given the vast research efforts on deciphering the pathways by which neuropeptides and
neurotransmitters regulate oncogenic processes, there is still a need to uncover more exact mechanisms.
Indeed, the available evidence support the strong potential of neuropeptides and their receptors as
therapeutic targets in oncology.
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Chapter 2: Rationale, hypothesis, and research objectives

Nervous and immune systems mostly function in an integrated and coordinated fashion to protect the
host from possible threats and maintain homeostasis. However, the modulating roles of these systems
are largely unknown in cancer. These systems communicate through cell surface G protein-coupled
receptors (GPCRs) and receptor tyrosine kinases, that allow them to respond to the signals each one
produces. Furthermore, they reciprocally communicate through neuropeptides, cytokines, and growth
factors, which unexpectedly cooperate with pathogenesis. As an example of sensory neurons regulation
of the immune system, it has been shown that bacteria can directly activate peripheral sensory neurons
that induce pain. Skin nociceptors, in turn, locally release neuropeptides which restrict the activation of
immune cells, suggesting the capacity of bacteria to modulate nociceptor neuron functions to decline
immune defences and facilitate their survival. Nociceptor-released neuropeptides can also influence
polarization, chemotaxis and adaptive immune system function. Since skin nociceptors locally secret
neuropeptides, which dampen immune cell activation, we hypothesized that tumor-innervating
nociceptors might release neuropeptides resulting in CD8* T cell exhaustion and tumor growth.
Since the skin is richly innervated with nociceptors, we used the mouse model of melanoma cancer to
test this hypothesis.

We aimed to: i) define the impacts of B16F10 melanoma cancer cells on nociceptor neuron function; ii)
determine the impact of nociceptor-released neuropeptides on cytotoxic T lymphocyte; iii) assess the role
of nociceptor neurons in controlling in vivo anti-tumor responses.

We found that malignant B16F10 skin cancer cells communicate with nociceptors to increase neurite
outgrowth, responsiveness to noxious ligands, and neuropeptide release. Consecutively, neuropeptide
calcitonin gene-related peptide (CGRP), which is released by nociceptors, directly enhanced the
exhaustion of cytotoxic CD8* T cells and reduced their ability to eliminate melanoma cells. Moreover,
treatment of sensory neuron-depleted mice with recombinant CGRP rescued the exhaustion of CD8* T
cells. Genetic ablation of TRPV1 neurons, local pharmacological silencing or blocking the secretion of
neuropeptides, and application of CGRP receptor (RAMP1) antagonist, all diminished the exhaustion of
tumor infiltrating CD8" T cells as well as tumor growth.

Furthermore, compared with wild-type cells, RAMP17- CD8* T cells were rescued from exhaustion when
co-transplanted into tumor-bearing Rag1”- deficient mice. Together, decreasing CGRP release by local
silencing of tumor-associated nociceptors, limits the immunomodulatory effects of CGRP on cytotoxic
CD8* T cells and represents an ideal strategy to protect anti-tumor immunity.
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Solid tumours are innervated by nerve fibres that arise from the autonomic and
sensory peripheral nervous systems' . Whether the neo-innervation of tumours by
pain-initiating sensory neurons affects cancer immunosurveillance remains unclear.
Here we show that melanoma cells interact with nociceptor neurons, leading to
increases in their neurite outgrowth, responsiveness to noxious ligands and
neuropeptide release. Calcitonin gene-related peptide (CGRP)—one such
nociceptor-produced neuropeptide—directly increases the exhaustion of cytotoxic
CD8'T cells, which limits their capacity to eliminate melanoma. Genetic ablation of
the TRPV1lineage, local pharmacological silencing of nociceptors and antagonism of
the CGRP receptor RAMP1 all reduced the exhaustion of tumour-infiltrating
leukocytes and decreased the growth of tumours, nearly tripling the survival rate of
mice that were inoculated with BI6F10 melanoma cells. Conversely, CD8" T cell
exhaustion wasrescued in sensory-neuron-depleted mice that were treated with local
recombinant CGRP. As compared with wild-type CD8" T cells, Ramp1”~ CD8" T cells
were protected against exhaustion when co-transplanted into tumour-bearing
Ragl-deficient mice. Single-cell RNA sequencing of biopsies from patients with
melanoma revealed that intratumoral RAMPI-expressing CD8" T cells were more
exhausted than their RAMPI-negative counterparts, whereas overexpression of
RAMPI correlated with a poorer clinical prognosis. Overall, our results suggest that
reducing the release of CGRP from tumour-innervating nociceptors could be a
strategy to improve anti-tumour immunity by eliminating theimmunomodulatory
effects of CGRP on cytotoxic CD8" T cells.

Cytotoxic T cells express a variety of receptors, including PD-1 (pro-
grammed cell death protein1), LAG3 (lymphocyte activationgene-3 pro-
tein) and TIM3 (T cellimmunoglobulin and mucin domain-containing
protein 3)®®, whichinhibit the function of T cells after being activated by
their cognate ligands. These checkpoint receptors ensure thatimmune
responses to damage or infection are kept in check, thus preventing
overly intense responses that might damage healthy cells’. Tumour cells
express ligands for these immune checkpoints, which, when activated,
block the cytolytic functions of T cells, thereby favouring the survival
of cancer cells®™,

In prostate cancer, doublecortin-expressing neural progenitors
initiate autonomic adrenergic neurogenesis?, which facilitates
the development and dissemination of tumours?. In head and neck
tumours, a loss of TP53 drives the reprogramming of tumour-
innervating sensory nerves into adrenergic neurons that promote
tumour growth'. The presence of such neo-innervation in cancer,
togetherwiththediverseactionsofneuropeptidesonimmunecells" %,
led us to examine whether the local release of neuropeptides from
activated nociceptors could favour cancer growth by suppressing
immune surveillance.
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Fig.1|Melanomacellssensitize nociceptors.a, Nociceptor (NavL.8:tdTomato™";
magenta) reporter mice wereinoculated in the hindpaw with B16F10-eGFP
cancer cells (i.d., 2 x 10° cells; green). Representative image of Na,1.8" nerve fibres
(magenta) innervating B16F10-eGFP-inoculated mouse skin after 22 days. Scale
bar,200 pm.b, In co-culture, BI6FO or B16F10 cells sensitize the response of
nociceptors to capsaicin (100 nM), allyl isothiocyanate (AITC,100 pM) and ATP
(1uM), as measured by calcium flux. Alow concentration of theligands induces
aminimalresponse in control neurons, whereas B16F10 cells show marginal
sensitivity to ATP.c, Dorsal root ganglion (DRG) neurons co-cultured (96 h)
with B16F10 cells release substance P (SP), vasoactive intestinal peptide (VIP)
and CGRP. B16F10 cells alone do not release neuropeptides. Stimulation with
KCI (40 mM; 30 min) induced asignificant release of neuropeptides from
cultured neurons. d,e, Naive DRG neurons (Trpvl“::-CheRiff-eGFP""") were
cultured alone orin combination with BL6F10-mCherry-OVA cells. After 48 h,
the cellswere collected, FACS purified and RNA sequenced. Hierarchical

Melanomas are innervated

Although the expression of genes of neuronal originis not detected by
RNA-sequencingapproachesinhuman malignantcells orimmune cells
(Extended Data Fig. 1a—c), we observed a significant increase in their
expression in biopsies from patients with melanoma' % (Extended
Data Fig. 1d). As these clinical data suggested increased innervation
of melanomas, we tested for the presence of nociceptor neurons by
assessing TRPV1 neurons in biopsies from patients with melanoma.
TRPV1immunolabelling was increased by around twofold in the tumour
compared to adjacent healthy tissue in each of the ten biopsies exam-
ined. The numbers of tumour-infiltrating lymphocytes (TILs) correlated
(R*=0.63) with increased TRPV1 immunolabelling (Extended Data
Fig.2). These dataindicate that melanomas areinnervated by sensory
neurons and that these neurons may affect the intratumoral numbers
of immune cells.

To investigate this in more detail, we inoculated a GFP-expressing
melanoma (B16F10-eGFP) cell line into Nav1.8::td Tomato™"" mice
(Nav1.8is also known as Scn10a). Twenty-two days afterimplantation,
we found abundant Na,1.8" nociceptor neurons around and within the
tumour (Fig.1a). RNA sequencing of samples from B16F10-bearing mice
revealed that malignant and melanoma-infiltratingimmune cells had
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clustering of DEGs from the sorted neurons shows distinct groups of transcripts
enrichedincancer-exposed TRPV1' neurons (d), including Calca (the gene
encoding CGRP; e). Dataare shown as arepresentative image (a), as box-and-
whisker plots (running from minimal to maximal values; the box extends from
25thto 75th percentile and the middle line indicates the median), for which
individual data points are given (b,c), as aheat map showing normalized gene
expression (10g,(0.01 + transcripts per millionreads (TPM)) —mean (d) orasa
scatter dot plot with medians (e). Experiments were independently repeated
two (a) or three (b,c) times with similar results. The sequencing experiment
was notrepeated (d,e). nas follows: a:n=4; b: neurons (29 neurons from 10 mice),
B16F10 (16 cells from 10 dishes), neurons + B16FO (387 neurons from 12 mice),
neurons +B16F10 (409 neurons from 12 mice); c: neurons (n =12), neurons +
B16F10 (n=12), neurons +KCl (n=12), B16F10 (n =3);d,e: n=4 per group.
Pvalues were determined by one-way ANOVA with post-hoc Bonferroni (b,c) or
two-sided unpaired Student’s t-test (e).

no detectable levels of neuronal markers (Nav1.8 or Trpvl), indicating
that the Na,1.8 signal could be ascribed to tumour-infiltrating nerves
(Extended DataFig.3). We next used anin vitro co-culture approachto
assess whether malignant cells modulate the function of nociceptor
neurons. When co-cultured, TRPVI* nociceptors directly extended
neurites towards the BI6F10-eGFP melanoma cells, and the average
length of neurites increased, whereas the overall neuronal arborization
or branching decreased (Extended Data Fig. 4a-c). Together, these
dataindicate that nociceptor outgrowthis enhanced whenin proxim-
ity to melanoma cells and that skin sensory neuron collaterals sprout
directly into the tumour bed. Such tumour neo-innervation may be
akin to cancer’s neoangiogenesis.

Melanoma cells sensitize nociceptors

Given that melanoma promotes axonogenesis, leading to tumour
innervation (Fig. 1a and Extended Data Fig. 2), we examined whether
this physical proximity allows melanomas to modulate the sensitiv-
ity of the nociceptor. As nociceptor neurons detect signals from the
local environment, we measured changes in calcium flux in response
to sub-threshold concentrations of various noxious ligands. When
nociceptors were cultured without melanoma cells, few responded
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totheligands at the concentrations selected. However, the number of
responsive neurons increased when they were co-cultured with B16F10
cells (Fig. 1b). Similarly, the amplitude of calcium flux responses to
the ligands was greater in lumbar DRG neurons (L3-L5) that were col-
lected ipsilateral to a14-day tumour inoculationin mice, as compared
tothose collected from mice that were injected with non-tumorigenic
keratinocytes (Extended Data Fig. 4d). Signals released from melanoma,
therefore, heighten nociceptor sensitivity.

We next tested whether this neuronal hypersensitivity would
lead to anincreased release of immunomodulatory neuropeptides.
In contrast to B16F10 cells alone, DRG neurons co-cultured with BI6F10
cells (5 x10* cells, 96 h) actively release CGRP in the medium (Fig.1c).
These data prompted us to test whether exposure to melanoma alters
the transcriptome of nociceptor neurons. To do so, we cultured naive
DRG neurons (TrpvI*::-CheRiff-eGFP""") alone or in combination with
B16F10-mCherry-OVA cells. After 48 h, TRPVI' nociceptors were puri-
fied by fluorescence-activated cell sorting (FACS) and RNA sequenced.
Differentially expressed genes (DEGs) were calculated, and Calca—the
gene that encodes CGRP—and the NGF receptor Trka (also known
as NtrkI)were found to be overexpressed in nociceptors that were
exposed to cancer (Fig.1d-e and Extended Data Fig. 4e). Overexpres-
sion of Trka may help to drive melanoma-induced hypersensitivity to
pain, whereas CGRP, 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 that take place in the melanoma microenvironment.
Type 1(T,)-stimulated (ex-vivo-activated by CD3 and CD28, IL-12 and
anti-IL-4 for 48 h) OVA-specific cytotoxic CD8" T cells (OT-Imice), naive
DRG neurons (TrpvI®::CheRiff-eGFP”"T) and B16F10-mCherry-OVA
melanoma cancer cells were cultured alone or in combination. After
48 h, the cells were collected, purified by FACS and RNA sequenced,
and DEGs were calculated. Among others, we found that Slpi (secretory
leukocyte protease inhibitor) was overexpressed in the melanoma can-
cer cells when co-cultured with either DRG neurons (around 3.6-fold)
or OVA-specific cytotoxic CD8" T cells (around 270-fold), and when
exposed to both populations (around 150-fold) (Fig. 2a,b and Extended
DataFig. 5a-e). We also found that BI6F10-mCherry-OVA cells, when
co-cultured with naive DRG neurons and OVA-specific cytotoxic CD8*
T cells, increased the secretion of SLPI into the culture medium, with
this effect being maximal after 48 h (around 200-fold; Fig. 2c).

In addition to protecting epithelial cells from the activity of serine
proteases, SLPI enhances the regeneration of transected retinal gan-
glion cell axons®and the proliferation of neural stem cells®. Although
these data provide evidence of the effect of SLPl on neurons, its role
innociceptionis unclear. To address this, we measured whether SLPI
directly activates cultured DRG neurons using calcium microscopy.
We found that SLPI (0.01-10 ng ml™) activates around 20% of DRG
neurons and that—consistent with these neurons being nociceptors—
SLPI-sensitive neurons were mostly small (with amean area of 151 pm?)
capsaicin-responsive (around 90%) neurons (Fig. 2d,e and Extended
DataFig. 5f-i). Given that SLPItriggered calciuminflux, weinvestigated
whether this is the means by which B16F10 cells drive the release of
CGRP from neurons (Fig.1c). SLPI, whenused at aconcentration similar
tothat secreted by melanomacells (Fig.2c), induced the release of CGRP
from cultured naive DRG neurons (Fig. 2f). Finally, we sought to test
whether SLPIcandrive pain hypersensitivity in vivo. Whenadministered
into the right hindpaw of naive mice, SLPIgenerated transient thermal
hypersensitivity (Extended Data Fig. 5j).

Melanoma-secreted SLPlacts on nociceptors to trigger calciuminflux,
neuropeptiderelease and thermal hypersensitivity, whichindicates that
these sensory neurons detect and react to the presence of cancer cells.
Whether this gives the malignant cells afunctional advantage over the host
cellsremains unknown. To assess this, weimplanted BI6F10-mCherry-OVA
cells (intradermally (i.d.), 2 x 10° cells) into the hindpaw of eight-week-old

male and female mice. We found that mice with larger tumours had a
higher proportion of intratumoral PD-1'LAG3'TIM3* CD8" T cells and
greater hypersensitivity to thermal pain (not shown). Notably, height-
ened sensitivity to thermal pain positively correlated (n=60; R*=0.55,
P<0.0001) with increased frequency in intratumoral PD-1'LAG3"TIM3*
CD8' T cells (Fig. 3a; measured on day 13 after implantation).

Melanoma-innervating nociceptors control tumour
growth

The expression of adrenergic and cholinergic axon markersintumours
correlates with poor clinical outcome? Gastric tumour denervation lim-
itsgrowth and patients who have undergone vagotomy have lower rates
of mortality fromintestinal cancer'**?, To investigate the nature of the
three-way interaction between cancer, nociceptorsand CD8" T cells, we
next used asyngeneic mouse model of triple-negative melanoma, which
isan established model of immunosurveillance’®. BI6F10-mCherry-OVA
cells were inoculated (i.d., 5 x 10° cells) into eight-week-old male and
female nociceptor-ablated (Trpv1*::DTA""") or intact (littermate con-
trol; TrpvI""::DTA""T) mice. In nociceptor-ablated male and female
mice, the median length of survival increased by 2.5-fold (evaluated
until day 22; Fig.3b). Inanother set of mice that were analysed 16 days
after tumour inoculation, we found that genetic ablation of nocicep-
torsreduced tumour growth (Fig 3c). In addition, nociceptor-ablated
mice showed an increase in the total number and relative frequency
of cytotoxic (IFNy", TNF*or IL-2%) tumour-infiltrating CD8" T cells, but
areduced proportion of PD-1'LAG3'TIM3* CD8" T cells (Fig. 3d,e and
Extended Data Fig. 6a,b).

Up to this point, our data suggest that nociceptor neurons are an
upstream driver of intratumoral PD-1'LAG3*TIM3* CD8* T cells. To
assess whether this is indeed the case, we mapped out the kinetics of
thermal pain hypersensitivity, increased frequency in intratumoral
PD-1'LAG3*TIM3* CD8" T cells and tumour growth. When compared
to their baseline threshold and to that of sensory-neuron-ablated
mice (TrpvIe::DTA""T; n=19), eight-week-old littermate con-
trol mice (Trpv1""::DTA""T; n=96) that were inoculated with
B16F10-mCherry-OVA (left hindpaw, i.d., 2 x 10° cells) showed signifi-
cant thermal hypersensitivity on day 7, an effect that peaked on day
21 (Extended Data Fig. 6¢). In these mice, the intratumoral frequency
of PD-1'LAG3'TIM3" (Extended Data Fig. 6d) or IFNy" (Extended Data
Fig. 6e) CD8" T cells was significantly increased 12 days after tumour
inoculation and peaked on day 19. Finally, BI6F10-mCherry-OVA tumour
volume peaked on day 22 (Extended DataFig. 6f). Altogether, these data
show that thermal hypersensitivity precedes any significant exhaus-
tion of intratumoral CD8" T cells by around five days and that pain
hypersensitivity develops before the tumour is measurable using a
digital caliper (Extended Data Fig. 6g).

Blocking the activity of immune checkpoint proteins releases a
cancer-cell-induced ‘brake’ on the immune system, thereby increas-
ing its ability to eliminate tumours®*°. Immune checkpointinhibitors
(ICIs), including those that target PD-L1, improve clinical outcomesin
patients with metastatic melanoma®; however, the efficacy of ICls var-
ies considerably among patients, half of whom will not benefit”. We
set out to assess whether the presence (TrpvI""::DTA""T) or absence
(TrpuIe::DTA""T) of tumour-innervating nociceptor neurons would
affect responsiveness to treatment with anti-PD-L1. Anti-PD-L1 (intra-
peritoneally (i.p.), days 7,10,13 and 16) was given either to mice whose
tumour cells (B16F10-mCherry-OVA, i.d., 5 x 10° cells) were inoculated
onthe same day, or to mice with established tumours (around 85 mm>;
achieved by inoculating Trpv1<::DTA""" around 3 days before).Inboth
scenarios, ablation of nociceptorsincreased the anti-PD-L1-mediated
reduction in tumours and the infiltration of tumour-specific CD8"
T cells (Extended Data Fig. 6h-k).

To test whether the reductionin tumour growth that was observed
in the absence of nociceptor neurons depends on their action on
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Fig.2|Cancer-secreted SLPI drives the release of CGRP by nociceptor
neurons. a-c, Naive DRG neurons (TrpuI®::-CheRiff-eGFP""), BI6F10-mCherry-
OVA cellsand OVA-specific cytotoxic CD8" T cells were cultured alone or in
combination. After 48 h, the cells were collected, FACS purified and RNA
sequenced. a, Hierarchical clustering of sorted neuron molecular profiles
depictsdistinct groups of transcripts enriched ineach group.b, DEGs were
calculated, and Slpi was found to be overexpressed in cancer cellswhen
co-cultured with OVA-specific cytotoxic CD8" T cells, DRG neurons or both
populations.c, SLPlissecreted by BI6F10-mCherry-OVA cells when co-cultured
(24 hor 48 h) with naive DRG neurons and OVA-specific cytotoxic CD8" T cells,
with amaximal effect after 48 h. d-f, Using calcium microscopy, we found that

immune cells, we compared the respective effects of nociceptors
onthe growth of animmunogenic and a non-immunogenicisogenic
melanoma model. YUMMERL1.7 is a highly immunogenic derivative
of the Braf"*°*:Cdkn2a™"Pten™" cell line modified by ultraviolet (UV)
exposure, and provides a clinically relevant model of melanoma?®,
Asinthe case of BI6F10-OVA, ablation of nociceptors decreased the
growth of tumours (Extended Data Fig. 61) and reduced their fre-
quencyinintratumoral PD-1'LAG3*TIM3* CD8 T cells. whileincreasing
their number and cytotoxic potential (IFNy* or TNF*; not shown). By
contrast, YUMML.7 (the parental and non-immunogenic® counter-
part of YUMMERL.7) showed similar tumour growth (Extended Data
Fig. 6m) and a similar frequency of intratumoral PD-1'LAG3*TIM3*
CDS8" T cellsin both the presence and the absence of nociceptors
(not shown).

Next, we assessed whether these differences were due to nocicep-
tor neurons directly modulating intratumoral T cells. We observed
no major changes in tumour growth between nociceptor-intact and
nociceptor-ablated mice after systemic depletion of CD8" (Fig. 3f)
or CD3" (Extended Data Fig. 6n) T cells. Although chemoablation
of nociceptor neurons with resiniferatoxin (RTX) reduced tumour
growth in B16F10-inoculated wild-type mice (Extended Data Fig. 60),
we found that naive OT-1CD8" T cells enhanced tumour shrinkage when
transplanted in RTX-exposed Ragl™~ mice (Fig. 3g). In doing so, the
chemoablation of nociceptor neurons shielded the naive OT- CD8*
T cells from undergoing exhaustion (Fig. 3h). These dataimply that the
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SLPI (10 pg mI™-10 ng ml™) activated around 20% of cultured naive DRG neurons
(d,e). Activation of cultured neurons (3 h) with SLPI also leads to significant
release of CGRP (f). Dataare shown as aheat map showing normalized gene
expression (log,(1+ TPM) - mean (a), as box-and-whisters plots (as defined in
Fig.1b,c) (b) orasmean + s.e.m. (c-f). nasfollows:a,b: n = 2-4 per groups;
c:n=3forallgroupsexcept CD8" Tcells(n=8);d:n=17;e:n=8pergroup;
f:0ngml?(n=4),0.1ngml™(n=5),1ng ml™ (n=5),5 ng ml™ (n=4). Experiments
inc-fwereindependently repeated three times with similar results. The
sequencing experiment was not repeated (a,b). Pvalues were determined by
one-way ANOVA with post-hoc Bonferroni (b,e,f) or two-sided unpaired
Student’s t-test (c). *P< 0.05,**P< 0.01, and ***P < 0.001.

slower tumour growth found in Trpv1“¢::DTA""" and RTX-exposed mice
depends on the modulation of CD8 T cells by nociceptors.

Optogenetic activation of skinnociceptor neurons triggers the anti-
dromicrelease of neuropeptides that mediate anticipatory immunity
against microorganisms® and potentiate skin immunity®. We used
transdermal illumination to stimulate tumour-innervating Na,1.8"
channelrhodopsin-expressing neurons (Nav1.8::ChR2V""). Daily stim-
ulationwith bluelight enhanced the growth of BI6F10 when exposure
began in mice bearing visible (around 20 mm?®) or well-established
(around 200 mm?®) tumours (Extended Data Fig. 6p). This increase in
tumour volume wasalso linked toanincrease in the intratumoral levels
of CGRP, confirming the engagement of pain-transmitting neurons
(Extended DataFig. 6q). Laser exposure had no effect on tumour growth
inlight-insensitive mice (Nav1.8""::ChR2"""; not shown).

The neonatal or embryonic ablation of neuronal subsets may lead
to compensatory changes. To circumvent this possibility, we silenced
neurons using botulinum neurotoxin A (BoNT/A), aneurotoxic protein
produced by Clostridium botulinum, which acts by cleaving SNAP25
(ref.%). BoNT/A causes along-lasting (20 days) abolition of neurotrans-
mitter release from skin-innervating neurons®. BoNT/A reduces tumour
growthin prostate cancer?and blocks nociceptor-mediated modulation
of neutrophils during skin infection®. BONT/A does not affect the func-
tion of cultured B16F10 or CD8" T cellsin vitro (Extended DataFig. 7a-f).
When BoNT/A (25 pg pl™, 50 pl, five i.d. sites) was administered one
and three days before the BI6F10-OVA cell inoculation, it reduced

37



120 = Trpv1WT::DTAWT
Trpv1cre::DTAMWT
100+

©
S
1

CD8* T cell exhaustion
(% PD-1"LAG3*TIM3")

g
E
2 604
5
%}
40
207 Hazard ratio = 0.4
P <0.0001
LI S e B B L
0 83 6 9 12 15 18 21
Thermal pain sensitivity Time (d)
(threshold % of ispi/contra)
e 100 f 1,000
—— Trpv1WT:DTAWT
2 + anti-CD8
]
o 80 4 -
= _ = 800 Trpv1cre::DTAMWT
o2 € + anti-CD8
Qg £
o E
O 60+ @ 600
2l E
=8 32
=s) 5
8% 404 5 400
38 E
3 2
o 201 200 p
0- 0 =y
2 4 6 8 10 12 14
Time (d)

Fig.3|Genetic ablation of nociceptors safeguards anti-tumour immunity.
a, Orthotopic BI6F10-mCherry-OVA cells (2 x 10° cells, i.d.) were injected into
theleft hindpaw of wild-type mice. As measured on day 13 after tumour
inoculation, intratumoral CD8" T cell exhaustion positively correlated with
thermal hypersensitivity (R?=0.55,P< 0.0001). The thermal pain hypersensitivity
representsthe withdrawal latency ratio of theipsilateral paw (tumour-inoculated)
tothe contralateral paw. b, Orthotopic BI6F10-mCherry-OVA (5 x 10°cells, i.d.) were
inoculated into the flank of eight-week-old male and female mice with sensory
neuronsintact (Trpvl""::DTA"*") or ablated (TrpvI¢::DTA"*"). The median
length of survival was increased by around 250% in nociceptor-ablated mice
(measured until 22 days after inoculation). c-f, Sixteen days after tumour
inoculation, sensory-neuron-ablated mice have reduced tumour growth (c)
andincreased tumourinfiltration of IFNy* CD8" T cells (d), and the proportion
of PD-1'LAG3'TIM3" CD8" T cells is decreased (e). Thisreduction in B16F10-
mCherry-OVA (5 x10° cells, i.d.) tumour volume was absent in nociceptor-
ablated mice whose CD8' T cells were systemically depleted (f; assessed until
day 14; anti-CD8,200 pg per mouse, i.p., every 3 days). g,h, To chemically

subsequent tumour growth and preserved the cytotoxic potential of
intratumoral CD8" T cells (Extended Data Fig. 7g-n; as measured 18
days after inoculation). Pre-treatment with BoNT/A also reduced the
growth of YUMMERI.7 tumours and enhanced anti-PD-L1-mediated
tumour regression (Extended Data Fig. 70,p). When administered to
mice with established tumours (around 200 mm?), BoNT/A had lim-
ited efficacy (Extended Data Fig. 7g—n). BONT/A also did not affect
tumour growth when given to mice in which TRPV1" nociceptor neu-
rons were genetically ablated (Extended Data Fig. 70), which sug-
gests that its anti-tumour effectiveness depends on the presence of
tumour-innervating nociceptor neurons.
Wenexttestedtheanti-tumour efficacy of aprovennociceptor-selective
silencingstrategy>*. This protocol uses large-poreion 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 (Na,) channels. During inflammation, similar to what we
observed in tumour microenvironments, these large-pore ion chan-
nelsopen, which allows QX-314 to permeate the neurons andresultsina
long-lasting electrical blockade. Although QX-314 did not affect cultured
B16F10-mCherry-OVA cells or CD8* T cell function in vitro (Extended
DataFig. 8a-f), we confirmed that it silences tumour-innervating noci-
ceptors in vivo, as shown by reduced B16F10-induced release of CGRP
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deplete their nociceptor neurons, Ragl”” mice were injected with RTX. Twenty-
eight days later, the mice were inoculated with BI6F10-mCherry-OVA (5 x 10°
cells,i.d.). RTX-injected mice that were adoptively transferred with naive OVA-
specificCD8" T cells (i.v., 1 x 10° cells, when tumour reached around 500 mm?®)
showedreduced tumour growth (g; assessed until day 19) and exhaustion (h)
comparedto vehicle-exposed Ragl” mice. Dataare shown asalinear regression
analysis ts.e. (a), asaMantel-Cox regression (b), asmean + s.e.m. (c,f,g) or as
box-and-whisker plots (as defined in Fig. 1b,c), for which individual data points
aregiven (d,e h). nasfollows:a:n=60;b:intact (n=62),ablated (n=73);
c:intact (n=20),ablated (n=25); d:intact (n=24), ablated (n=23); e:intact
(n=23),ablated (n=26); f:intact +anti-CD8 (n =10), ablated + anti-CD8 (n = 8);
g: vehicle (n=12), RTX (n=10); h: vehicle (n=11), RTX (n = 10). Experiments
wereindependently repeated two (a,f-h) or six (b-e) times with similar results.
Pvalues were determined by simple linear regression analysis (a), Mantel-Cox
regression (b), two-way ANOVA with post-hoc Bonferroni (c,f,g) or two-sided
unpaired Student’s t-test (d,e, h).

and pain hypersensitivity (Extended Data Fig. 8g-i). We found that
vehicle-exposed B16F10-mCherry-OVA-bearing mice succumbed at
a2.7-fold higher rate (P < 0.02) than QX-314-exposed mice (Extended
Data Fig. 8j; measured until day 19). As observed 17 days after tumour
inoculation, QX-314-mediated silencing of sensory neurons (0.3%; daily
i.d.,surrounding the tumour) reduced melanomagrowth andlimited the
exhaustion ofintratumoral CD8" T cells (Extended Data Fig. 8k-n). Noci-
ceptorsilencing alsoincreased theintratumoral numbers of CD8* T cells
and preserved their cytotoxic potential (IFNy" or TNF") as well as their
proliferative capacity (IL-2*; Extended DataFig. 8o-r). Similar towhat was
observedinnociceptor-ablated mice (Extended Data Fig. 6j—j), silencing
tumour-innervating neurons with QX-314 enhanced anti-PD-L1-mediated
tumour regression (Extended DataFig. 8s,t). Whenadministered to mice
with an established (around 200 mm?®) B16F10-mCherry-OVA tumour,
QX-314 still reduced tumour growth and preserved the anti-tumour
capacity of CD8" T cells (Extended Data Fig. 8k-r), suggesting that it
could be used as a therapeutic agentin cancer.

CGRP attenuates the activity of RAMP1' CDS' T cells

Inbreast cancer, tumour-specific sympathetic denervation downregu-
lates the expression of PD-L1, PD-1and FOXP3 in TILs”. Human and

38

Nature | Vol 611 | 10 November 2022 | 409



Article

a 209 [ venicle b . € 50+ d g0 = Venicle e 0.
P <0.0001 -o. TIOVIMTLDTAVAT — BIBN40%e P=0.04
° I caRP (100 nv) _ + vehicle Therapeutic (P = 0.003) @
3 2 ,
3 _ 207 % P | Trpv 1 DTAIWT = 6004 BIBN4096 3 P =0.0001
= 151 P<0.0001 P<0.0001 g € 0007 — Canp Ll € Prophylactio (P < 0.0001) . 897
88 $b S e 22
Or 3% 15 £ £ o2l
by 5 3 E] 1 S 400 =
o N 2 400 3 bk |
=8 10 L g g Sg 60
Fo ST 5 5 Fo
05 n % 101 I} o b5
% 2 £ 5 5 200 % .
= g = 200 = <
5 @ & T
N s/ 3
: & .
o 0-
0 0 L. 0 T T T T T T 1 20-
Ramp1 Ramp1 OVA-specific CD8* T-cells 0 2 4 6 8 10 12 0 2 4 6 81012 14

Fig.4| CGRP modulates theactivation of CD8'T cells. a,b, Splenocyte CD8"*
Tcells fromwild-type (a), RampI™ (a) or naive OT-I(b) mice were cultured
under T -stimulating conditions (ex-vivo-activated by CD3 and CD28, IL-12 and
anti-IL4) for 48 hto generate cytotoxic CD8" T cells. In the presence of IL-2

(10 ng mlI™), the cells were stimulated with CGRP (100 nM; challenged once
every two days) for 96 h. Wild-type cytotoxic CD8" T cellsshowed anincreased
proportion of PD-I'LAG3'TIM3" cells; this effect was absent when treating
cytotoxic CD8" T cells that were collected from Rampl™ mice (a). In co-culture
(48 h), CGRP (100 nM; once daily) also reduced the ability of OT-I cytotoxic
CD8' T cells (4 x 10° cells) to eliminate BI6F10-mCherry-OVA cancer cells (b).

¢, Orthotopic B1I6F10-mCherry-OVA cells (5 x 10° cells, i.d.) were inoculated
into eight-week-old female mice with sensory neuronsintactor ablated. In
nociceptor-ablated mice, peritumoral recombinant CGRP injection (100 nM,
i.d., once daily) rescues B16F10 growth (assessed until day 12). d,e, Orthotopic
B16F10-mCherry-OVA cells (5 x 10° cells, i.d.) were inoculated into eight-week-old
male and female mice. Starting one day afterinoculation (defined as prophylactic),

mouse cytotoxic CD8" T cells express multiple neuropeptide recep-
tors (10 or more), including the CGRP receptor RAMP1 (Extended
Data Figs. 1b and 3b). Given that nociceptors readily interact with
CDS8" T cells in culture and that the neuropeptides they release block
anti-bacterial immunity*****’, we aimed to test whether these media-
tors drive the expression of immune checkpoint receptors in CD8*
T cells. First, splenocyte-isolated CD8" T cells were cultured under
type 1(T,) CD8" T cell-stimulating conditions for two days and then
co-cultured with DRG neurons for an additional four days. We found
that nociceptor stimulation with capsaicin increased the proportion
of PD-1'LAG3*TIM3"*-expressing CD8" T cells but decreased the levels
of IFNY*, TNF* and IL-2". Capsaicin had no measurable effect on CD8"
Tcellsinthe absence of DRG neurons (Extended DataFig. 9a,b). When
T.-activated CD8'T cells were exposed to fresh conditioned medium
(1:2 dilution) collected from KCI (50 mM)-stimulated DRG neurons,
this treatmentincreased the proportion of PD-1'LAG3'TIM3" cytotoxic
CDS8" T cells and reduced that of IFNy* cells (Extended Data Fig. 9c,d;
measured after four days of co-culture). These effects were prevented
when the cytotoxic CD8" T cells were challenged (1:2 dilution) with
fresh KCl-induced conditioned medium from BoNT/A-silenced neu-
rons (50 pg per 200 pl) or when they were co-exposed to the RAMP1
blocker CGRPg_;, (2 ng ml™; Extended Data Fig. 9c,d). To confirm that
nociceptor-released neuropeptides drive T cell exhaustion, we exposed
T.-activated CD8" T cells to CGRP. CGRP-treated cells expressing
wild-type RAMP1 showed increased exhaustion and limited cytotoxic
potential. These effects were absentin CGRP-exposed CD8' T cells that
were collected from CGRP-receptor-knockout (RampI™") mice (Fig. 4a
and Extended Data Fig. 9e,f).

Wethenassessed whether neuropeptides released by nociceptor neu-
rons blunt the anti-tumour responses of cytotoxic CD8" T cells through
exhaustion. OT-Icytotoxic T cells induced robust apoptosis of cultured
B16F10-mCherry-OVA cells (AnnexinV*7AAD* B16F10-mCherry-OVA;
Extended DataFig. 9g-i). However, this apoptosis of BI6F10-mCherry-OVA
cells was decreased when the T cells were exposed to capsaicin- or
KCl-stimulated neuron-derived conditioned medium, or when the cells
were stimulated with CGRP (Fig. 4b and Extended Data Fig. 9g-i). OT-I
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the RAMP1antagonist BIBN4096 (5 mg kg™) was administered systemically
(i.p.) once every two days. Inanother group of mice, BIBN4096 (5 mg kg™, i.p.,
every two days) injections were started once the tumour reached a volume of
around 200 mm? (defined as therapeutic). Prophylactic or therapeutic
BIBN4096 treatments decreased tumour growth (d) and reduced the proportion
ofintratumoral PD-1'LAG3'TIM3" CD8" T cells (e; assessed until day 13). Dataare
shown as box-and-whisker plots (as defined in Fig. 1b, c), for which individual
datapointsaregiven (a,b,e), orasmean +s.e.m. (c,d). nas follows: a: Rampi1"”
CD8 +vehicle (n=9), Ramp1""CD8 + CGRP (n=10), Rampl”’~ CD8 + vehicle
(n=10), Rampl” CD8+CGRP (n=9); b: n=4 per group; c: intact + vehicle
(n=15),ablated + CGRP (n=11); d: vehicle (n =13), BIBN prophylactic (n = 16),
BIBN therapeutic (n =18); e: vehicle (n =10), BIBN prophylactic (n=13), BIBN
therapeutic (n=16). Experiments were independently repeated three times
with similar results. Pvalues were determined by one-way ANOVA with post-hoc
Bonferroni(a,e), two-sided unpaired Student’s t-test (b) or two-way ANOVA
with post-hoc Bonferroni(c,d).

cytotoxic T cells did not eliminate cultured BI6F10-mCherry-OVA when
co-exposed toKCl-induced neuron-conditioned medium supplemented
with the RAMP1blocker CGRPg_3, (2 pg ml™; Extended Data Fig. 9h). When
taken together with previous evidence that CGRP limits the activity of
CDS8* T cells*, our data suggest that, through the CGRP-RAMP1 axis,
nociceptorsleadto the functional exhaustion of CD8* T cells, as defined
by asimultaneous loss of expression of cytotoxic molecules (that s, IFNy
and TNF) and proliferative capacity (IL-2), increased co-expression of
several exhaustion markers (PD-1'LAG3'TIM3") and a reduced capacity
to eliminate malignant cells.

Nociceptor-produced neuropeptides reduce immunity against
bacteria® and fungi*’, and promote cytotoxic CD8" T cell exhaustion
(Fig. 4a,b and Extended Data Fig. 9). Given that nociceptor-released
CGRPisincreased when cultured with B16F10 cells (Fig. 1c) or exposed
to SLPI (Fig. 2f), and that tumour-infiltrating nociceptor neurons over-
express Calca (Fig. 1d,e), we next sought to test whether the intratu-
morallevels of CGRP correlate with CD8" T cell exhaustion. To do this we
used an Nav1.8“*driver to ablate most mechano-and thermosensitive
nociceptors with diphtheria toxin (Nav1.8"::DTA""")"¥ When com-
pared with melanoma-bearing littermate controls (Nav1.8"7::DTA""7),
theablation of Na,1.8" sensory neurons preserved the functionality of
intratumoral CD8" T cells (Extended Data Fig.10a-d). Inboth groups of
mice, the proportionof intratumoral CGRP directly correlated with the
frequency of PD-1'LAG3*TIM3* CD8" T cells (Extended Data Fig. 10e).

Wethensetouttorescue CGRP levels (by daily intratumoral injection)
in sensory-neuron-ablated mice and measured the effect on tumour
growthand TIL exhaustion. At11 days after inoculation, CGRP-treated
sensory-neuron-ablated mice (TrpvI“e::DTA"") showed similar tumour
growth and CD8" T cell exhaustion to that of nociceptor-intact mice
(Fig.4c and Extended Data Fig. 10f). Next, we treated tumour-bearing
mice with the selective RAMP1 antagonist BIBN4096 (5 mg kg™, i.p.,
onceevery twodays). The latter was previously found to block neuro-
immune interactions during microorganism infections and rescues
host anti-bacterial activity®. BIBN4096-exposed mice succumb at arate
2.6-fold lower (P < 0.02) than that of vehicle-exposed B16F10-bearing
mice (Extended Data Fig. 10g; measured until day 19). As measured
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Fig.5|CGRP attenuates the anti-tumourimmunity of RAMP1' CD8'T cells.
a-c,Splenocyte CD8' T cells were FACS purified from Ramp1"’ (CD45.1") or
Rampl™ (CD45.2") mice, expanded and stimulated (CD3and CD28 +1L-2)
invitro. Eight-week-old female RagI”~ mice were transplanted (i.v., 2.5 x 10°
cells) withactivated Rampl”~ or Ramp1"" CD8' T cells or a1:1mix of Rampl ™~
and Ramp1""CD8* T cells. One week after transplantation, the mice were
inoculated with BI6F10-mCherry-OVA cells (5 x 10° cells, i.d.). Ten days after
B16F10inoculation, we observed greater tumour growth (a) in Ramp1"”™
transplanted mice. Intratumoral RampI™~ (CD45.2%) and RampI"" (CD45.1%)
CD8'T cells were FACS purified, immunophenotyped (b) and RNA sequenced
(c). RampI”~ CDS8' T cells showed alower proportion of PD-1'LAG3'TIM3* CD8"
T cells (b) as well as reduced transcript expression of exhaustion markers (c).
d, Insilico analysis of The Cancer Genome Atlas (TCGA) data*® was used to
correlate the survival rate of 459 patients with melanomawith the relative

onday 13, BIBN4096 (5 mg kg™, i.p., every other day) reduced B16F10
growth, tumour weight and frequency of PD-1'LAG3'TIM3* CD8" T cells
(Fig. 4d-e and Extended Data Fig. 10h-m). As BIBN4096 showed no
effect when administered to nociceptor-ablated mice and did not affect
cultured B16F10 cells or CD8' T cell function in vitro (Extended Data
Fig.10n-t), we conclude that the anti-tumour property of BIBN4096
relies on the presence of active nociceptor neurons.

To directly address whether RAMP1 is the main driver of CD8* T cell
exhaustion, we transplanted Ragl”~ mice with RampI”~ or Rampl
wild-type (Ramp1"™) CD8' T cells (intravenously (i.v.), 2.5 x 10°) or al:1 mix-
tureof both. Althoughweretrieved similar numbers of CD8" T cellsacross
all three groups (Extended Data Fig. 10u), limited B16F10-OVA tumour
growth (Fig. 5a) was found in mice that received the Ramp1”~CDS8' T cells—
whichare not responsive to CGRP. The relative proportion of intratumoral
PD-1'LAG3'TIM3* CD8" T cells was also lower in RampI1™ -transplanted
Ragl”~ mice (Extended Data Fig. 10v). In Ragl”~ mice co-transplanted
with RAMPI-expressing and -non-expressing CD8" T cells, we found
that within the same tumour, the relative proportion of intratumoral
PD-I'LAG3*TIM3* CD8" T cells was lower in RampI”~ CD8"* T cells (Fig 5b
and Extended Data Fig. 10w). Next, we RNA sequenced FACS-purified
Ramp1"" and RampI™~ CD8' T cells from these tumours. Compared to
their RampI"” counterparts, we found that intratumoral Ramp1”’ CD8*
T cells expressed fewer pro-exhaustion transcription factors (7ox and
Eomes) and markers (PdcdI (encoding PD-1), Lag3and Tim3 (also known
as Havcr2); Fig. 5¢). Overall, CGRP-unresponsive Ramp1”~CDS8' T cellsare

RAMPI expression (primary biopsy bulk RNA sequencing). In comparison to
patients with low RAMPI expression, higher RAMPI levels correlate with
decreased patientsurvival. e, Insilico analysis of single-cell RNA sequencing of
human melanoma* reveals thatintratumoral RAMPI-expressing CD8' T cells
strongly overexpress severalimmune checkpointreceptors (PD-I (also known
as PDCDI) TIM3,LAG3, CTLA4)in comparison to RampI-negative CD8" T cells.
Dataare shown as mean ts.e.m. (a), slopegraph (b), as aheat map showing
normalized gene expression (log;,(10° x TPM) (c), as a Mantel-Cox regression
(d) orasaviolinplot (e). nas follows:a-c:n =5 per group; d: high (n=45), low
(n=68);e:RAMPI CD8 (n=1,732), RAMPI* CD8 (n=25). Experiments were
independently repeated two (a,b) times with similar results. The sequencing
experiment was notrepeated (c). Pvalues were determined by two-way ANOVA
with post-hoc Bonferroni (a), two-sided unpaired Student’s t-test (b) or Mantel-
Coxregression (d).

protected against undergoing nociceptor-induced exhaustion, which
safeguards their anti-tumour responses.

When compared with benign nevi, patient melanomas showed
increased expression of Calca (Extended Data Fig. 1d). Along with
other markers of nociceptor neurons, overexpression of RAMPI
in these biopsies*° correlates (P < 0.05) with reduced patient sur-
vival (Fig. 5d and Extended Data Fig. 11a-1). Whether RAMP1 does
this by affecting intratumoral CD8" T cell exhaustion is unknown.
To answer this, we analysed two independent unbiased single-cell
RNA-sequencing datasets of human melanomas**?, and found that
around 1.5% of tumour-infiltrating CD8" T cells expressed RAMPI.
The melanoma-infiltrating RAMPI* CD8' T cells of the patients over-
expressed the immune checkpoint receptors PD-I (also known as
PDCDI), TIM3 (HAVCR2), LAG3, CTLA4 and CD27 (Fig. 5e and Extended
Data Fig. 11m). This analysis also revealed that tumour-infiltrating
CDS8 cells collected from patients who were resistant to ICls markedly
overexpressed RAMPI (Extended Data Fig.11n-p). Such an expression
profile resembles the functional exhaustion of effector CD8" T cells
and suggests that the CGRP receptor RAMP1 influences CD8" T cell
exhaustion and the clinical response to IClin patients with melanoma.

Overall, the genetic ablation of nociceptor neurons decreases the
growth of BI6F10 tumours by preventing CD8" T cells from undergoing
exhaustion, whereas exogenous administration of CGRP has the oppo-
site effect. These effects are restricted to immunogenic tumours and
arenot presentinthe absence of CD8T cells. Similar to the pre-clinical
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modelling in mice, human data imply that RAMP1-expressing CD8"
T cells are more prone to exhaustion and are associated with lower
responsiveness to ICls.

Tumour-innervating nociceptors dampen the immune response to
melanoma by upregulating multiple immune checkpoint receptors
on cytotoxic CD8" T cells. Blocking the CGRP-RAMPI axis attenuates
thisimmunomodulatory action of the nervous systemon CD8" T cells,
thereby safeguarding the anti-tumour immunity of the host (Extended
Data Fig. 12) and providing potential therapeutic opportunities by
interrupting pro-cancerous neuro-immune links.
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Methods

Secondary use of biopsies as research specimens

The ten melanoma samples used in this study were collected by San-
ford Health and classified by a board-certified pathologist. Their sec-
ondary use as research specimens (fully de-identified formalin-fixed,
paraffin-embedded (FFPE) blocks) was approved under Sanford Health
IRB protocol 640 (titled ‘Understanding and improving cancer treat-
ment of solid tumours’). As part of this Institutional Review Board
(IRB)-approved retrospective tissue analysis, and in accordance with
the US Department of Health and Human Services (HHS) secretary’s
advisory committee on human research protections, no patient consent
was necessary as these secondary use specimens were free of link-
ers or identifiers and posed no more than minimal risk to the human
individuals.

Immunohistochemistry and scoring

Incompliance withall the relevant ethical regulations and as approved
by Sanford Health IRB protocol 640, ten fully de-identified FFPE mela-
nomablockswererandomlyselected for secondary useasresearchspec-
imens. The notes of aboard-certified pathologist on these specimens
are provided in Supplementary Table 1. The specimens were stained
using aBenchMark XT slide staining system (Ventana Medical Systems).
The VentanaiView DAB detection kit was used as the chromogen, and
slides were counterstained with haematoxylin and anti-TRPV1 (Alo-
mone Labs, ACC-030; 1:100). Haematoxylin and eosin (H&E) staining
followed standard procedures. TRPV1immunohistochemistry-stained
specimens were analysed on an Olympus BX51 bright-field microscope.
Sections were viewed under 20x magnification. Five random fields per
sample for both tumour and adjacent normal tissue were analysed
and scored on a scale from O to 3. Scores were averaged. A score of O
indicates noappreciated nervefibresin the evaluated field; +lindicates
sparse nerve fibres; +2 indicates 5-20 nerve fibres; +3 indicates more
than 20 nerve fibres.

IACUC approval

The Institutional Animal Care and Use Committee (IACUC) of Bos-
ton Children’s Hospital and of the Université de Montréal (Comité de
Déontologie de 'Expérimentation sur les Animaux; #21046; 21047)
approved all animal procedures.

Housing of mice

Mice were housed in standard environmental conditions (12-h light-
darkcycle; 23 °C; food and water ad libitum) at facilities accredited by
the Canadian Council of Animal Care (Université de Montréal) or the
Association for Assessment and Accreditation of Laboratory Animal
Care (Boston Children’s Hospital).

IACUC end-points

As per our IACUC-approved protocol, the following end-points were
used in all of the experiments and were not exceeded. Along with
excessive body weight loss (maximum of10%), the end-pointsinclude
excessive tumour volume (10% of the mouse’s body weight; around
17 mm x 17 mm), skin ulceration, necrosis, bleeding, infection and
self-inflicted injury, prostration, lethargy, unresponsiveness to stimula-
tion and/or lack of grooming.

Mouse lines

Six-to-twenty-week-old male and female C57BL6) (Jax, 000664);
CD45.1" C57BL6J (Jax, 002014), RampI™~ (Jax, 031560), Ragl™~ (Jax,
002216), OT-1 (Jax, 003831)*®, Trpv1® (Jax, 017769)*, ChR2™" (Jax,
012567)%, tdTomato™ (Jax, 007908)*, DTAY (Jax, 009669)* or DTA™"
(Jax, 010527), QuasAr2-dark mOrange2-CheRiff-eGFP" (referred toin
the text as CheRiff-eGFP™; Jax, 028678)*® mice were purchased from
theJackson Laboratory. Nav1.8 mice* were supplied by R. Kuner and

J. Wood. Excluding CD45.1" mice, all other lines were backcrossed for
more thansix generations on a C57BL6/) background (H-2Kb). Although
Capecchi’s DTA"" (Jax, 010527) was created on a mixed C57BL6J/129
background, both haplotypes are H-2Kb. All these mice are therefore
fully compatible with being transplanted with BL6F10-derived cells
(C57BL6/) background (H-2Kb)).

We used the Cre-loxtoolbox to engineer the various mice lines used
(TrpvIce::DTA™T, TrpvI®::CheRiff-eGFP""", Trpv1®e::tdTomato™",
Nav1.8"::DTA"™T, Nav1.8"::tdTomato™""; Nav1.8"¢::ChR2"*" and lit-
termate control) by crossing heterozygote Cre mice withhomozygous
loxPmice.Mice of both sexes were used for these crosses. All Cre driver
lines used were viable and fertile, and abnormal phenotypes were not
detected. Offspring were tail-clipped and tissue was used to assess
the presence of the transgene by standard PCR, as described by The
Jackson Laboratory or the donating investigators. Offspring of both
sexes were used at 6-20 weeks of age.

Celllines

B16F0*° (ATCC, CRL-6322), B16F10°' (ATCC, CRL-6475), BI6F10-mCherry-
OVA’? (M. F.Krummel, UCSF), B16F10-eGFP (Imanis, CL053), YUMM1.7%
(ATCC, CRL-3362), and non-tumorigenic keratinocytes (CellInTEC,
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-strep-
tomycin (Corning, MT-3001-Cl), and maintained at 37 °Cina humidified
incubator with 5% CO,. YUMMER1.7%® (M. Bosenberg, Yale University)
cellswere cultured in DMEM F12 (Gibco, 11320033) supplemented with
10% FBS, 1% penicillin-streptomycin (Corning, MT-3001-Cl) and MEM
nonessentialamino acids (Corning, 25-025CI), and maintained at 37 °C
ina humidified incubator with 5% CO,.

Allthe celllines tested negative for mycoplasma, and none are listed
by theInternational Cell Line Authentication Committee registry (v.11).
Non-commercial cell lines (B16F10-OVA, B16F10-OVA-mCherry and
B16F10-eGFP) were authenticated using antibodies (against OVA, eGFP
and mCherry) and/orimaging as well as morphology and growth prop-
erties. Commercial cell lines were not further authenticated.

Cancer inoculation and volume measurement

Cancer cells were resuspended in phosphate buffered saline (PBS;
Corning, 21040CV) and injected into the mouse’s skinin the right flank
(5x10° cells, i.d., 100 pl) or hindpaw (2 x 10° cells, i.d., 50 pl). Growth
was assessed daily using a handheld digital caliper and tumour vol-
ume was determined by the formula (L x W?x 0.52) (ref.**), in which
L =length and W=width.

BoNT/A

BoNT/A* (List Biological Labs, 130B) was injected (25 pg pl 7, i.d., five
neighbouring sites injected with 20 pl) into the skin three days and
one day before tumour inoculation (defined as prophylactic). BONT/A
(25 pg pl™;i.d., five neighbouring sites injected with 20 pl) was injected
around the tumour one day and three days after the tumour reached a
volume of around 200 mm? (defined as therapeutic) in other groups
of C57BL/6) mice.

QX-314

Starting one day after tumour inoculation (defined as prophylactic),
QX-314 (ref. *; Tocris, 2313; 0.3%) was injected (i.d., 100 pl) daily at
five points around the tumour. Inanother group of mice, QX-314 daily
injectionstarted once the tumour reached a volume of around 200 mm?
(defined as therapeutic).

BIBN4096

Starting one day after tumour inoculation, BIBN4096 (ref. *; Tocris,
4561; 5 mg kg™) was administered systemically (i.p., 50 pl) on alternate
daysto eight-week-old male and female mice (defined as prophylactic).
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Inanother group of mice, BIBN4096 (5 mg kg™') was administered sys-
temically (i.p., 50 pl) on alternate days once the tumour reached a vol-
ume of around 200 mm?® (defined as therapeutic).

RTX

RTX (ref.*; Alomone Labs, R-400) was injected (subcutaneously;s.c.)
in three dosages (30,70 and 100 pg kg™) into the right flank of Ragl ™
and C57BL/6) mice of around three weeks of age. Denervation was
confirmed 28 days after RTX by an absence of pain withdrawal reflex
(paw flinching) when exposed to heat (see ‘Thermal hypersensitivity’
for details on the test).

Survival

In specific groups of mice, orthotopic BI6F10-mCherry-OVA (5 x 10°
cells, i.d.) cellswereadministered to intact and nociceptor-ablated mice
and survival was measured until day 22 and determined by the tumour
reaching a volume of 1,000 mm?® or greater, or according to the ethi-
cal end-points described above. In B16F10-mCherry-OVA-inoculated
mice treated with QX-314 or BIBN4096, survival was measured until
day 19 and determined by the tumour reaching a volume of 800 mm?
or greater, or according to the ethical end-points described above.
As the survival analysis of vehicle-injected, QX-314-treated and
BIBN4096-treated mice was performed simultaneously, the same
group of vehicle-injected mice is shown in the respective panels for
QX-314 and BIBN4096.

iDISCO imaging

Whole-mount immunohistochemistry of tumours was performed
using aniDISCO protocol*** with methanol pre-treatment optimized
for tumours. In brief, adult mice (eight weeks old) were perfused
with 25 ml of PBS (HyClone) and 25 ml of 4% paraformaldehyde
(PFA; Sigma) sequentially at room temperature. Tumours were
post-fixed with 4% PFA for 6 h at 4 °C. For methanol pre-treatment,
fixed tumours were washed sequentially in 50% methanol (in PBS)
for1hand 100% methanol for 1 h, and then bleached in 5% H,0, in
20% DMSO and methanol overnight at 4 °C. Tumours were subse-
quently rehydrated in 100% methanol for 1 h twice, 20% DMSO and
methanolfor1htwice, 50% methanolin PBS for1h, PBS for1htwice
and PBS and 0.2% Triton X-100 for 1 h twice at room temperature.
Tumours were then left in PBS, 0.2% Triton X-100, 20% DMSO and
0.3 M glycine (Sigma) overnight at room temperature and blocked
in PBS, 0.2% Triton X-100,10% DMSO, 6% donkey serum (Jackson
ImmunoResearch) and anti-CD16/CD32 (Fc block; Bio X Cell) over-
night at room temperature. Tumours were subsequently washed in
PBS, 0.2% Tween-20 and 10 mg mI™ heparin (PTwH; Sigma) for1h
twice at room temperature before incubation with antibody mix
(GFP (Aves Labs) at 1:500, mCherry (OriGene) at 1:500, in PTwH, 5%
DMSO, 3% donkey serum and Fc block 1:100 for four days at room
temperature). Tumours were extensively washed in PTwH at least six
times over the course of one day at room temperature. Tumours were
furtherincubated with a secondary panel of species-specific anti-IgG
(H+L) Alexa Fluor 488 or 546-conjugated antibodies (Invitrogen or
JacksonImmunoResearch), allat1:500, in PTwH, 5% DMSO, 3% donkey
serum and Fcblock 1:100 for three more days at room temperature.
Tumours were washed in the same way as after primary antibody
incubation for one day. Immunolabelled tumours were then pro-
cessed for clearing, which included sequential incubation with 50%
methanol for 1 hat room temperature, 100% methanol for 1 h three
times at room temperature, and a mixture of one part benzyl alcohol
(Sigma):two parts benzyl benzoates (Sigma) overnight at 4 °C. For
tdTomato and GFP immunolabelling, mCherry and GFP antibodies
were preabsorbed against tumours from tdTomato™ mice overnight
atroomtemperature before use. Cleared whole-mount tissues were
imaged in BABB between two cover glasses using Olympus FV3000
confocal imaging system.

Tumour and tumour-draining lymph node digestion

Mice were euthanized when the tumour reached a volume of 800-
1,500 mm?3 (refs. 5*54%¢), Tumours and their draining lymph nodes were
collected. Tumours 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 pg mI' DNAse | (Sigma,
10104159001) under constant shaking (40 min, 37 °C). The cell suspen-
sionwas centrifuged at 400g for 5 min. The pellet was resuspendedin
70% Percoll gradient (GE Healthcare), overlaid with 40% Percoll and
centrifuged at 500g for 20 min at room temperature with accelera-
tion and deceleration at 1. The cells were aspirated from the Percoll
interface and passed through a 70-pum cell strainer. Tumour-draining
lymph nodes were dissected in PBS + 5% FBS, mechanically dissociated
using a plunger, strained (70 pm) and washed with PBS.

Immunophenotyping

Single cells were resuspended in FACS buffer (PBS, 2% fetal calf serum
and EDTA), and stained with ZombieAqua (15 min, room temperature;
BiolLegend, 423102) or a Viability Dye eFluor 780 (15 min, 4 °C; eBiosci-
ence, 65-0865-14). The cells were washed and Fc-blocked (0.5 mg ml™,
15 min, 4 °C; BD Biosciences, 553141). Finally, the cells were stained
(30 min, 4 °C) with one 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-Alexa Fluor 700 (1:100, Bio-
Legend, 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/Cya-
nine5.5 (1:100, BioLegend, 125212) or anti-TIM3-APC (1:100, BioLeg-
end, 119706), washed and analysed using a LSRFortessa or FACSCanto
11 (Becton Dickinson). Antigen-specific CD8* T cells were stained with
H-2Kb/OVA257-264 (15 min, 37 °C; NIH tetramer core facility), washed
and stained with surface markers. Cytokine expression was analysed
afterinvitro stimulation (PMA-ionomycin; see ‘Intracellular cytokine
staining’).

Intracellular cytokine staining

Cells were stimulated (3 h) with phorbol-12-myristate 13-acetate (PMA;
50 ng ml™, Sigma-Aldrich, P1585), ionomycin (1 pg ml™, Sigma-Aldrich,
13909) and Golgi Stop (1:100, BD Biosciences, 554724). The cells were
then fixed and permeabilized (1:100, BD Biosciences, 554714) and
stained with anti-IFNy-APC (1:100, BioLegend, 505810), anti-IFNy-
FITC (1:100, BioLegend, 505806), anti-TNF-BV510 (1:100, BioLegend,
506339), anti-TNF-BV5711 (1:100, BioLegend, 506349), anti-TNF-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 analysed using a LSRFortessa or
FACSCanto Il (Becton Dickinson).

Invivo depletion of CD3 or CD8

Anti-mouse CD3 (200 pg per mouse, Bio X Cell, BEO0O1-1) or anti-mouse
CD8 (200 pg per mouse, Bio X Cell, BPO0O61) were injected (i.p.) three
days before B16F10-mCherry-OVA inoculation (5 x 10° cells; i.d.) and
continued every three days. Blood samples were taken twice weekly
to confirm depletion, and tumour growth was measured daily.

Invivo CGRP rescue experiment

TrpvI-ablated mice were injected (i.d.) once daily with recombinant
CGRP (100 nM) at five points around the tumour (treatment began once
the tumour was visible), and tumour growth was measured daily by a
handheld digital caliper. Mice were euthanized, and tumour-infiltrating
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CD8* cell exhaustion was immunophenotyped by flow cytometry using
an LSRFortessa or a FACSCanto Il (Becton Dickinson).

Anti-PD-L1treatment

Orthotopic BI6F10-mCherry-OVA cells (5 x 10° cells, i.d.) were inocu-
lated into eight-week-old male and female sensory-neuron-intact or
-ablated mice. On days 7,10, 13 and 16 after tumour inoculations, the
mice were treated with anti-PD-L1'*% (Bio X Cell, BEO101, 6 mg kg% i.p.,
50 pl) orisotype control. Nineteen days after tumour inoculation, the
effect of anti-PD-L1 on tumour growth was analysed and TIL exhaus-
tion was immunophenotyped using an LSRFortessa ora FACSCantolll
(Becton Dickinson).

Anti-PD-L1 treatment in mice with similar tumour sizes
Orthotopic B16F10-mCherry-OVA cells (5 x 10° cells; i.d.) were injected
into a cohort of nociceptor neuron-ablated mice three days before
nociceptor-intact mice were injected. Mice from each group with a
similar tumour size (around 85 mm?®) were selected and exposed to
anti-PD-L1" (Bio X Cell, BE0101, 6 mg kg™, i.p., 50 pl) or isotype control
once every three days for a total of nine days. The effect of anti-PD-L1
treatment on tumour growth was analysed until day 18.

One and three days before tumour inoculation, the skin of
eight-week-old male and female mice was injected with BONT/A
(25 pg ul™, i.d., five neighbouring sites injected with 20 pl) or vehicle.
One day after the lastinjection, orthotopic BL6F10-mCherry-OVA cells
(5x10°cells, i.d.) were inoculated into the area pre-exposed to BONT/A.
Ondays7,10,13 and 16 after tumour inoculation, the mice were exposed
to anti-PD-L1(6 mg kg™, i.p.) or isotype control. Eighteen days after
tumour inoculation, we found that neuron silencing using BONT/A
potentiated anti-PD-L1-mediated tumour reduction.

Orthotopic B16F10-mCherry-OVA (5 x 10° cells, i.d.) were injected
into mice treated with QX-314 (0.3%, i.d.) two to three days before
being given to vehicle-exposed mice. Mice from each group with a
similar tumour size (around 100 mm?) were selected and exposed to
anti-PD-L1* (Bio X Cell, BEO101, 6 mg kg™, i.p.) or isotype control once
every three days for a total of nine days. Eighteen days after tumour
inoculation, the effect of anti-PD-L1 on tumour growth was analysed,
and TIL exhaustion was immunophenotyped using an LSRFortessa or
aFACSCanto Il (Becton Dickinson).

Adoptive transfer of Ramp1"” or Ramp1’~ CDST cells

Total CD8' T cells were isolated from the spleen of wild-type (CD45.1°)
or RampI™”~ (CD45.2") mice, expanded and stimulated in vitro using
amouse T cell Activation/Expansion Kit (Miltenyi Biotec. #130-093-
627).CDS8" cells from Ramp1™’~ and Ramp1"" were injected separately
or 1:1 mix through tail vein of Ragl”~ mice. One week after, the mice
were inoculated with B16F10-mCherry-OVA cancer cells (5 x 10° cells;
i.d.), and tumour growth was measured daily using a handheld digital
caliper. On day 10, tumours were collected and Ramp1~~ (CD45.2")
and Ramp1”" (CD45.1) CD8" T cells were immunophenotyped using
aFACSCanto Il (Becton Dickinson) or FACS purified using a FACSAria
llu cell sorter (Becton Dickinson).

RNA sequencing of adoptive transferred Ramp1"" or Ramp1™~
CD8Tcells

For FACS-purified cells, Ramp1”~ and RampI*” CD8"* T cell RNA-
sequencing libraries were constructed using KAPA Hyperprep RNA
(1x 75 bp) following the manufacturer’s instructions. Nextseq500
(0.5Flowcell High Output; 200 M defragments; 75 cycles single-end read)
sequencingwas performed onsite at thelnstitute for ResearchinImmu-
nology and Cancer (IRIC) genomic centre. Sequences were trimmed for
sequencingadapters and low-quality 3’ bases using Trimmomaticv.0.35
and aligned to the reference mouse genome version GRCm38 (gene
annotation from Gencode v.M23, based on Ensembl 98) using STAR
v.2.5.1b (ref. ). Gene expression levels were obtained both as aread count

directly from STAR and computed using RSEM to obtain normalized
gene and transcript level expression, in TPM values, for these stranded
RNA libraries. DESeq2 v.1.18.1 (ref. ) was then used to normalize gene
read counts. Individual cell data are shown as alog,, of (TPM x1,000).
These datahave beendepositedinthe National Center for Biotechnology
Information (NCBI)’s Gene Expression Omnibus (GEO)®° (GSE205863).

Adoptive T cell transfer in mice treated with RTX

CDS8" T cells were isolated from OT-I mice spleens and magnet sorted
(StemCell; 19858). Naive CD8' T cells (CD8'CD44*CD62L") cells were
then purified by FACS using an FACSAriallu cell sorter (Becton Dickin-
son) andinjected (1x 10°cells, i.v., tail vein) into vehicle- or RTX-exposed
Ragl” mice.

Mechanical hypersensitivity

B16F10-mCherry-OVA (2 x 10 cells, i.d.) or non-cancerous keratinocytes
(MPEK-BL6; (2 x 10° cells, i.d.) were inoculated intradermally in the left
hindpaw of the mice. On alternate days, mechanical sensitivity was
evaluated using von Frey filaments (Ugo Basile, 52-37450-275). Todo so,
the mice were placed inatest cage with awire mesh floor and allowed to
acclimatize (three consecutive days:1 h per session). Von Frey filaments
ofincreasing size (0.008-2 g) were applied to the plantar surface and
the response rate was evaluated using the up-down test paradigm®.

Thermal hypersensitivity

To measure thermal sensitivity, the mice were placed on a glass plate
of a Hargreaves’s apparatus (Ugo Basile)®? and stimulated using radi-
ant heat (infrared beam). The infrared beam intensity was set at 44
and calibrated to result in a withdrawal time of around 12 seconds in
acclimatized wild-type mice. An automatic cut-off was set to 25s to
avoid tissue damage. Theradiant heat source was applied to the dorsal
surface of the hindpaw and latency was measured as the time for the
mouse to lift, lick or withdraw the paw®2.

Before any treatment, the mice were allowed to acclimatize in the
apparatus (minimum of three consecutive days: 1 h per session) and
three baseline measurements were taken on the following day. Insome
instances, B1I6F10-mCherry-OVA (2 x 10° cells; i.d.) or non-cancerous
keratinocytes (MPEK-BL6; (2 x 10° cells; i.d.) were inoculated intra-
dermally to the mouse’s left hindpaw and thermal pain hypersensitiv-
ity was measured on alternate days (10:00). In other instances, SLPI
(1 pgper20 pl) orsaline (20 pl) wereinjected in the left and right hind-
paw, respectively, and thermal hypersensitivity was measured in both
hindpaws at1,3 and 6 h after treatment.

Kinetics of pain and intratumoral CDS T cell exhaustion

Weimplanted B16F10-mCherry-OVA (2 x 10° cells, i.d.) in several groups
of littermate control (TrpvI""::DTA"; n= 96) and nociceptor-ablated
(Trpv1e::DTA""T; n=18) mice. We then evaluated the level of thermal
hypersensitivity (daily), tumour size (handheld digital caliper), and intra-
tumoral CD8* T cell exhaustion (flow cytometry) at the time of euthanasia
(days1,4,7,8,12,13,14,19 and 22). We processed these data by deter-
mining the percentage change of each data point to the maximal value
obtained in the pain, CD8" T cell exhaustion and tumour size datasets,
and then presented these data as percentages of the maximum (100%).

Optogenetic stimulation

Orthotopic B16F10-mCherry-OVA cells (5 x 10° cells, i.d.) were inoculated
into the left flank of eight-week-old transgenic male mice expressing
thelight-sensitive protein channelrhodopsin 2 under the control of the
Navl.8promoter (Nav1.8"::ChR2"""). Optogenetic stimulation (3.5 ms,
10 Hz,478 nm, 60 mW, ina0.39-NA fibre placed 5-10 mm from the skin,
for 20 min) started either when the tumour was visible (around 20 mm?3;
5 days after inoculation) or when it reached a volume of 200 mm?
(8 daysafterinoculation) and lasted up to 14 days after tumour inocula-
tion. The control mice (Nav1.8¢::ChR2""™) were tumour-injected but
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notlight-stimulated. Groups of littermate control (Nav1.8""::ChR2"/"")
mice were light-stimulated and showed no response (not shown).

CGRPrelease from skin explant

Tumour-surrounding skin was collected using 10-mm punch biop-
sies from nociceptor-intact (Nav1.8""::DTA""7), nociceptor-ablated
(Nav1.8::DTA""7), light-sensitive nociceptor (Nav1.8::ChR2") or
wild-type mice 3 h after exposure to vehicle (100 pl), QX-314 (0.3%,
100 pl) or BONT/A (25 pg ul™, 100 pl). The biopsies were transferred
into 24-well plates and cultured in DMEM containing 1l mI™ of pro-
tease inhibitor (Sigma, P1860) and capsaicin (1 M, Sigma, M2028).
After a30-minincubation (37 °C), the supernatant was collected and
the release of CGRP was analysed using a commercial enzyme-linked
immunosorbent assay (ELISA)* (Cayman Chemical, 589001).

CGRPrelease triggered by SLPI

1x10* naive DRG neurons were cultured for 24 h in complete DMEM
(10% FBS, 1% penicillin-streptomycin, 1 ul ml™ protease inhibitor) and
subsequently stimulated (3 h) with vehicle or SLPI (0.1-5.0 ng mI™).
After stimulation, the supernatant was collected and CGRP levels were
measured using acommercial ELISA kit (Cayman Chemical, 589001).

Neuron culture

Mice were euthanized, and dorsal root ganglia were dissected out into
DMEM medium (Corning, 10-013-CV), completed with 50 U mI™ peni-
cillin and 50 pg ml™ streptomycin (Corning, MT-3001-Cl) and 10% FBS
(Seradigm, 3100). Cells were then dissociated in HEPES buffered saline
(Sigma, 51558) completed with1 mg mI™ collagenase IV (Sigma, C0130) +
2.4 U ml™ dispase I (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 a10% BSA
gradientand plated onlaminin (Sigma, L2020)-coated cell-culture dishes.
Cellswere cultured with Neurobasal-A medium (Gibco, 21103-049) com-
pleted with 0.05 ng pul™> NGF (Life Technologies, 13257-019),0.002 ng pl ™
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).

Calciumimaging

L3-L5DRG neurons were collected and co-cultured with B16F10, BL6FO
or MPEK-BL6 for 24-48 h. The cells were then loaded with 5 mM Fura-2
AM (BioVision, 2243) in complete Neurobasal-A medium for 30 min at
37 °C, washed in Standard Extracellular Solution (SES, 145 mM NaCl,
5 mMKCI, 2 mM CaCl,,1 mMMgCl,, 10 mM glucose and 10 mM HEPES,
pH?7.5),and theresponse to noxious ligands (100 nM capsaicin, 100 pM
AITC or 1 pM ATP) was analysed at room temperature. Ligands were
flowed (15 s) directly onto neurons using perfusion barrels followed
by buffer washout (105-s minimum). Cells were illuminated by a UV
light source (Xenon lamp, 75 watts, Nikon), 340-nm and 380-nm exci-
tation alternated by an LEP MAC 5000 filter wheel (Spectra services),
and fluorescence emission was captured by a Cool SNAP ES camera
(Princeton Instruments). The 340/380 ratiometric images were pro-
cessed, background-corrected and analysed (IPLab software, Scien-
tific Analytics), and Microsoft Excel was used for post-hoc analyses.
Responsiveness to a particular ligand was determined by an increase
in fluorescence (F;40/Fsg0) Of at least 5-10% above baseline recording
(SES). To test neuronal sensitivity in mice inoculated with B16F10 or
non-tumorigenic keratinocytes, the mice were euthanized two weeks
after inoculation (left hindpaw, i.d.), and L3-L5 DRG neurons were
collected and cultured (3 h). Calcium flux to noxious ligands (1 pM
capsaicin or 10 uM ATP) was subsequently tested. For SLPI, the DRG
neuronswere cultured for 24 h,loaded with 5 mM Fura-2AMincomplete
Neurobasal-A medium for 45 min at 37 °Cand washed into SES, and the
responses to noxious ligands (0-10 ng ml™ of mouse recombinant SLPI
(LifeSpan BioSciences, LS-G13637-10), 1 1M capsaicin or 50 mM KCI)
were analysed at room temperature.

Immunofluorescence

A total of 2 x10° DRG neurons were co-cultured with 2 x 10*
B16F10-mCherry-OVA cells for 24-48 h. The cells were fixed (4% PFA;
30 min), permeabilized (0.1% Triton X-100; 20 min), and blocked (PBS,
0.1% Triton X-100 and 5% BSA; 30 min). The cells were rinsed (PBS),
stained, and mounted with vectashield containing DAPI (Vector Labo-
ratories, H-1000). Images were acquired using a Ti2 Nikon fluorescent
microscope (IS-Elements Advanced Research v.4.5).

Neurite length and ramificationindex

TRPV1' nociceptors (Trpvi®::tdTomato™"™) were cultured alone
(2 x10?cells) or co-cultured (2 x 10* cells) with BI6F10-GFP, B16FO or
non-tumorigenic keratinocytes (MPEK-BL6). After 48 h, cells were fixed
(see Immunofluorescence’), and images were acquired using a Ti2 Nikon
fluorescent microscope. The neurite length of TRPV1" (tdTomato) neurons
was measured using a neurite tracer macro in Image]J (Fiji, v.1.53c) devel-
opedby the Fournier laboratory®, and the Schoenen ramification index
(SRI) was measured by a Sholl analysis®* macro in ImageJ (Fiji, v.1.53¢).

Isolation of CD8" T cells
Six-to-eight-week-old male and female mice were euthanized, and their
spleens were collected inice-cold PBS (5% FBS) and mechanically dis-
sociated. The cells were strained (70 pm), RBClysed (Life Technologies,
A1049201; 2 min), and counted using a haemocytometer. Total CD8"
T cellswere magnet sorted (Stem Cell, 19853A) and cultured (DMEM +
FBS10%, penicillin—-streptomycin 1% + nonessential amino acids (Corn-
ing, 25-025-Cl) + vitamin + 3-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*CD62L" wereimmunophenotyped by flow cytometry.
Togenerate cytotoxic Tlymphocytes, 2 x 10°CD8* T cells were seeded
and stimulated for 48 h under T, inflammatory conditions (2 pg ml™
platebounded anti-CD3 and anti-CD28 (Bio X Cell, BEO0OO11, BEOO151)
+10 ng mIrIL-12 (BioLegend, 577008) + 10 pg ml™ of anti-IL-4 (Bio X
Cell, BEOO45).

Invitro stimulation of cytotoxic CD8" T cells with neuron-
conditioned medium

Naive or ablated DRG neurons were cultured (48 h) in Neurobasal-A
medium supplemented with 0.05 ng pl™ NGF (Life Technologies, 13257-
019) and 0.002 ng pl™ GDNF (PeproTech, 450-51-10). After 48 h, the
neurobasal mediumwas removed, neurons were washed with PBS and
200 pl per well of T cell medium supplemented with 1 pl mI™? pepti-
dase inhibitor (Sigma, P1860) and, in certain cases, capsaicin (1 uM)
or KCI (50 mM) was added to DRG neurons. The conditioned medium
or vehicle were collected after 30 min and added to T, CD8" T cells for
another 96 h. The expression of exhaustion markers (PD-1, LAG3 and
TIM3) and cytokines (IFNy, TNF and IL-2) by CD8* T cells was analysed
by flow cytometry using an LSRFortessa or a FACSCanto Il (Becton
Dickinson). Cytokine expression levels were analysed after in vitro
stimulation (PMA-ionomycin; see ‘Intracellular cytokine staining’).

Invitro stimulation of cytotoxic CD8' T cells with CGRP
CD8' T cellswereisolated and stimulated under T, conditionsina 96-well
plate. After 48 h, cellswere treated with either CGRP (0.1 uM) or PBSinthe
presence of peptidase inhibitor (1 M) for another 96 h. The expression
of PD-1,LAG3 and TIM3, as well as IFNy, TNF and IL-2, wasimmunopheno-
typed by flow cytometry using an LSRFortessa oraFACSCanto Il (Becton
Dickinson). Cytokine expression levels were analysed after in vitro stimu-
lation (PMA-ionomycin; see ‘Intracellular cytokine staining’).

Invitro silencing of DRG neurons with BoNT/A
Naive DRG neurons (2 x 10*) were seeded in a 96-well plate with neu-
robasal medium supplemented with NGF and GDNF. Neurons were
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pre-treated with 50 pg ml™ of BONT/A for 24 h. After 24 h, the culture
medium was removed, neurons were washed with PBS and 200 pl per
well of T cellmedium supplemented with 1 pl ml™ peptidase inhibitor,
and KCI (50 mM) was added to DRG neurons. The conditioned medium
orvehicle were collected after 30 min and added to T, CD8" T cells for
another 96 h.

Invitro RAMP1 blockade

CDS8" T cells were treated with CGRPg_5, (Tocris, 1169) 6 h before being
exposed to the neuron-conditioned medium. In other instances, the
neuron-conditioned medium was incubated for 1 h with 2 pg ml™ of
CGRPg_;, before being added to the CD8* T cells.

Co-culture of CD8" T cells and DRG neurons

Naive DRG neurons (2 x 10*) were seeded in a 96-well-plate with T cell
medium (supplemented with 0.05 ng pl™ NGF (Life Technologies,
13257-019) and 0.002 ng pl™ GDNF (PeproTech, 450-51-10)). One day
after, T, CD8" cells (1 x 10°) were added to the neurons in the pres-
ence of IL-2 (BioLegend, 575408). In some instances, co-cultures were
stimulated with either capsaicin (1 tM) or KCI (50 mM). After 96 h, the
cells were collected by centrifugation (5 min at 1,300 rpm), stained
and immunophenotyped by flow cytometry using an LSRFortessa or
aFACSCanto Il (Becton Dickinson). Cytokine expression levels were
analysed afterin vitro stimulation (PMA-ionomycin; see ‘Intracellular
cytokine staining’).

RNA sequencing of triple co-cultures and data processing

A total of 1 x 10* naive TrpvI®“::CheRiff-eGFP"/"" DRG neurons were
co-cultured with 1 x 10° B16F10-mCherry-OVA overnight in T cell
medium (supplemented with 0.05 ng pl™ NGF (Life Technologies, 13257-
019),0.002 ng ul™* GDNF (PeproTech, 450-51-10). One day after, 4 x 10°
stimulated OVA-specific CD8" T cellsunder T, conditions were added to
the co-culture. After 48 h, the cells were detached and TRPV1neurons
(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 FACSAriallu cell sorter (Becton Dickinson), and
the cell supernatant was collected for ELISAs.

RNA-sequencing libraries were constructed using the Illumina
TruSeq Stranded RNA LT Kit (Illumina) following the manufacturer’s
instructions. llluminasequencing was performed at Fulgent Genetics.
Reads were aligned to the Mouse mm10 (GenBank assembly accession
GCA_000001635.2) reference genome using STARv.2.7 (ref. *8). Aligned
reads were assigned to genic regions using the featureCounts function
fromsubreadv.1.6.4 (ref. ©). Gene expression levels were represented by
TPM. Hierarchical clustering was computed using the heatmap.2 func-
tion (ward.D2 method) from the gplots R package (v.3.1.3). Differential
gene expression analysis was performed using DeSeq2 v.1.28.1 (ref. %).
These data have been deposited inthe NCBI's GEO (ref. °) (GSE205864).

RNA sequencing of cancer and neuron co-cultures and data
processing
A total of 1 x 10* naive TrpvI®::-CheRiff-eGFP”"" DRG neurons were
co-cultured with 5 x10* B16F10-mCherry-OVA cells overnight in
complete DMEM (Corning, 10-013-CV) supplemented with 10% FBS
(Seradigm, 3100), 1% penicillin-streptomycin (Corning, MT-3001-Cl),
0.05 ng pl™ NGF (Life Technologies, 13257-019), 0.002 ng pl™ GDNF
(PeproTech, 450-51-10). After 48 h, the cells were detached and TRPV1
neurons (eGFP'mCherry”) and BI6F10-mCherry-OVA (eGFP-mCherry®)
were FACS purified using a FACSAriallu cell sorter (Becton Dickinson),
and the cell supernatant was collected for ELISAs.
RNA-sequencinglibraries were constructed using thelllumina TruSeq
Stranded RNA LT Kit (Ilumina) following the manufacturer’s instruc-
tions. lllumina sequencing was performed at Fulgent Genetics. Reads
werealigned to the mouse mm10 reference genome (GenBank assembly
accession GCA_000001635.2) using STAR v.2.7 (ref. %8). Aligned reads

were assigned to genic regions using the featureCounts function from
subread v.1.6.4 (ref. ). Gene expression levels were represented by
TPM. Hierarchical clustering was computed using the heatmap.2 func-
tion (ward.D2 method) from the gplots R package (v.3.1.3). Differential
gene expression analysis was performed using DeSeq2v.1.28.1%. These
data have been deposited in the NCBI's GEO (ref. °°) (GSE205865).

ELISA on co-cultures of BI6F10 cells and DRG neurons

A total of 1 x 10* naive DRG neurons were cultured (96 h) with and
without 5 x10* B16F10 cells in complete DMEM (10% FBS, 1% penicil-
lin-streptomycin, 1 pul ml™ protease inhibitor). The cells were then chal-
lenged (30 min) with sterile PBS or KCI (40 mM) and the supernatant
was collected. Neuropeptide releases were measured using commercial
ELISAs for VIP (Antibodies Online, ABIN6974414), SP (Cayman Chemi-
cal, 583751) and CGRP (Cayman Chemical, 589001).

ELISA on co-cultures of B16F10 cells, CD8* T cells and DRG neurons
Levels of SLPI (R&D Systems, DY1735-05) were measured in the cells’
supernatant using acommercial ELISA.

OT-ICDS8" T cell-induced B16F10 elimination

A total of 2 x 10* naive TrpvI““::CheRiff-eGFP”"" DRG neurons were
co-cultured with1 x 10° B16F10-mCherry-OVA cells overnightin T cell
medium (supplemented with 0.05 ng pul™ NGF (Life Technologies, 13257-
019) and 0.002 ng pl™ GDNF (PeproTech, 450-51-10)). One day after,
4 x10° stimulated OVA-specific CD8" T cells under T, conditions were
addedtothe co-culture. After 48 h, the cells were detached by trypsin
(Gibco,2062476) and collected by centrifugation (5 minat1,300 rpm),
stained using anti-AnnexinV, 7-AAD (BioLegend, 640930) and anti-CD8
for 20 min at 4 °C, and immunophenotyped by flow cytometry using
aFACSCanto Il (Becton Dickinson). Cytokine expression levels were
analysed after invitro stimulation (PMA/ionomycin; see ‘Intracellular
cytokine staining’).

Effect of neuron-conditioned medium on OT-ICD8' T cell-induced
B16F10 elimination

A total of 4 x 10° stimulated OVA-specific CD8" T cells were added to
1x10°B16F10-mCherry-OVA and treated with fresh condition medium
(1:2dilution). After 48 h, cells were stained using anti-Annexin V, 7-AAD
(BioLegend, 640930) and anti-CD8 for 20 minat4 °C, and wereimmu-
nophenotyped by flow cytometry using an LSRFortessa or aFACSCanto
11 (Becton Dickinson). For CGRP, 4 x 10° stimulated OVA-specific CDS*
T cells were added to 1 x 10° BI6F10- mCherry-OVA and treated with
CGRP (100 nM). After 24 h, the cells were stained using anti-Annexin
V, 7-AAD (BioLegend, 640930) and anti-CD8 for 20 min at 4 °C, and
wereimmunophenotyped by flow cytometry using an LSRFortessa or
aFACSCanto Il (Becton Dickinson). Cytokine expression levels were
analysed afterin vitro stimulation (PMA-ionomycin; see ‘Intracellular
cytokine staining’).

Survival of B16F10 cells

Atotal of 1 x10° B16F10 cells were cultured in six-well plates and chal-
lenged with BONT/A (0-50 pg ul™) for 24 h, QX-314 (0-1%) for 72 h,
BIBN4096 (1-8 uM) for 24 h or their vehicle. The survival of B1I6F10
cellswas assessed using anti-Annexin V staining and measured by flow
cytometry using an LSRFortessaora FACSCanto Il (Becton Dickinson),
or counted using a haemocytometer.

Effect of drugs on the function of CD8" T cells

Splenocyte-isolated CD8"* T cells from naive C57BL6) mice were cultured
under T-stimulating conditions (ex-vivo-activated by CD3 and CD28,
IL-12and anti-IL4) in24-well plates for 48 h. The cells were then exposed
to QX-314 (50-150 pM), BONT/A (10-50 pg pI™) or BIBN4096 (1-4 pM) for
24 h. Apoptosis, exhaustion and activation levels were measured by flow
cytometry using an LSRFortessa or a FACSCanto Il (Becton Dickinson).
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Insilico analysis of neuronal expression profiles using
RNA-sequencing and microarray datasets

Publicly available RNA gene expression data from seven datasets were
downloaded from the NCBI GEO portal®®. RNA gene expression values
of genes ofinterest were extracted. Expression values from single-cell
sequencing were averaged for all cells. To be able to compare expres-
sion from datasets that were generated using different techniques
(single-cell RNA sequencing, bulk RNA sequencing and microarrays)
and normalization methods (TPM, RPKM (reads per kilobase per mil-
lion mapped reads), RMA (robust multiarray analysis) and UMI (unique
molecular identifiers)), all genes of interest were ratioed over TRPVI
expression, then multiplied by 100, and the log,, values of these val-
ues were plotted as a heat map®. Kupari et al.*” used single-cell RNA
sequencing of JNC neurons, whereas Usoskin etal.®®. and Lietal.®*. used
single-cell RNA sequencing of lumbar neurons. Chiu et al.”” measured
gene expression by microarrays of whole and FACS-sorted Na,1.8* lum-
bar neurons. Goswami et al.” performed RNA sequencing of TRPV1*
lumbar neurons, whereas Ray et al.”? performed RNA sequencing of
human lumbar neurons.

Insilico analysis of tumour expression profiles of patients with
melanoma using single-cell RNA sequencing

Using the publicly available Broad Institute single-cell bioportal, we
performed aninsilico analysis of single-cell RNA sequencing of human
melanoma biopsies. We assessed the gene profile of RAMPI-expressing
and RAMPI-negative T cells in the tumours of patients with meta-
static melanoma*. Similarly, we assessed the genetic program of
RAMPI-expressing and RAMPI-negative CD8" T cells in patients with
melanoma*.. The latter dataset was also used to analyse the genetic
profile of CD8" T cells in patients who were responsive toimmune check-
pointblockers or unresponsive to such treatment, as well as the genetic
profile of malignant melanoma cells (defined as CD90"CD45") from the
biopsies of ten different patients*. Individual cell data are shown as a
log,-transformed 1+ (TPM/10). Experimental details and cell clustering
have been defined in previous studies**%.

Insilico analysis of the expression profiles of humanimmune cells
Publicly available RNA gene expression data from a previous study”
were downloaded from the NCBI GEO portal. Read counts normalized
totranscripts per million protein-coding genes (pTPM) values for genes
ofinterest were extracted. Expression values from single-cell sequenc-
ing were averaged for all cells. Experimental details and cell clustering
have been defined before™.

Insilico analysis of the expression profiles of cultured B16F10 cells
Publicly available RNA gene expression data from a previous study™
were downloaded from the NCBIGEO portal. Read counts normalized
to TPM for genes of interest were extracted. Experimental details and
cell clustering have been defined before™.

Insilico analysis of the expression profiles of mouse immune
cells using the ImmGen database

Using the publicly available InmGen database, we performed anin
silicoanalysis of RNA-sequencing data (DESeq2 data) of various mouse
immune cells. As per InmGen protocol, RNA-sequencing reads were
aligned to the mouse genome GENCODE GRCm38/mm10 primary
assembly (GenBank assembly accession GCA_000001635.2) and
gene annotations vM16 with STAR 2.5.4a. The ribosomal RNA gene
annotations were removed from the general transfer format file. The
gene-level quantification was calculated by featureCounts. Raw read
counttables were normalized by the median of ratios method with the
DESeq2 package from Bioconductor and then converted to GCT and
CLS format. Samples with fewer than1 million uniquely mapped reads
were automatically excluded from normalization. Experimental details

can be found at https://www.immgen.org/Protocols/ImmGenULIL_
RNAseq_methods.pdf.

Oncomine

Insilico analysis of the expression profiles of biopsies from patients
with melanoma using bulk microarray sequencing. As described
previously', samples from 45 cutaneous melanomas and 18 benign
melanocytic skin nevus biopsies (around 5-20 pum) were collected
and amplified, and their transcriptomes were profiled using Affym-
etrix U133A microarrays. Data were downloaded from the Oncomine
database (https://www.oncomine.com/) aslog,-transformed (median
centred intensity) and genes of interest were shown as heat maps.
Experimental details and cell clustering have been defined before®.

Survival analysis of patients with melanoma

OncolLnc (http://www.oncolnc.org/) contains survival data for 8,647
patients from 21 cancer studies performed by TCGA*°. Using OncolLnc,
we assessed the 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 neuro-
peptides) in 459 skin cancer (SKCM) tumour biopsies from the TCGA
database. Of these genes, 206 were expressed, and 108 were selected
on the basis of their negative Cox coefficient value, indicating a link
between lower gene expression and improved patient survival. Kaplan-
Meier curves show the survival of the patients after segregation into
two groups defined by their low or high expression of agene of interest.
Details of patients can be found in TCGA* and computational analyses
can be found at https://doi.org/10.7717/peerj-cs.67.

Data collection and analysis

GraphPad Prism (v.9.0) and Microsoft Excel (v.2019) were used for
data entry, graph construction and data analysis. Image analysis
(neurite length and ramification index) was performed using Image]J
macros (Fiji, v.1.53c). Flow cytometry data were analysed using FlowJo
(v.10.0.0). Calcium microscopy analysis was performed using a Nikon
Eclipse Ti2 microscope (NIS-Elements Advanced Research v.4.5). Patient
biopsy images were collected using an Olympus BX51 bright-field
microscope and mouse tumour innervation images were acquired
using an Olympus FV3000 confocal imaging system. For RNA sequenc-
ing, thereads were aligned to the mouse reference genome GRCm38/
mm10 (GenBank assembly accession GCA_000001635.2) using STAR
(versions used: 2.5.4a, 2.5.1b and 2.7). Aligned reads were assigned to
genicregions using the featureCounts function from Subread (v.1.6.4
22). Hierarchical clustering was computed using the heatmap.2 func-
tion (ward.D2 method) from Gplots R package (v.3.1.3). Differential
gene expression analysis was carried out by DeSeq2 (versions used:
1.18.1and 1.28.1). TCGA data were accessed using Oncomine (https://
www.oncomine.com/ for gene expression) and OncolLnc (http://www.
oncolnc.org/ for survival). Single-cell RNA sequencing was analysed
using the Broad Single-Cell Portal (https://singlecell.broadinstitute.
org). Human and mouse immune cell gene profiles were respectively
analysed using the Human Protein Atlas (https://www.proteinatlas.org/
humanproteome/immune+cell) and Immunological Genome Project
(https://www.immgen.org/).

Samplesize

Statistical methods were not used to predetermine sample size. The
size of the cohort, based onsimilar studiesin the field, was validated by
pilotstudies. Allsample sizes are indicated in the figures and/or figure
legends. All nvalues are indicated within the figurelegends. In the only
caseinwhicharangeis used (Fig. 2a,b), exact n values are providedin
the source data files. For in vivo experiments, we used n > 8 mice. For
invitro experiments in which replicate samples were used, we repeated
the experiments at least three independent times to confirm the find-
ings. For other mouse experiments a minimum of five mice were used
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to ensure that proper statistics could be used. We determined this to
be sufficient as per our pilot data, use of internal controls and/or the
observed variability between within experimental groups.

Replication

The number of replicates is indicated in the figures, figure legends
and/or methods. On the graphs, individual dots represent individual
samples or mice used. For each experiment, allattempts at replication
were successful and our findings showed comparable results.

Randomization

Breeding pairs and their offspring (nociceptor-intact and -ablated
mice) were co-housed and, in respect with the ARRIVE guidelines™,
were randomly allocated into each experimental group. For in vitro
experiments, randomizationwas used for treatment selection. Insome
calcium microscopy experiments, the investigators performing the
data collection were tasked to select all ligand-responsive cells for
downstream analysis. In these rare cases. randomization was not used
for cell selection.

Blinding

Double blinding was used for all in vivo treatments. In calcium micros-
copy experiments involving co-culture (for example, nociceptors
and cancer cells), the differencesin cell morphology are obvious and,
therefore, the investigator performing the experiment was not blind.
However, this investigator was always blinded to the treatment being
applied to the cells and a second blinded investigator performed the
downstream data analysis.

Data exclusions
No data were excluded.

Statistics

Statistical significance was determined using GraphPad Prism (Dot-
matics, v.9) and calculated using simple linear regression analysis,
Mantel-Cox regression, one-way or two-way ANOVA for multiple com-
parisons and two-sided unpaired Student’s ¢-test for single variable
comparison. In calciumimaging experiments, the Pvalueis calculated
onligand-responsive neurons (calcium flux = 5-10%). P values < 0.05
were considered significant.

Antibodies
Allof the antibodies used in this study are also listed in Supplementary
Table 2.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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All dataarereadily available online (https:/www.talbotlab.com/nature)
and from the corresponding author. The RNA-sequencing datasets
have been deposited in the NCBI's GEO (GSE205863, GSE205864 and
GSE205865). Source data are provided with this paper.
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Extended DataFig.1| TRPV1,NAV1.8, SNAP25 or RAMPI transcripts are NaV1.8arenotdetected inthese cells. Heat maps show the read counts
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CGRP) transcripts are not detected in malignant melanoma cells (defined as microarrays®. Insilico analysis of this dataset revealed that cutaneous

CD90°CD45") fromten different patients’ biopsies (a) nor in cancer-associated melanoma heightened expression levels of Calca (1.4-fold), Pouf4f1 (2-fold),
fibroblasts, macrophage, endothelial, naturalkiller, T,and B cells (b). Individual ~ Eno2 (1.4-fold), and Tubb3 (1.1-fold), as well as other neuronal-enriched genes.

celldataareshownasalog,of 1+ (transcript per million/10). Experimental Heat map dataare shown aslog, (median centred intensity); two-sided
detailsand cell clustering were defined in Jerby-Arnon et al*. Nare defined in unpaired Student’s t-test; p-values and nare shownin the figure. Experimental
the figures. (¢) Insilico analysis of humanimmune cells revealed their basal details were definedin Haqq et al®.

expression of Cd45. Using RNA sequencing approaches, Calca, Snap2S5, Trpvl or
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forwhichindividual data points are given (g) or asa heat map (h) displaying
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of seven published nociceptor neuron expression profiling datasets® revealed
thebasal expression of sensory neuron markers (Trpvl, Trpal) and neuropeptides
(Sp, Vip, Nmu, Calca). Expression across datasets was ratioed over Trpvl

and multiplied by 100. Thelog,, of these valuesis presented as aheat map.

i) RNA sequencing of human lumbar neurons;2ii) microarrays of mouse
FACS-sorted Nay1.8" neurons;”’iii) and iv) single-cell RNA sequencing of mouse
lumbar neurons;*®*’v) microarray profiling of mouse Nay1.8* DRG neurons;”®
vi) performed RNA sequencing of mouse TRPV1' neurons;” and vii) single-cell
RNA sequencing of mouse vagal ganglia®.
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Extended DataFig. 4 |B16F10 cellsinteract withnociceptor neurons.

(a-c) When co-cultured with BI6F10-eGFP cells (green), TRPV1* nociceptor
(Trpuvi®:tdTomato™""; orange) neurons form neuro-neoplasic contacts

(a), show longer neurites (b), and exhibit reduced arborization (c) than when
cultured alone or with non-tumorigenic keratinocytes (b-c). (d) L3-L5DRG
neurons were collected from mice 2-weeks after they were inoculated (left
hindpaw;i.d.) with BL6F10- or non-tumorigenic keratinocytes, cultured and
calcium flux toligands tested (ATP (10 pM), and capsaicin (1pM)). Compared
toneurons fromkeratinocytes-injected mice, the one from tumour-bearing
mice showed increased sensitivity to capsaicin. (e) Naive DRG neurons
(Trpuvi::CheRiff-eGFP""") were cultured alone or in combination with B16F10-
mCherry-OVA. After 48h, the cells were collected, FACS purified, and RNA
sequenced. Hierarchical clustering of sorted neuron DEG show distinct groups
oftranscripts enriched in TRPV1' neuron vs cancer-exposed TRPV1  neuron

populations. Pairwise comparison of naive TRPV1* neuronvs cancer-exposed
TRPVI neuron populations showing differentially expressed transcriptsasa
volcano plot (p<0.05). Among others, Calca (gene encoding for CGRP) was
overexpressed in TRPV1" (FACS-purified eGFP-expressing cells) neurons when
co-cultured with BI6F10-mCherry-OVA. Data are shown as representative
image (a), mean+S.E.M (b-d), or volcano plot (e). Nare as follows:a:n =4,
b:neuron (n=8), neuron + keratinocytes (n=7), neuron + B16FO (n =7), neuron +
B16F10 (n=7),c:n=15/groups, d: keratinocytes inj. + ATP (n=5), B16F10inj. +
ATP (n=36), Keratinocytesinj. +caps (n = 6), B16F10inj. + caps (n =44),e:n =4/
groups. Experiments were independently repeated two (d) or three (a-c) times
with similar results. Sequencing experiment was not repeated (e). P-values are
showninthefigure and determined by one-way ANOVA post-hoc Bonferroni
(b-c) ortwo-sided unpaired Student’s t-test (d). Scale bar =100 pm (a).
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Extended DataFig.5|B16F10-secreted SLPIactivates nociceptor neurons.
(a-e) Naive DRG neurons (TrpvI“::CheRiff-eGFP"/*"), BI6F10-mCherry-OVA,
and OVA-specific cytotoxic CD8" T cells were cultured alone or in combination.
After 48h, the cells were collected, FACS purified, and RNA sequenced. DEGs
were calculated, and Fgfr1 (fibroblast growth factor receptor 1) was found to be
overexpressed in OVA-specific cytotoxic CD8" T cells when co-cultured with
cancer cellsand DRG neurons (a). Conversely, OVA-specific cytotoxic CD8"*

T cellsdownregulates the expression of the pro-nociceptive factor Hmgbl
(High-mobility group box 1; b), Braf (c), as well as Fgfr3 (d) when co-cultured
with B16F10-mCherry-OVA and DRG neurons. Tslp expression level was not
affectedinany of tested groups (e). (f-i) Using calcium microscopy, we probed
whether SLPIdirectly activates cultured DRG neurons. We found that SLPI
(0.01-10 ng/mL) induces asignificant calcium influxin DRG neurons (f). SLPI-
responsive neurons are mostly small-sized neurons (g-h; mean area =151 um?)
and largely capsaicin-responsive (i; ~42%). (j) The right hindpaw of naive mice
wasinjected withsaline (20 pL) or SLPI(i.d., 1 ng/20 pL), and the mice’s noxious
thermal nociceptive threshold was measured (0-6h). The ipsilateral paw
injected with SLPIshowed thermal hypersensitivity in contrast with the

contralateral paw. Saline had no effect on the mice’s thermal sensitivity. Data
are shown as box-and-whisker plots (runs from minimal to maximal values; the
box extends from 25" to 75" percentile and the middle line indicates the median),
forwhichindividual data pointsare given (a-f, h, j), stacked bar graphona
logarithmicscale (g), and Venn Diagram (i). N are as follows: a-e: n =2-4/groups,
f: vehicle (n =28),10pg/ml (n =28),100 pg/ml(n=132),1,000 pg/ml (n =191),

10 ng/ml (n=260), capsaicin (n = 613),KCI (n=1,139), g: 0-100 (SLPI=19; KCI=177),
100-200 (SLPI=45;KCI =390),200-300 (SLPI =16; KC1=216),300-400 (SLPI=11;
KCI=138),400-500 (SLPI = 5;KCl = 68),500-600 (SLPI=2,KCI =18),600-700
(SLPI=0;KCI=10),700-800 (SLPI=0; KCI=13), 800+ (SLPI = 0; KCI =12), h:n =98,
i: KCI'=1139,KCl*Caps ‘=614, KCI*Caps'SLPI'=261, KCI'Caps SLPI'=29,j: Oh (n =9),
SLPlat1h(n=6),salineatlh(n=3),SLPlat3h (n=6),salineat3h (n=3), SLPlat 6h
(n=6),salineat 6h (n=3). Experiments were independently repeated two (j) or
three (f-i) times with similar results. Sequencing experiment was not repeated
(a-e). P-values were determined by one-way ANOVA post-hoc Bonferroni

(a-f); ortwo-sided unpaired Student’s t-test (j). P-values are shown in the figure
orindicated by *for p<0.05;**for p < 0.01; ***for p < 0.001.
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Extended DataFig. 6 | Nociceptor ablationreduces the exhaustion of
intratumoral CD8" T cells. (a-b) Orthotopic BI6F10-mCherry-OVA (5x10° cells;
i.d.) cellswereinjected tonociceptorintact (Trpv1""::DTA""") and ablated
(Trpu1“::DTA™"") mice. Sixteen days post-B16F10-mCherry-OVA cellsinoculation
(5x10° cells; i.d.), tumour-infiltrating CD8" T cells were immunophenotyped
(a)and were found tobe more numerous in sensory neuron depleted tumours
(b). (c-g) Orthotopic BI6F10-mCherry-OVA (2x10° cells; i.d.) cellswere injected
into the lefthindpaw paw of nociceptor intact (n = 96; Trpv1""::DTA""") or
ablated (n=18; Trpv1“©::DTA™"") mice. When compared to their baseline
threshold, littermate control mice showed significant thermal hypersensitivity
onday 7, an effect that peaks on day 21 (c). In these mice, intratumoral
frequency of PD-1'LAG3'TIM3" (d) and IFNy* (e) CD8" T cellsincreased 12 days
posttumour inoculation, an effect that peaked on day 19. Finally, BI6F10
tumour volume peaked onday 22 (f). When compared with littermate control
mice, sensory neuron ablated mice inoculated with B16F10 cells showed no
thermal pain hypersensitivity (c), reduced intratumoral frequency of PD-
T'LAG3'TIM3" CD8" T cells (d) and tumour volume (f). In littermate control
mice, thermal pain hypersensitivity (day 7) precedes theincreaseinintratumoral
frequency of PD-1'LAG3'TIM3* CD8" T cells (day 12), and significant tumour
growth (day 12; g). (h) Orthotopic B16F10-mCherry-OVA cells (5x10° cells; i.d.)
wereinoculated into 8-week-old male and female sensory neuronintact or
ablated mice. The mice were treated with aPD-L1(6 mg/kg, i.p.; days 7,10,13,16
posttumour inoculation) oritsisotype control. Onday19, aPD-L1 potentiated
thenociceptor ablation mediated reduction in BI6F10-OVA tumour volume.
(i-k) Orthotropic BI6F10-mCherry-OVA cells (5x10° cells, i.d.) were injected
intoacohortof nociceptor neuron-ablated mice 3 days prior to the injection
given to nociceptorintact mice. Mice from each group with similar tumour size
(-85mm?®) were selected and exposed to aPD-L1(6 mg/kg, i.p.) once every 3 days
foratotal of 9 days. Eighteen days post tumour inoculation, we found that «aPD-
L1-reduced tumour growth was higher (-47%) in nociceptor-ablated mice than
was observed in nociceptor-intact mice (-32%; i—j). Inaddition, nociceptor
ablationincreased the proportion of intratumoral tumour-specific (k; defined
asH-2Kb*) CD8" T cells. These differences were further enhanced by aPD-L1
treatment (i-k). (I-m) Sensory neurons ablation (TrpvI::DTA""") decreased
growth of YUMMERL.7 cells (5x10° cells; i.d.) animmunogenic version of a
Braf'¢°°® Cdkn2a” Pten” melanoma cell line (I; assessed until day 12). The non-
immunogenic YUMML.7 cellline (5x10° cells; i.d.; assessed until day 14) cells
wereinjected to nociceptor intact (Trpvl""::DTA"*") and ablated mice

(Trpv1ce::DTA™"T). Nociceptor ablation had no effect on YUMML.7 growth (m).
(n) Orthotopic B16F10-mCherry-OVA (5x10° cells; i.d.) cellswere injected to
nociceptor intact (Trpvl""::DTA"*") and ablated mice (Trpv1<c::DTA""T).
Thereductionin B16F10-mCherry-OVA (5x10°cells; i.d.) tumour growth
observedinnociceptors ablated mice was absent following systemic CD3
depletion (assessed until day 15; aCD3,200 pg/mouse; i.p.; every 3 days).

(0) Todeplete their nociceptor neurons, C57BL6) mice were injected with RTX
(s.c.,30,70,100 pg/kg) and were subsequently (28 days later) inoculated with
B16F10-mCherry-OVA (2x10° cells). RTX-injected mice showed reduced tumour
growthwhen compared to vehicle-exposed mice (assessed until day 13).

(p-q) Orthotopic BI6F10-mCherry-OVA (5x10° cells; i.d.) cells were injected to
light-sensitive mice (Navl.8¢::ChR2ZV""). As opposed to unstimulated mice,
the optogeneticactivation (3.5ms,10Hz, 478nm, 60 mW, giving approx.

2-6 mW/mm?witha 0.39-NA fibre placed 5-10 mm from the skin, 20 min) of
tumour-innervating nociceptor neurons, when started once B16F10 tumours
were visible (20 mm?®) or well established (200 mm?), resulted in enhanced
tumour growth (p, as measured until day 14) and intratumoral CGRP release (q).
Dataareshown as FACS plot (a; depict the gating strategy used in fig. 3d,e), as
box-and-whisker plots (runs from minimal to maximal values; the box extends
from25™to 75" percentile and the middle line indicates the median) for which
individual data points are given (b,k,q), scatter dot plot (c-f), percentage
change from maximal thermal hypersensitivity, intratumoral frequency of PD-
T'LAG3'TIM3* CD8" T cellsand tumour volume (g), or mean +S.E.M (h-j, I-p).
Nare as follows: a-b:intact (n =29), ablated (n =33), c:intact (n=96), ablated
(n=19),d:intact (n=92),ablated (n =15), e:intact (n =96), ablated (n=15),
f:intact (n=96), ablated (n=16),g:n=96, h:intact (n=9), ablated (n =10),
intact+aPD-L1(n=9),ablated+aPD-L1(n = 8),i:intact (n = 14), ablated (n=4),
j:intact+aPD-L1(n=12), ablated+aPD-L1(n=12),k:intact (n=5),ablated (n=6),
intact+aPD-L1(n=5),ablated+aPD-L1(n=5),l:intact (n=8), ablated (n=11),
m:intact (n=6), ablated (n=13), n:intact (n=5), ablated (n=5), intact+aCD3
(n=6),ablated+aCD3 (n =5), 0: vehicle (n =11), RTX (n =10), p: Nav1.8"::ChR2"
"T(n=12), Nav1.8"::ChR2"/"" + Light (vol.~200 mm?>) (n = 8), Nav1.8¢::ChR2""""
+Light (vol. 20 mm®) (n =8), q: Nav1.8::ChR2"" (n =12), Nav1.8::ChR2""" +
Light (vol.-200 mm?®) (n =7), Navl.8¢::ChR2V"" + Light (vol. -20 mm?) (n=9).
Experiments wereindependently repeated two (c-g), three (h-q) or six

(a,b) times with similar results. P-values are shownin the figure and determined
by two-sided unpaired Student’s t-test (b-f, k,q), or two-way ANOVA post-hoc
Bonferroni (h-j,1-p).
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Extended DataFig.7|BoNT/Asilencing of BI6F10-innervating neurons
decreases tumour growth. (a-e) Splenocytes-isolated CD8" T cells from naive
C57BL6) mice were cultured under T;-stimulating conditions (ex vivo activated
by CD3and CD28, IL-12, and anti-IL4) for 48h. The cells were then exposed to
BoNT/A (10-50 pg/uL) for 24h; effects on apoptosis, exhaustion, and activation
were measured by flow cytometry. When compared to vehicle-exposed cells,
BoNT/A did not affect the survival (a) of cultured cytotoxic CD8" T cells, nor
their relative expression of IFNy* (b), TNF* (c), IL-2* (d) and PD-I'LAG3'TIM3" (e).
(f) B16F10 (1x10° cells) were cultured for 24h and subsequently exposed to
BoNT/A (1.6-50 pg/pL) 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. (g-n) One and three days prior to tumour inoculation (defined as
prophylactic), the skin of 8-week-old male and female mice was injected with
BoNT/A (25 pg/pL;i.d.) orits vehicle. One day after the lastinjection,
orthotopic BI6F10-mCherry-OVA (5x10° cells; i.d.) were inoculated into the
area pre-exposed to BONT/A.Inanother group of mice, BONT/A was
administered (25 pg/pL;i.d.) one and three days after the tumour reached a
volume of ~2200mm3 (defined as therapeutic). The effect of neuron silencing on
tumour size and tumour-infiltrating CD8" T cell exhaustion was measured.
Nineteen days post tumour inoculation, we found that the tumour volume
(g,h) and weight (i) were reduced in mice treated with BoNT/A (Prophylactic
group).Inparallel, we found that silencing tumour-innervating neurons
increased the proportion of IFNy* (k), TNF* (I), and IL-2* (m) CD8" T cells.
BoNT/A had no effect onthe total number of intratumoral CD8 T cells (j) or the
relative proportion of PD-1'LAG3'TIM3" (n) CD8' T cells. (0) One and three days
prior to tumour inoculation, the skin of 8-week-old male and female sensory
neuron-intact or ablated mice was injected with BoNT/A (25 pg/uL;i.d.) orits

vehicle. One day following the last injection, orthotopic YUMMERL1.7 cells
(5x10°cells; i.d.) were inoculated into the area pre-exposed to BONT/A. The
effects of nociceptor neuron ablation on tumour size and volume were
measured. Thirteen days post tumour inoculation, we found that the tumour
growthwas 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. (p) One and three days prior to tumour inoculation, the skin of
8-week-old male and female mice was injected with BONT/A (25 pg/uL;i.d.) orits
vehicle. One day following the lastinjection, orthotopic BI6F10-mCherry-OVA
cells (5x10° cells; i.d.) were inoculated into the area pre-exposed to BoNT/A. On
days 7,10,13 and 16 post tumour inoculation, the mice were exposed to aPD-L1
(6 mg/kg,i.p.) oritsisotype control. Eighteen days post tumourinoculation,
we found that neuronsilencing using BONT/A potentiated aPD-L1-mediated
tumour reduction. Data are shown as box-and-whisker plots (runs from
minimal to maximal values; the box extends from 25" to 75" percentile and the
middlelineindicates the median), for whichindividual data points are given
(a-f;h-n) orasmean +S.E.M(g,0,p). Nare as follows: a-e:n =5/groups, f:n =3/
groups, g-i: vehicle (n=12), BONT/A therapeutic (n = 12), BONT/A prophylactic
(n=10),j: vehicle (n=11), BoNT/A therapeutic (n =12), BONT/A prophylactic
(n=8),k-n:vehicle (n=10), BoNT/A therapeutic (n =12), BONT/A prophylactic
(n=8),0:intact+vehicle (n=9), ablated + vehicle (n=8), intact + BONT/A
(n=10), ablated + BONT/A (n = 8), p: vehicle (n=7), «PD-L1(n =8), aPD-L1+
BoNT/A (n=7).Experiments wereindependently repeated two (a-f, o-p) or
four (g-n) times with similar results. P-values are shownin the figure and
determined by one-way ANOVA posthoc Bonferonni (a-f, h-n) or two-way
ANOVA post-hoc Bonferroni (g,0,p).
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Extended DataFig. 8| QX-314 silencing of BI6F10-innervating neurons
reduces tumour growth. (a-e) Splenocytes-isolated CD8" T cells from naive
C57BL6) mice were cultured under T ;-stimulating conditions (ex vivo activated
by CD3and CD28, IL-12, and anti-IL4) for 48h. The cells were then exposed to
QX-314 (50-150 pM) for 24h, effects on apoptosis, exhaustion and activation
were measured by flow cytometry. When compared to vehicle-exposed cells,
QX-314 did not affect the survival of cultured cytotoxic CD8" T cells (a), nor their
relative expression of PD-1'LAG3*TIM3" (b), IFNy* (c), TNF* (d) and IL-2* (e).

(f) B16F10 (1x10° 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 analysed by
bright-field microscopy. QX-314 did not affect BI6F10 cells’ survival, as
measured by relative cell count changes (at each time point) in comparison to
vehicle-exposed cells. (g-i) One and three days prior to tumourinoculation,
8-week-old male and female wild-type mice’s right hindpaws or flanks were
injected with BoNT/A (25 pg/pL;i.d.) orits vehicle. On the following day,
orthotopic B16F10 cells (g: 5x10° cells; i.d.; h-i: 2x10° cells; i.d.) were inoculated
intothe areapre-exposed to BONT/A. Starting one day postinoculation, QX-314
(0.3%) or its vehicle was administered (i.d.) once daily in another group of mice.
The effects of sensory neuronsilencing were tested on neuropeptide release
(g), as well as mechanical (h) and thermal pain hypersensitivity (i). First, CGRP
levels were increased in B1I6F10 tumour surrounding skin explant (assessed on
day15) in comparison to control skin; an effect further enhanced by capsaicin
(1uM; 3h) but was absentin skin pre-treated with BONT/A (25 pg/uL) or QX-314
(0.3%; g). We also found that B16F10 injection induced mechanical (h) and
thermal pain hypersensitivities (i) fourteen days post tumour inoculation.
These effects were stopped by sensory neuronsilencing with QX-314 or BONT/A
(h-i). (j) Orthotopic BI6F10-mCherry-OVA cells (5x10° cells; i.d.) were
inoculated into 8-week-old male and female mice. Starting one day post
inoculation, QX-314 (0.3%;i.d.; Ssites) was injected once daily around the
tumour. The effect of nociceptor neuron silencing on tumour size and tumour-
infiltrating CD8' T cell exhaustion was measured. We found that silencing
tumour-innervating neurons increased the mice’s median length of survival
(270% Mantel-Haenszel hazard ratio; measured on day 19). (k-r) Orthotopic

B16F10-mCherry-OVA cells (5x10° cells; i.d.) were inoculated into 8-week-old
male and female mice. Starting one day postinoculation (defined as prophylactic),
Inother groups of mice, QX-314 daily injection started once the tumour
reached a volume of 200mm?® (defined as therapeutic). As measured seventeen
days post tumour inoculation, silencing tumour innervation also decreased
tumour volume (k,1) and weight (m), as well as the relative proportion of
PD-I'LAG3'TIM3" (n) CD8" T cells. QX-314 treatment also increased the total
number of intratumoral CD8* T cells (0), as well as relative proportion of IFNy*
(p), TNF*(q), and IL-2" (r) CD8' T cells. (s-t) Orthotropic BI6F10-mCherry-OVA
cells (5x10° cells, i.d.) were injected into mice treated with QX-314 (0.3%; i.d.)
2-3days prior to beinginjected into vehicle-exposed mice. Mice from each group
withsimilar tumour size (-100mm?®) were selected and exposed to aPD-L1

(6 mg/kg,i.p.) onceevery 3 days for atotal of 9 days. Eighteen days post tumour
inoculation, we found that aPD-L1-reduced tumour growth was higher (-61%) in
nociceptor silenced mice than was observed inisotype vehicle-exposed mice
(~49%; s-t). Data are shown as box-and-whisker plots (runs from minimal to
maximal values; the box extends from 25" to 75" percentile and the middle line
indicates the median), for whichindividual data points are given (a-e, g,I-r), as
mean+S.E.M (fh,ik,s,t), oras Mantel-Cox regression analysis (j). Nare as
follows: a:n=4/groups, b-e:n=5/groups, f: n=3/groups, g: naive (n=4),
vehicle (n=7), B16F10+vehicle (n = 5), BI6F10+BoNT/A (n = 5), BI6F10+QX-314
(n=5),h-i:n=6/groups, j: vehicle (n = 89), QX-314 (n =12), k: vehicle (n = 21),
QX-314 prophylactic (n =21), QX-314 therapeutic (n =17), I: vehicle (n = 26),
QX-314 therapeutic (n = 26), QX-314 prophylactic (n = 28), m: vehicle (n =25),
QX-314 therapeutic (n = 22), QX-314 prophylactic (n =25), n: vehicle (n = 31),
QX-314 therapeutic (n = 29), QX-314 prophylactic (n=28), 0: n =30/groups,
p-r:vehicle (n=24), QX-314 therapeutic (n =23), QX-314 prophylactic (n = 25),
s:vehicle (n=9), QX-314 (n =13), t: vehicle + aPD-L1 (n =18), QX-314 + aPLD1
(n=13). Experiments wereindependently repeated two (a-i, s-t) or four

(j-r) timeswith similar results. P-values are shown in the figure and determined
by one-way ANOVA posthoc Bonferonni (a-g, I-r), two-sided unpaired
Student’s t-test (h-i), Mantel-Cox regression (j), or two-way ANOVA posthoc
Bonferroni (k, s-t).
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Extended DataFig.9|See next page for caption.
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Extended DataFig.9|Nociceptor-released CGRPincreases cytotoxic CD8"
T cell exhaustion. (a-b) Splenocytes-isolated CD8* T cells were cultured under
T4-stimulating condition (exvivo activated by CD3 and CD28, IL-12, and anti-
I1L4) for 48h. The cells were then cultured or not with wild-type DRG neurons
and exposed to capsaicin (1pM, challenged once every two days) or its vehicle.
Asmeasured after 4 days stimulation, capsaicin-stimulated intact neuron
increased the proportion of PD-1'LAG3'TIM3" (a) cytotoxic CD8" T cells, whileit
decreased the one of IFNy* (b). (c-d) Splenocytes-isolated CD8* T cells were
cultured under T -stimulating conditions (exvivo activated by CD3 and CD28,
IL-12, and anti-IL4) for 48h. Inthe presence of peptidase inhibitors (1 puL/mL),
naive DRG neurons were cultured in the presence of BONT/A (50 pg/mL) or its
vehicle for 24h. The cells were then washed, stimulated (30 min) with KCI
(50mM), and the conditioned medium collected. On alternate days for 4 days,
the cytotoxic CD8" T cells were exposed or not toa RAMP1blocker (CGRPg_;;

2 pg/mL) and challenge (1:2 dilution) with fresh KCl-induced conditioned
medium from naive, or BONT/A-silenced neurons. As measured after 4 days
stimulation, KCl-stimulated neuron-conditioned mediumincreased the
proportion of PD-I'LAG3*TIM3* (c) cytotoxic CD8" T cells, while it decreased
the one of IFNy* (d). Such effect was absent when cytotoxic CD8* T cells were
co-exposed to the RAMP1blocker CGRPg 5, or challenged with the neuron
conditioned medium collected from BoNT/A-silenced neurons (c-d).

(e-f) Splenocytes-isolated CD8" T cells from wild-type and RampI”~ mice were
cultured under T -stimulating conditions (exvivo activated by CD3 and CD28,
I1L-12, and anti-IL4) for 48h. On alternate days for 4 days, the cytotoxic CD8"
Tcellswereexposed to CGRP (0.1puM) or its vehicle. As measured after 4 days
stimulation, representative flow cytometry plots (f) show that CGRP decrease
Ramp"" cytotoxic CD8' T cells expression of IFNy* (e,f), TNF* (f), and IL-2*

(f) when exposed to CGRP. Inversely, CGRP increase the proportion of
PD-1'LAG3'TIM3"in RampI1"™ cytotoxic CD8' T cells (f). RampI™ cytotoxic CD8*
Tcellswere protected from the effect of CGRP (e-f). (g-i) Splenocytes-isolated

CD8' Tcellsfromnaive OT-Imice were cultured under Tcl-stimulating
conditions (exvivo activated by CD3 and CD28, 1L-12, and anti-IL4) for 48h.
B16F10-mCherry-OVA cells (1x10° cells) were then cultured with or without
OT-Icytotoxic CD8' T cells (4x10° cells). Tcl-stimulated OT-1-CD8" T cells lead

to B16F10-OVA cell apoptosis (AnnexinV'7AAD"; g, measured after 48h;

h-i, measured after 24h). BI6F10-mCherry-OVA cells elimination by cytotoxic
CD8' Tcellswasreduced when the co-cultures were challenged (1:2 dilution;
once daily for two consecutive days) with fresh conditioned medium collected
from capsaicin (1 pM)-stimulated naive DRG neurons (g; measured after 48h).
Similarly, KCl (50mM)-stimulated naive DRG neurons conditioned medium
(1:2dilution) reduced B16F10-mCherry-OVA apoptosis (h; measured after 24h).
This effect was blunted when the cells were co-exposed to the RAMP1 blocker
CGRPg3; (h;2 pg/mL; measured after 24h). CGRP (0.1 pM) challenges also
reduced OT-1cytotoxic CD8"T cells elimination of BI6F10-OVA cell (i; measured
after 24h). Data are shown as box-and-whisker plots (runs from minimal to
maximal values; the box extends from 25 to 75" percentile and the middle line
indicates the median), for whichindividual data points are given (a-e, g-h), or
representative FACS plot (f, i). N are as follows: a: CD8 + vehicle (n =4), CD8 +
capsaicin (n=9), CD8 + neuron + capsaicin (n =9), b:n =5/groups, c:CD8 (n = 6),
CD8+KCl-induced neurons CM (n=5), CD8 + KCl-induced neurons CM +
CGRPg;; (n=6), CD8+KCl-induced neurons CM+BoNT/A(n=6),d:n=5/
groups, e:Ramp1"’ CD8 + vehicle (n=7), RampI1"" CD8 + CGRP (n=8), Rampl™~
CD8+vehicle (n=6), RampI”’~ CD8+CGRP (n = 6), g: BI6F10 (n=3), B16F10 +
OT-1CD8 (n=4),B16F10 + OT-1CD8 +KCl-induced neuron CM (n = 4), h: B16F10 +
OT-ICD8(n=4),B16F10+ OT-ICD8 + KCl-induced neuron CM (n =4), B16F10 +
OT-1CD8 +KCl-induced neuron CM + CGRPg 3, (n =5). Experiments were
repeated aminimum of three independent times with similar results. P-values
areshowninthe figure and determined by one-way ANOVA posthoc Bonferroni
(a-e,g-h).

62



Article

a 31004
£ 0 Nay1.8:
.
@ W Nay 1.8
8 v
3 8o
= o000
brd
£ 604
E
;
rd
2 40
3
T
A 204
Qo 2
ks
@
a
o o
f 31004
= [JTRPV1" :DTA™™
@
Q g0l mTRPVITCDTA™
o 807 F.cere
)
£ 604 e
E
!
b
2 404
3
T
A 204
Q 2
!
©
o
o o
k
g
+
@
a
o
g
-
z
T
=
@
a
o
Pog
+
a8
o &
E 6
e BB
ks P
@ < o
‘g“; 4 [Baion |
3
b
a
Q2
b
©
]
o 0 1 2
BIBN4096 (M)
u
%106
%I FIRAMPI“ CD8 > RAGT™
3 M RAMP17CD8 > RAGT™
§ RAMP1" CDB +_ oy e
] RAMP1™ CD8
§ 1x105:
» x E O
2 [
?
g
N
£
)
: !
1x10¢d <
v
3 25q wt -
S [TIRAMP1"'CD8 > RAGT
.
Q RAMP1” CD8 - RAG1™
8 20 ] CD8 - RAG1
=
«?
£ 159 o -
S
!
«Q
2 104
< o]
A s
Q5
I
o
Q
[SIE

b

100+

CD8'IFN-y"/ CD8" (%)

Survival (%)

BIBN4096

~o= Hazard rato: 0.974

—= Veh
T T T T
6 8 10 12 14 16 18 20

10014

®
3
I

CD8"TNF-o.*/ CD8" (%)
3
;

100

IS @ @
S =] S

CD8" IFN-y" / CD8" (%)
9
5

[ 1 2
BIBN4096 (M)

c

B16F10 (5x10° cells)

Extended DataFig.10|See next page for caption.

63

100 d 1007 =
£ 807 ONay1.8":DTAT
,
< 804 —~ 804 * cre.. oA
5\4 80 g 80 850- ONa, 187 DTA
a8 b by °
19 604 Q 60 2
= F
g R o
L 404 = 40 >
£ & L
< 20
8 201 O 204 a
o
£
a8
o o g o
0 5 10 15
Intra-tumoral CGRP (pg/mL)
[ Vehicle i 12007 j 1207 P08
2000 [ BIBN4096 - Therapeutic
. [CIBIBN4096 - Prophylactic 1000+ ‘cE'> 1004
& _ -
3 =4 2
E 1500 £ 800+ o 80
£ £
£ 5 =
3 2 600 - £ 60
S 10004 ; oo ]
8 E 400] |00 = a0 T
2 500 = = 3
200{ 294 EE% O 204 o
od od geo T od RS
B16F10 (5x10° cells)
404 n 1500 o 10+
- Intact
. Intact + BIBN4096
= —~ 12004 (=002) —~ 84
£ 304 % Ablated (p=00007) S
'ono £ . (AEE::d*BIBMOSG Y
© 900 - 6|
° £ 3
5 207 = 2
= g 600 £ 4
i .
@
S 104 5 a8
o = 300 O 24 o
==
o 0- ol T T
2 4 6 8 10 12 14 0 1 4
Day ¢ BIBN4096 (M)
100 S o 10
S N . =
£ 80 ﬁ .80 s
o o g g
2 - >
O 60 Q 60 £ 6
= o ) 3
.
s N = g
w o 7 <
40 Y 40 @ 4
= 2 2
o 2 s
8 20 O 20 o 2
@ P8
“ o 1 2 o 4 o 1 24 s
BIBN4096 (M) BIBN4096 (M) BIBN4096 (M)
CD45.1* CD45.2*
CD8*RAMPI™t CD8*RAMP1/-
Viability-eF-780—» CD45.2-Bv421 1 d
s s A
-13,0 o * * 2,62
CD8 X 12,1 X ’
s —> =
ul
o
: a
— 4 PD1*Tim3* o
o e W A KR R } ARG g
; s A
8 650 | * \ 48,7
=
W W Q
w
o
. a
PD1*Lag3* o
4 R 10* 10* 10 o 10 1wt 10*
= Lag3-PE >
R w y W
Viability-eF-780 > 9,21" 3,12
10* 1w
W W &)
o
<
. . <‘§>
PD1*Lag3*Tim3* i~
o 10’ 10 10° ° 10 w0t 10
CD8-PerCP-Cy5.5 >



Extended DataFig.10 | The CGRP-RAMP1axis promotesintratumoral CD8"
T cell exhaustion. (a-e) Orthotopic BI6F10-mCherry-OVA (5x10° cells; i.d.)
cellswereinjected to nociceptor intact (Nav1.8""::DTA"*") and ablated mice
(Navl1.8::DTA""). As measured fifteen days postinoculation, Na,1.8*
nociceptor-ablated mice had lower proportion of PD-1'LAG3'TIM3" (a) CD8"
Tcells, butincreased levels of IFNy* (b), TNF* (c), IL-2* (d) CD8" T cells. B16F10-
mCherry-OVA (5x10° cells; i.d.)-tumour surrounding skin was also collected and
capsaicin-induced CGRPrelease assessed by ELISA. Intratumoral CGRP levels
positively correlate with the proportion of PD-1'LAG3'TIM3* CD8* T cells (e).

(f) Orthotopic BI6F10-mCherry-OVA cells (5x10° cells; i.d.) were inoculated into
8-week-old female sensory neuronintact or ablated mice. In nociceptor-
ablated mice, recombinant CGRP injection (100nM, i.d., once daily) rescues
intratumoral CD8"T cells exhaustion (PD-1'LAG3*TIM3"). (g) Orthotopic
B16F10-mCherry-OVA cells (5x10° cells; i.d.) were inoculated into 8-week-old
male and female mice. Starting one day postinoculation, the RAMP1antagonist
BIBN4096 (5mg/kg, i.p., every other day) was administered systemically. We
found thatblocking the action of CGRP on RAMP1-expressing cells, increased
the mice’s median length of survival (-270% Mantel-Haenszel hazard ratio;
measured on day 19). (h-m) Orthotopic BI6F10-mCherry-OVA cells (5x10° cells;
i.d.) wereinoculated into 8-week-old male and female mice. Starting one day
postinoculation (defined as prophylactic), the RAMP1antagonist BIBN4096
(5mg/kg, i.p., every other day) was administered systemically. In another group
of mice, BIBN4096 (S5mg/kg, i.p., every other day) injections were started once
the tumour reached a volume of -200mm?® (defined as therapeutic). The effect
of nociceptor neuron-silencing on tumour size and tumour-infiltrating CD8"

T cell exhaustion was measured. As assessed thirteen days post tumour
inoculation, BIBN4096 decreased tumour volume (h) and weight (i) but
increased the relative proportion of IFNy* (k), TNF* (I),and IL-2* (m) CD8"
Tcells. BIBN4096 had no effect on the number of intratumoral CD8* T cells (j).
When administered as therapeutic, BIBN4096 reduced tumour volume

(h) and weight (i) but had limited effect on CD8* T cells’ cytotoxicity (j-m).

(m) Orthotopic B1I6F10-mCherry-OVA cells (5x10° cells; i.d.) were inoculated
into 8-week-old male and female sensory neuron-intact (TrpvI""::DTA""") and
ablated (Trpv1“©::DTA™"T) mice. Starting one day post inoculation, BIBN4096
(5mg/kg) or its vehicle was administered (i.p.) on alternate days; effects on
tumour volume were measured. Fourteen days post tumour inoculation, we
found that tumour growth wasreducedin sensory neuron-ablated miceandin
BIBN4096-treated mice. BIBN4096 had no additive effect when given to
sensory neuron-ablated mice. (0-s) Splenocytes-isolated CD8" T cells from

naive C57BL6) mice were cultured under Tcl-stimulating conditions (exvivo
activated by CD3 and CD28, IL-12, and anti-IL4) for 48h. The cells were then
exposed to BIBN4096 (1-4 uM) for 24h; effects on apoptosis, exhaustionand
activation were measured by flow cytometry. When compared to vehicle-
exposed cells, BIBN4096 did not affect the survival (o) of cultured cytotoxic
CD8'T cells, nor their relative expression of PD-1'LAG3'TIM3" (p), IFNY* (q),
TNF* (r), and IL-2" (s). (t) BL6F10 cells (1x10° cells) were cultured for 24h.

The cells were then exposed (or not) to BIBN4096 (1-8 uM) 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. (u-w) Naive splenocyte CD8" T cells were FACS purified from
RampI""(CD45.1") or Rampl™~ (CD45.2%) mice, expanded and stimulated

(CD3and CD28+1L-2) invitro. 8-week-old female RagI”” mice were transplanted
(i.v.,2.5x10° cells) with either Ramp1™~ or Ramp1”" CD8" T cells or 1:1 mix of
Rampl”’~and RampI""CDS8* T cells. One week post transplantation, the mice
were inoculated with BI6F10-mCherry-OVA cells (5x10° cells; i.d.). Ten days post
tumourinoculation, weretrieved a similar number of tumours draining lymph
node CD8" T cells across the three tested groups (u). The relative proportion of
intra-tumour PD-1'LAG3'TIM3* CD8" T cells was lower in Ramp1™ transplanted
mice (v). Within the same tumour, intratumoral CD8" T cell exhaustion was
immunophenotyped by flow cytometry (representative panel shown inw)

and showed that the relative proportion of PD-1'LAG3*TIM3" CD8" T cells was
~3-fold lowerin Ramp1”~ CD8" T cells thanin Ramp1"" CD8* T cells (w). Data

are shown as box-and-whisker plots (runs from minimal to maximal values;

the box extends from 25" to 75" percentile and the middle line indicates the
median), for whichindividual data points are given (a-d, f, h-m, o-v), linear
regression (e), Mantel-Cox regression (g), mean +S.E.M (n), or as FACS plot
(w).Nareas follows a—e: Nav1.8""::DTA""" (n =18), Navl.8::DTA"""" (n=10),

f: Trpul""::DTA""T (n =16), TrpvI“*::DTA"7+CGRP (n =11), g: vehicle (n = 89),
BIBN4096 (n =16), h-m: Vehicle (n =13), BIBN4096 therapeutic (n =18),
BIBN4096 prophylactic (n =16), n: Trpul""::DTA"*" + vehicle (n=8),
Trpvl""::DTA"™T + BIBN4096 (n =9), TrpvI“*::DTA"" + vehicle (n=7),
TrpvI<::DTA""+ BIBN4096 (n = 7), 0: vehicle (n=5), 1uM BIBN4096 (n = 3),

4 uMBIBN4096 (n =5), p-s: n =5/groups, t:n = 4/groups, u-w:n = 5/groups.
Experiments wereindependently repeated twice (a-f, n-w) or four (g-m) times
with similar results. P-values are shownin the figure and determined by two-
sided unpaired Student’s t-test (a-d, f,v), simple linear regression analysis (e),
Mantel-Cox regression (g), by one-way ANOVA posthoc Bonferroni (h-m; o-u),
ortwo-way ANOVA post-hoc Bonferroni (n).
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Extended DataFig.11|RAMPI1 expressionin patient melanoma-infiltrating
Tcellscorrelates with worsened survival and poor responsiveness to ICIs.
(a-1) Insilico analysis of Cancer Genome Atlas (TCGA) data linked the survival
rate among 459 patients with melanoma with their relative expression levels of
various genes of interest (determined by bulk RNA sequencing of tumour
biopsy). Kaplan-Meier curves show the patients’ survival after segregationin
two groups defined by their low or high expression of agene of interest.
Increased gene expression (labelled as high; red curve) of TUBB3 (b), PGP9.5
(c), Navl.7 (E), SLPI (k) and RAMPI (1) inbiopsy correlate with decreased patient
survival (p<0.05). The mantel-Haenszel hazard ratio and number of patients
includedineach analysis are shownin the figure (a-1). Experimental details
were definedin Cancer Genome Atlas (TCGA)*. (m) Insilico analysis of
single-cell RNA sequencing of human melanoma-infiltrating T cells revealed
that RAMPI' T cells downregulated /[-2 expression and strongly overexpressed
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severalimmune checkpoint receptors (PD-1, TIM3,LAG3, CTLA4,CD28,1COS,
BTLA,CD27)incomparisonto RAMPI T cells. Individual cell dataareshown as a
log, of 1+ (transcript per million/10). Experimental details and cell clustering
were definedin Tirosh etal**. N are defined in each panel. (n-p) On the basis of
the clinical response of patients with melanoma to immune checkpoint
blocker, patients were clustered into two groups defined as ICI-responsive or
ICI-resistant®. Insilico analysis of single-cell RNA sequencing of patients’
biopsies revealed that tumour-infiltrating CD8* T cells from patients who were
resistant to ICIs significantly overexpressed RAMPI (2.0-fold), PD-1 (1.7-fold),
LAG3(1.6-fold), CTLA4 (1.6-fold), and TIM3 (1.7-fold; n-p). Individual cell data
areshownasalog,(1+(transcript per million/10). Experimental details and cell
clustering were definedin Jerby-Arnon et al*. P-values are shown in the figure
and determined by two-sided unpaired Student’s t-test. Nare defined in each

panel (n-o).
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Extended DataFig.12|Melanoma-innervating nociceptors attenuate
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checkpointreceptors (i.e., PD-1, LAG3, TIM3). Therefore, along with the
immunosuppressive environment presentin the tumour, nociceptor-produced
CGRP leads to the functional exhaustion of tumour-infiltrating CD8" T cells,
whichopensthe door to unchecked proliferation of melanomacells.
Genetically ablating (i.e., TRPV1lineage) or pharmacologically silencing (i.e.,
QX-314, BoNT/A) nociceptor neurons as well as blocking the action of CGRP on
RAMP1lusingaselective antagonist (i.e., BIBN4096) prevents effector CD8*

T cells from undergoing exhaustion. Therefore, targeting melanoma-
innervating nociceptor neurons constitutes anovel strategy to safeguard host
anti-tumour immunity and stop tumour growth.
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Chapter 3: Discussion

The focus of this study was to unveil the important role of tumor-associated sensory neurons in the
development of cancer, which was achieved by the application of in vitro and in vivo models of melanoma
cancer. To uncover the mechanisms associated with sensory neurons, we aimed to answer two main
questions: which and how neuronal genes and modulators induce the expression of immune checkpoint
receptors on T cells in the tumor microenvironment TME, and what is the overall impact of nerve-cancer
crosstalk on anti-tumor immunity?

To address these questions, we designed various in vitro experiments, including RNA-sequencing
analysis, imaging techniques, tissue staining, neuron-cancer co-culture, neuron-cancer-T cell co-culture,
and multiple in vivo experiments. Our findings provided novel insights in the cancer research area. This
chapter is dedicated to the discussion of our findings, as well as future research studies that can
accelerate therapeutic advances in cancer research.

3.1. Tumor cells communicate with sensory neurons

A growing number of studies support the innervation of cancer and its contribution to tumor initiation and
progression®12313314.282  Recent studies have shown that tumor-related neurogenesis and axonogenesis
are linked to the progression of several cancer subtypes3'%288.303316 The existence of nerves or neurites
within and around the tumors has been visualized using various research approaches, including
histological assessments and co-culture studies. For instance, through an advanced histological
approach, the presence of nerves was approved in several carcinomas, including bladder, prostate, bone,
and breast tumors®'7:31826°  However, the innervation pattern can be different depending on the cancer
type, cancer stage and the level of aggressiveness of tumor model.

In our study, iDISCO imaging technique approved the presence of Nav1.8* nerve fibers within and around
melanoma tumor, reflecting melanoma innervation by sensory neurons. We also found that these intra-
tumoral sensory fibers contributed to tumor development (Nature; Figure 1). In addition, we observed the
presence of TRPV1* neurons in melanoma patients biopsies using hematoxylin eosin staining technique
(Nature; extended data Figure 2).

Furthermore, we performed an in vitro co-culture experiment of DRG neurons with B16F10 melanoma
cancer cells as an approach to study the interaction of DRG neurons with tumor cells. Several
investigations have determined that there is a reciprocal interaction between tumor cells and DRG
sensory neurons. Such interaction can influence neurite outgrowth and facilitate tumor cell dissemination
along nerves'. In this study, using an in vitro co-culture approach of DRG neurons with B16F10 or B16F0
melanoma cancer cells, we found that cancer cells induce neurite outgrowth and upregulate the
expression of various neuropeptides released by DRG neurons. Furthermore, B16F10 cancer cells
significantly increased the sensitivity of DRG neurons in the co-culture system as we analyzed changes in
calcium flux in response to the noxious ligands (capsaicin, ATP, and AITC).

Importantly, the in vivo data also confirmed that the response rate to the noxious ligands is higher in
lumbar DRG neurons (L3-L5) extracted from melanoma-bearing mice compared to DRGs harvested from
non-tumorigenic keratinocyte injected mice (Nature; extended data Figure 4). These data indicate the
contribution of tumor cells in the sensitization of nociceptor neurons and mainly reciprocal communication
between DRG neurons and tumor cells.

3.2. Cancer cells sensitize sensory neurons

Nerves are able to shape a unique tumor microenvironment. Nerve markers have been detected in many
tumors, such as head and neck, prostate, and pancreas. More importantly, these neuronal markers can
promote malignancy and are often associated with poor outcomes'?319.320282_ Tymor-nerve communication
occurs through the factors secreted by both tumor cells and nerve fibers. Tumor cells can secrete
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neurotrophic factors to drive axonogenesis and thereby innervate the tumor cells; nerve fibers reciprocally
release neuropeptides and neurotransmitters to modulate tumor cell growth and survival. The important
role of several nerve-cancer mediators, such as glutamate, NGF, GDNF, and noradrenaline or
acetylcholine has been well understood.

Our RNA sequencing data revealed that the hypersensitivity of DRG neurons by tumor cells allow for the
overexpression of several genes by nociceptor neurons. These genes include Calca (gene encoding
CGRP), Gal (gene encoding galanin), several cytokine receptor genes (IL-13r, IL-18r, IL-10r, IL-4r), and
growth factors such as Trka (gene encoding NGF receptor), and fibroblast growth factors (Fgf) (Nature;
Figure 1). Overexpression of CGRP neuropeptide may influence tumor-infiltration lymphocyte activity, and
Trka might support pain hypersensitivity induced by melanoma cells.

Further, RNA sequencing analysis revealed that, when co-cultured with either nociceptor DRG neurons or
CD8" T cells, melanoma tumors increase the expression of Secretory Leukocyte Protease Inhibitor (SLPI).
SLPI could directly activate cultured sensory neurons, as we showed by calcium microscopy. Using
ELISA, the presence of SLPI was confirmed in the supernatant collected from the co-culture of DRG
neuron-B16F10 cancer cells. We also observed that the treatment of DRG neurons with SLPI, induces
CGRP release, which supports the idea that SLPI secretion by cancer cells can sensitize tumor-
associated sensory neurons (Nature; Figure 2).

3.3. Activation of tumor-associated nerves modulates pain

Various types of tumors are identified by moderate to severe pain, which noticeably declines the life
quality of patients32'322323 Degpite growing advances, the exact molecular mechanisms underlying pain
stay poorly understood. Pancreatic cancer and bone metastasis have been reported as the most painful
types of cancer-related pain, which attributes to both neuropathic and nociceptive components®?4. Apart
from neuropathic and inflammatory mediators (e.g., NGF), reciprocal communication between tumor cells
and sensory nerves contributes to pain generation32.

Perineural invasion of cancer cells along the sensory nerve has also been viewed to damage and activate
the nerves, which mediate pain. Oral cancer microenvironment contains various factors released by
cancer cells and immune cells. These factors have been reported to sensitize tumor-associated
nociceptors and induce cancer-related pain®??. Additionally, the positive correlation between oral cancer-
induced pain and the tumor size was reported in this study®?2. In the present study, we found that
intradermal inoculation of SLPI into the mice enhances the hypersensitivity of sensory neurons, reflecting
the important role of SLPI in cancer-associated pain (Nature; extended data Figure 5).

Spontaneous activity of nociceptors mediated by SLPI signaling in the tumor microenvironment can
contribute to the overexpression of neuropeptides-released nociceptors and pain. Moreover, our data
revealed a positive correlation between thermal pain hypersensitivity and tumor growth. Compared to the
smaller tumors, the mice with bigger tumors displayed higher pain and higher exhaustion of CD8* T cells.

One feasible mechanism linking to this difference can be due to fewer nociceptors infiltration in smaller
tumors and lower levels of pain-related mediators in the tumor microenvironment. Our results also
propose that cancer cells release SLPI which directly induce pain and less production of SLPI is
associated with higher survival rate (Nature; extended data Figure 11). Therefore, SLPI emerged as a
key therapeutic target to reduce patient’s tumor pain and increase their survival. Thus, tumor pain is
considered as a complex condition mediated by neuropathic, inflammatory, and tumor-specific
mechanisms.

3.4. Nociceptor neurons modulate CD8+ T cell exhaustion

Our findings so far convinced us to design several in vitro and in vivo experiments to determine the effects
of DRG neurons on the activity of the immune system, specifically cytotoxic CD8" T cells. Landmark
studies have addressed the fundamental role of cytotoxic CD8" T cells in anti-tumor immunity and
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cytotoxic activity in the context of cancer. However, tumors induce T cell exhaustion, a hyperactivation
phase characterized by loss of effector functions of T cells, which consequently lead to tumor progression.

Our in vitro findings revealed that either co-culture of CD8* T cells with DRG neurons or CD8" T cells
treatment with condition media collected from stimulated neurons associated with CD8* T exhaustion. As
neuron condition media consist of several neuropeptides, we aimed to examine the influence of
nociceptor-released neuropeptides on CD8* T cells activity. Among others, CGRP was found to act as the
major driver of T cell exhaustion (Nature; extended data Figure 9).

CGRP has been shown to alter the recruitment of T cells and modulate anti-microbial defense in lung®?.
CGRP has previously been observed to suppress the proliferation of T cells by inhibiting their IL-2
production3?. A very recent study has shown that nociceptor released CGRP influences the immune cells
in the meninges during S. pneumoniae infection. Thus, CGRP/RAMP1 axis in meningeal macrophages
facilitates the invasion of bacteria into the brain3?7.

In addition, we found that CD8" T cells treated with DRG neuron condition media or directly treated with
CGRP, failed to eliminate B16F10 melanoma cancer cells, reflecting the immunosuppressive effects of
neuropeptide-released nociceptor neurons, specifically CGRP (Nature; extended data Figure 9).

Despite the efficacy of our in vitro and in vivo findings for describing neuro-immune and neuron—cancer
communications, we aimed to test the nature of tree-way interaction among cancer, nociceptors and CD8*
T cells in a model of melanoma in the absence of sensory neurons.

3.5. Tumor-innervating nociceptors promote cancer progression

Tumor-associated nerves, including sympathetic and sensory fibers, have been reported to promote tumor
growth and dissemination in several malignancies. Recently, the cooperation of sensory nerves in in
vivo metastasis has been demonstrated in triple-negative breast cancer®?8. Further study has argued that
TRPV1* sensory fibers drive oral and head and neck tumors progression®?%3%, Another study confirmed
that the activation of TRPV1* sensory fibers in sciatic nerve is significantly linked with pain sensitivity and
tumor growth33'.

However, the exact role of tumor-infiltrating sensory neurons in this context is poorly understood. Our
results revealed that neuropeptides released by DRG neurons decline B16F10 elimination by cytotoxic
CD8* T cells and induce CD8* T exhaustion (Nature; Figure 3). These data suggest that sensory neurons
can inhibit anti-tumor responses through the upregulation of immune checkpoint proteins on CD8" T cells.
Cytotoxic CD8* T cells are the major immune population in the tumor microenvironment, which target
tumor cells%2,

Our findings revealed that genetic ablation of sensory neuron lineages declines tumor growth and
increases anti-tumor immune responses. Also, infiltrated CD8* T cells increase the production of
cytokines, whereas they decrease the expression of immune checkpoint receptors, reflecting less
exhaustion of CD8* T cells. Thus, cytotoxic activity of CD8" T lymphocytes is associated with lower
melanoma tumor growth.

According to our findings, we concluded that the presence of inflammatory mediators in the tumor
microenvironment can sensitize tumor-associated nociceptors. Activated nociceptors, in turn, secret a
wide variety of neuropeptides that limit the infiltration and cytotoxic function of CD8" T cells in the tumor
site.

Since genetic ablation of sensory neurons may lead to some compensatory alterations, we locally
silenced tumor-innervated sensory neurons using botulinum toxin A and a membrane-impermeable type
of lidocaine (QX-314). Both silencing approaches reduced tumor development and declined the co-
expression of immune checkpoint receptors on CD8" T cells (Nature; extended data Figure 7,8).

Since our results show that neuropeptides regulate immune responses, we decided to assess intra-
tumoral neuropeptide signaling to decipher possible mechanisms that may contribute to their
immunosuppressive activity and tumor development.
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CGRP neuropeptide can apply different mechanisms to exert tumor progression. CGRP has been
observed to increase tumor growth through metabolic reprogramming, abnormal receptor internalization,
and prevention of anti-tumor immune responses®*. Endogenous CGRP released by sensory nerves is
considered as a main suppressor of immune responses®*33® |n CD4* T cells, CGRP blocks the
production of TNF-a and IFN-y by Th1 cells through increasing intracellular cAMP3353%, CGRP also
affects Langerhans cells to impair their capacity to stimulate the proliferation of T cells®*®. Similarly,
monocytes or dendritic cells exposure to CGRP markedly decrease the proliferation of T cells via the
secretion of IL-10%. Also, CGRP has been shown to limit T cell activity through upregulating the inhibitory
genes, including Pdcd1, Tnfrsf18, and Tnfrsf9 in T cells337:338,

CD8"* T cells express various types of neuropeptide receptors, such as RAMP1, suggesting that CGRP
more likely contribute to immunosuppressive activity in tumors. Therefore, to examine whether
neuropeptide-released nociceptive neurons can drive CD8* T cell exhaustion, we pharmacologically
silenced RAMP1 receptor to block CGRP-RAMP1 axis using its antagonist BIBN4096.

Our results confirmed that targeting CGRP-RAMP1 signaling significantly declines tumor growth and
exhaustion of CD8* T cells. Using an in vivo adoptive transfer of RAMP17- or RAMP1* CD8* T cells to
Rag1”- mice (mice lacking mature T and B cells), we confirmed the involvement of CGRP-RAMP1 in CD8*
T cell exhaustion (Nature; Figure 4). We also rescued CGRP level by daily intertumoral injection of
CGRP in nociceptor-ablated mice, which led to similar tumor growth and T cell exhaustion to that of
sensory neurons intact mice (Nature; Figure 4). These data reinforced the idea that neuropeptides,
specifically CGRP, released by nociceptor neurons are the major mediators by which sensory neurons
attenuate immune responses in tumors.

3.6. Human melanoma tumor biopsies are innervated by TRPV1+ sensory neurons

We observed that melanoma patient samples are highly innervated by TRPV1* neurons. Immunolabeling
analysis revealed that the level of TRPV1 in patients’ biopsies is around two-fold higher than adjacent
healthy skin (Nature; extended data Figure 2). In our study, we have shown the importance of
nociceptor neurons in regulating melanoma tumor growth in vivo. Targeting these neurons in the tumor
can enhance host defense and they can potentially be presented as a clinical treatment of cancer. In
addition, combination therapy by blocking the activity of TRPV1* neurons as well as other therapeutic
approaches, such as immune checkpoint blockade or chemotherapy, can augment the efficacy of
treatments.

3.7. Neuropeptides drive carcinogenesis in human

Nociceptive nerve endings have been detected within solid tumors, which is associated with tumor
progression and immune suppression via the local release of neuropeptides and growth factors. These
outcomes affect the efficacy of clinical treatment and support the invasion of tumors and reduce patient
survival. Inhibition of nociceptor neuron activity declines the proliferation of solid tumors, including skin,
prostate, pancreatic head and neck, and cervical cancers?%2%:320 The neuropeptide substance P (SP),
for example, has been indicated to promote the proliferation and migration of tumors after binding to its
receptor (NK)-1R308:339.3406 NK-1R is overexpressed in HER2* primary breast tumors, and SP mediates
persistent activation of HER2, resulting in malignant progression®3°.

Additionally, high level of CGRP was detected in tumors and serum of patients with thyroid cancer®*.
CGRP also was shown to alter the chemokinetic properties (migration and invasion) of metastatic human
breast cancer cells and enhance the expression of its receptors®*® (Nature; extended data Figure 11).
Thus, targeting these neuropeptides or their receptors through antibodies against or blockers can produce
efficient cancer-treating strategies. In this study, several silencing approaches were tested to block the
activity of nociceptors and consequent neuropeptide release. All approaches confirmed their effects on
decreasing tumor progression and rescuing anti-tumor responses. These strategies include botulinum
neurotoxin A (botox) with long-lasting effect, QX-314 (sodium-channel blocker), CGRP receptor antagonist
(BIBN4096) as well as genetic ablation.
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3.8. Combination of nerve and immunotherapy as a therapeutic approach for cancer

The identification of nerves in the tumor microenvironment has opened a novel field in investigation of
cancer biology. Thus, unraveling the mechanisms by which nerves attenuate immune cell activity in
malignancies can promote host immunity against cancer and improve patient survival. Interestingly, a vast
population of immune cells has been observed to express multiple neuropeptide receptors and react to
neuropeptides. Neuropeptide-released nociceptive nerves in the inflamed tumor can influence immune
cell functions42:214,

For instance, single-cell RNA sequencing of human melanoma identified that intra-tumoral RAMP1*CD8*
T cells significantly overexpress various immune checkpoint receptors and decline the production of
cytokines compared to RAMP1-CD8* T cells counterparts (Nature; extended data Figure 11). These
results suggest that the secretion of CGRP by tumor-associated nociceptive neurons can mediate T-cell
exhaustion in patients.

Therapeutic improvements in cancer immunotherapy have rapidly progressed in the past few years.
Several cancer immunotherapy approaches, including immune-checkpoint blockade (anti-PD1 and anti-
PDL-1) and chimeric antigen receptor (CAR) T cells therapy, have indicated promising responses in
different cancer types'343, Despite the successful outcomes of cancer immunotherapy in a vast range of
human cancers, there are still some challenges facing cancer immunotherapy, which require more
investigations to modify the TME and find key mechanisms. Neuropeptides and neurotransmitters appear
to play a major role in TME.

We studied whether inhibition of neuropeptides, such as CGRP (as a key driver of CD8" T-cell exhaustion)
in combination with immune-checkpoint blockade, can improve anti-tumor immunity. We realized that local
silencing of sensory neurons by QX-314 or BoNT/A, or genetic ablation of nociceptor neurons combined
with anti-PDL-1 therapy effectively elevate the cytotoxicity of CD8" T-cell, decrease CD8* T-cell
exhaustion, and reduced tumor growth (Nature; extended data Figure 6,7 and 8).

Like previous findings, our results demonstrate that nociceptor neurons directly interact with tumor cells
and T cells through neuropeptides, which facilitate tumor development. Thus, targeting this three-way
interaction by QX-314 or Botox can control the tumor growth and provide potential therapeutic approaches
for cancer treatment.

We propose that targeting tumor-associated sensory neurons (neuropeptide blockade) in combination with
immunotherapy can provide an effective approach to improve the efficacy of immune checkpoint blockade
or CAR T cell therapies against tumors and boost anti-tumor T cell reactivity. Since the role of
neuropeptides in mediating T cell exhaustion, tumor growth, angiogenesis, and neurogenic inflammation
has been widely reported, this novel combination therapy is expected to improve the survival and quality
of life of cancer patients.

3.9. Similar findings

Kovacs et al. have recently shown that several solid tumor patient samples, including breast, ovarian,
lung, liver, pancreatic, and prostate tumors are innervated by TRPV1+ sensory nerves. In addition, using
IHC staining, they found that compared to healthy ovary and fallopian tissues, which are innervated by
sympathetic fibers (TH+), high-grade serous ovarian carcinoma (HGSOC) samples are innervated with
TRPV1+ sensory nerves. The different innervation type between normal ovary and HGSOC tissues
suggests that HGSOCs sensory nerve innervation can be the consequence of disease progression. By
measuring the electrical activity of both fresh patient and murine HGSOC slices, the authors confirmed the
functionality of innervated neuronal fibers in tumor bed. Similar to our findings, the authors showed that
the HGSOC tumors in TRPV1 sensory neuron ablated mice is significantly smaller than their control
counterparts suggesting that tumor-associated TRPV1 sensory fibers contribute to tumor growth3%.
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Zhang et al. have recently demonstrated the high density of TRPV1* nociceptive fibers in both human and
murine oral squamous cell carcinoma (OSCC), which assist in tumor progression and poor overall survival
in low-glucose environment. The authors pointed out that cancer cells exert ROS-mediated activation of c-
Jun pathway to liberate NGF. Cancer cell-derived NGF then induces CGRP production from tumor-
infiltrated nociceptors, thereby sustaining tumor growth and survival in poor-nutrient environment.
Furthermore, they determined that when co-cultured with OSCC or melanoma cell lines, trigeminal nerves

(TGs) overexpressed calca level (gene encoding CGRP)3#4,

Another study of cancer-nerve interaction determined the presence of CGRP* sensory nerves in head and
neck squamous cell carcinoma (HNSCC) patient tissues and oral cancer sections. Based on their findings,
tumor development in mice lacking CGRP (CGRPX®) was significantly smaller than sham animals and
immune cell infiltration was increased. It proposes that release of CGRP from tumor-associated sensory
nerves dampens anti-tumor immune responses™3.

Ravindranathan et al. have reported that increased level of neuropeptide vasoactive intestinal peptide
(VIP) in pancreatic ductal adenocarcinoma (PDAC) environment is positively correlated with T cell
exhaustion and resistant to immune checkpoint therapies. The authors revealed that blocking VIP
signaling through antagonizing VIP receptor on the surface of T cells limits T cell exhaustion and rescues
anti-tumor immunity. As the authors observed, VIP receptor blockade in combination with anti-PD1
therapy effectively declined tumor growth, improved survival rate, boosted T cell priming, and promoted
anti-tumor immunological memory in pre-clinical model of PDCA345,

Deficiency of TP53 (tumor suppressor gene) in head and neck tumors has been found to induce the
reprograming of tumor-associated sensory fibers to adrenergic nerves, which results in tumor
progression?%,

As reported by Saloman et al., in pancreatic ductal adenocarcinoma (PDAC), ablation of tumor-innervated
sensory nerves through neonatal capsaicin treatment, limited neurogenic inflammation and slowed tumor
progression. This delay in tumor formation explains the modulatory role of sensory nerves in PDAC
environment®4°.

In gastric tumor, vagal denervation or pharmacological silencing (BoNT/A treatment) was associated with
the prevention of Wnt signaling, which subsequentially attenuated tumor progression, improved the effects
of chemotherapy and enhanced overall survival rate34’.

3.10. Limitations

While other immune cell functions may be affected by locally released neuropeptides, we restricted our
initial efforts to cytotoxic CD8* T cells since it is one of the main drivers of anti-tumor immunity. Our in vitro
model of T cell exhaustion has also been validated for this cell type. It would be helpful to repeat our data
using in vivo human melanoma tumor models in NGS or Nude mice to investigate adaptive immune
system.

In the current study, we proposed CGRP-released neuropeptide as the key driver of T cell exhaustion and
inhibiting anti-tumor responses. Accordingly, the use of mice lacking CGRP (CGRP knockout mice) can
effectively confirm our current data.

3.11. Future Directions

Growing body of evidence identifies that nociceptor neurons are involved in signaling pathways that affect
several malignancies and correlate with worse prognosis. Emerging data propose that tumor cells take the
advantage of neuropeptide involved pathways to induce uncontrolled proliferation and invasion. However,
how intra-tumoral nerves cooperate with cancer progression is still largely undefined.

Most recent findings of mechanisms are related to downstream pathways of neuropeptides and growth
factors, which have been identified to be involved in tumor proliferation. More research and clinical
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investigations need to be fulfilled to uncover the key mechanisms underlying the role of nerves in the
immune regulation in cancer.

In our study, we defined that nociceptors-locally released neuropeptides can directly interact with CD8* T
cells and attenuate pro-inflammatory cytokines, reflecting a strong bidirectional communication between
tumor-associated nociceptive neurons and adaptive immune cell activity. Since inflamed tumors consist of
different adaptive and innate immune subtypes as well as diverse neuron subgroups, it is worth to apply
some strategies, including single-cell RNA sequencing on tumor-associated immune cells and sensory
neurons. This approach can reveal the most involved immune and sensory nerve populations in TME and
target them to promote host defense against cancer.

Afferent sensory neurons release different neuropeptides when they are activated by tumor cells. Several
studies have mentioned the contribution of locally released neuropeptides on tumor growth. For example,
SP has been shown to cooperate with cancer progression in both oral squamous cell carcinoma and
gastric cancer®*®. In the current study, we limited the scope of our study to CGRP, which is the most
impacted neuropeptide by melanoma cancer cells. Identifying the influence of other neuropeptides such
as SP and, which their secreted level was confirmed by ELISA technique and their expression level was
upregulated in RNA sequencing data on immune cell function may propose another therapeutic target in
cancer.

TME innervation by sensory nerves has been shown in several cancer models. These nerves are
significantly involved in tumor progression via various mechanisms. Our team is currently investigating the
immunosuppressive activity of capsaicin-responsive neurons in breast and prostate cancers.

CAR T cell therapy is a type of immunotherapy that has generated considerable attention among
researchers. In addition, this technique has displayed substantial therapeutic potential in both
hematological malignancies and solid tumors®#®35°. However, the application of CAR T cells remains a
challenge due to the complexity of TME?S!. Schmidt et al. performed a genome wide CRISPR screens on
human T cells to identify the genes controlling the production of main cytokines in T cell activation. Among
other genes, RAMP1 was one of the CRISPR inhibitory genes that regulate cytokine production in human
primary T cells®®2. Therefore, generating CAR T cells of RAMP1 knocked out CD8 T cells by CRISPR
technology and evaluating its efficacy in the immunotherapy treatment can be key experiment to perform.

3.12. Conclusion

In conclusion, interactions between the nervous and immune systems are pivotal for maintaining
homeostasis, and impairing these interactions contributes to carcinogenesis and metastasis. In our study,
we found that sensory neurons create a synaptic connection with tumor cells as well as cytotoxic T-cells.
Tumor cells actively release growth factors to stimulate sensory fibers, which induce tumor innervation.
The activation of nociceptor sensory nerves leads to the local secretion of neuropeptides and modulate
immune checkpoint expression on cytotoxic lymphocytes, which limits the anti-tumor activity of cytotoxic
CD8* T cells. It appears that cancer cells exploit nociceptor interplay with the immune system to blunt
cancer immunosurveillance, thereby maintaining tumor growth.

Overall, sensory neurons participate in dampening the host anti-tumor activity by modulating the
expression of immune checkpoint receptors. To address the mechanism by which sensory neurons
partake in tumor development, we ablated or silenced cancer-innervating nociceptors. This strategy
uncovered that blocking the activity of sensory neurons declines tumor growth and increases anti-tumor
immunity.
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