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Abstract

Although macrophages (M®) are known to play a central role in neuropathic pain, their
contribution to cancer pain has not been established. Here we report that depletion of sciatic nerve
resident M®s (rM®) in mice attenuates mechanical/cold hypersensitivity and spontaneous pain
evoked by intraplantar injection of melanoma or lung carcinoma cells. M®-colony stimulating
factor (M-CSF) was upregulated in the sciatic nerve trunk and mediated cancer-evoked pain via
rM® expansion, transient receptor potential ankyrin 1 (TRPAL) activation, and oxidative stress.
Targeted deletion of 7rpal revealed a key role for Schwann cell TRPAL in sciatic nerve rM®
expansion and pain-like behaviors. Depletion of rM®ds in a medial portion of the sciatic nerve
prevented pain-like behaviors. Collectively, we identified a feed-forward pathway involving M-
CSF, rM®, oxidative stress and Schwann cell TRPA1 that operates throughout the nerve trunk to
signal cancer-evoked pain.
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Introduction

Pain is a common and devastating symptom of cancer, which afflicts 70-90% of cancer
patients and can diminish the quality of life more than the cancer itself (1). However, cancer
pain remains incompletely understood and poorly managed, thus representing a major unmet
medical need (2). A series of cytokines, chemokines, and their receptors have been proposed
to contribute to signal cancer pain (3). These include interleukin 18 (IL-1pB), IL-6, tumor
necrosis factor a (TNF-a), the C-X-C motif chemokine ligand (CXCL) 8 (CXCLS8),
CXCL13, CXC receptor (CXCR) 4 (CXCR4) and CXCL12/CXCR4. Although some of
these cytokines may directly or indirectly attract inflammatory and immune cells, the
implication of macrophages (M®s) in cancer pain remains unknown.

In contrast, the role of Mds in neuropathic pain associated with nerve injury has been
extensively investigated, and distinct Md-dependent proalgesic pathways have been
identified in the central and peripheral nervous systems (4-11). Recruitment and expansion
of proalgesic M®s can be due to the predominant contribution of the upregulation of
chemokine (C-C motif) ligand 2 (CCL2) and its receptor (CCR2) (4-6), or to the release of
Ma-colony stimulating factor (M-CSF) (7-9). Furthermore, peripheral neuropathy can be
associated with different M® subpopulations (12). Thus, neuropathic pain may be promoted
by hematogenous monocytes, which, recruited on demand after neural injury, rapidly invade
the damaged peripheral nerves as mature and activated M®s (5,6), and by resident Mds
(rM®s), which are constitutively present inside the epineurium, and may undergo a time-
dependent expansion when activated by pathological insults (8,11).

Transient receptor potential ankyrin 1 (TRPAL), a proalgesic ion channel expressed in a
subset of primary sensory neurons (13), is uniquely sensitive to oxidative stress byproducts
(14). In a mouse model of trigeminal neuralgia, TRPA1 was proposed to signal mechanical
allodynia elicited by oxidative stress generated by M®s recruited by CCL2 at the site of
nerve injury (5). However, a later study, which used a murine model of partial nerve ligation,
clarified that TRPAL expressed in Schwann cells is interposed between M®-evoked
oxidative stress and the pain generating neuronal channel (6). In fact, Schwann cell TRPAL,
by eliciting oxidative stress viaa Ca2*- and NADPH oxidase 1 (NOX1)-dependent
mechanism, initiates an amplification loop which sustains neuroinflammation and targets
neuronal TRPA1 to signal pain (6). We recently reported that genetic deletion or
pharmacological inhibition of TRPAL attenuated mechanical/cold hypersensitivity and
spontaneous nociception in a syngeneic orthotopic model of solid cancer pain induced by
inoculation of B16-F10 melanoma cells in the mouse hindpaw (15). However, the
mechanism by which TRPA1 mediates mechanical/cold hypersensitivity and spontaneous
nociception associated with tumor growth is unknown.
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The aim of the present study was two-fold. In mouse models of cancer pain, we first
explored the implication of M®s in mechanical/cold hypersensitivity and spontaneous
nociception. Then, we investigated the role of Schwann cell TRPAL in the M®-dependent
pain-like behaviors. In addition to revealing an essential function of sciatic nerve rM®s,
results obtained after B16-F10 melanoma cell inoculation revealed the role of Schwann cell
TRPAL1 to release M-CSF, which sustains rM® expansion, and to generate the oxidative
stress that targets the neuronal TRPAL to signal pain. Neuroinflammation and mechanical/
cold hypersensitivity and spontaneous nociception are maintained by a feed-forward
mechanism which requires the continuous interaction between Schwann cell TRPA1 and
expanded rMds throughout the entire sciatic nerve trunk. Furthermore, the inoculation of
Lewis lung carcinoma (LLC1) cells in the mouse hindpaw evoked mechanical allodynia that
was attenuated by elimination of rM® or Schwann cell TRPAL. Thus, M-CSF, rM®s,
oxidative stress, and Schwann cell TRPAL signal mechanical/cold hypersensitivity and
spontaneous nociception in different mouse tumors and may represent potential targets for
the treatment of cancer pain.

Materials and methods

Study design

Animals

The group size of n = 6 animals for behavioral experiments was determined by sample size
estimation using G*Power (v3.1) (16) to detect size effect in a post-hoc test with type 1 and
2 error rates of 5 and 20%, respectively. Allocation concealment of mice to vehicle(s) or
treatment(s) group was performed using a randomization procedure (http://
www.randomizer.org/). The assessors were blinded to the identity (genetic background or
allocation to treatment group) of the animals. No animals were excluded from experiments.

All experiments and sample collections were carried out according to the European Union
(EV) guidelines for animal care procedures and the Italian legislation (DLgs 26/2014)
application of the EU Directive 2010/63/EU. All animal studies were approved by Animal
Ethics Committee of the University of Florence and the Italian Ministry of Health (permit
#579/2017-PR). The behavioral studies followed the animal research reporting /n vivo
experiment (ARRIVE) guidelines.

Adult C57BL/6J (male and female 2025 g, 5-6 weeks), littermate wild type ( 77paZ*/*) and
TRPA1-deficient (77paZ™") mice (male, 25-30 g, 6-8 weeks), generated by heterozygotes
on a C57BL/6J background (B6.129P-Trpal™MKykwil: RRID:IMSR_JAX:006401 Jackson
Laboratories) (6), were used. To generate mice in which the 7rpal gene was conditionally
silenced in Schwann cells/oligodendrocytes, homozygous 129S-Trpaltm2Kykw/J (floxed
TRPAL, Trpal™f Stock No: 008649, RRID:IMSR_JAX:008649 Jackson Laboratories),
were crossed with hemizygous B6.Cg-Tg(Plp1-CreERT)3Pop/J mice (Plp1-CreFR7, Stock
No: 005975, RRID:IMSR_JAX:005975 Jackson Laboratories), expressing a tamoxifen-
inducible Cre in myelinating cells (proteolipid protein myelin 1, Plp1) (6). The progeny
(PIp1-Cre; Trpal™™ was genotyped by standard PCR for 7rpal and PlpI-CrefRT (6). Mice
negative for Plp1-CrefRT (Plp1-CrefRT Trpa1™) were used as control. Both positive and

Cancer Res. Author manuscript; available in PMC 2021 December 15.


http://www.randomizer.org/
http://www.randomizer.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

De Logu et al.

Page 4

negative mice to Cref”7 and homozygous for floxed 7rpal (Plp1-CreFRT* Trpa1™ and
PIp1-CrefRT  Troa1™1 respectively) were treated with tamoxifen (i.p., 1 mg/100 pl in corn
oil, once a day, for 5 consecutive days) (6), resulting in Cre-mediated ablation of 7rpaZin
PLP-expressing Schwann cells/oligodendrocytes. Successful Cre-driven deletion of TRPA1
mRNA was confirmed by RT-qPCR (6). To selectively delete the Trpal gene in primary
sensory neurons, 129S-TrpalM2Kykwid mice (floxed Trpal, 7rpal™f Stock No: 008649;
Jackson Laboratories), which possess loxP sites on either side of the S5/S6 transmembrane
domains of the 7rpal gene, were crossed with hemizygous Advillin-Cre male mice (8). The
progeny (Adv-Cre, Troal™") were genotyped by standard PCR for Trpal and Advillin-Cre.
Mice negative for Advillin-Cre (Adv-Cre™, Trpa1™f) were used as control. Successful
Advillin-Cre driven deletion of TRPA1 mRNA was confirmed by RT-qPCR. To evaluate the
involvement of M®s, transgenic Macrophage Fas-Induced Apoptosis (MaFIA) mice
(C57BL/6-Tg(Csflr-EGFP-NGFR/FKBP1A/TNFRSF6)2Bck/J, stock No: 005070,
RRID:IMSR_JAX:005070, Jackson Laboratories) were used. These transgenic mice express
a mutant human FK506 binding protein 1A, 12kDa (FKBP12)-Fas inducible suicide/
apoptotic system, driven by the mouse Csflr promoter conjugated with a green fluorescent
protein (GFP), which preferentially binds the B/B dimerizing agent (B/B-HmD, AP20187)
(Diatech Labline s.r.l.). Treatment of mice with AP20187 induces the dimerization of the
suicide protein to activate the cytoplasmic FKBP12-Fas fragments, leading to the apoptosis
of transgene-expressing cells and consequent macrophage depletion (17).

At least 1 hour before behavioral experiments, mice were acclimatized to the experimental
room and the evaluations were performed between 9:00 AM and 5:00 PM. Animals were
anesthetized with a mixture of ketamine and xylazine (90 mg/kg and 3 mg/kg, respectively,
i.p.) and euthanized with inhaled CO» plus 10-50% O».

Cancer cell inoculation

Naive (CRL-6475; RRID:CVCL_0159 American Type Culture Collection, ATCC) and
green fluorescent protein (GFP) expressing B16-F10 murine melanoma and Lewis lung
carcinoma (LLC1, CRL-1642, RRID:CVCL_4358 ATCC) cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (10000 U/100 pg/mL) at 37 °C with 5% CO, in a humidified
atmosphere and were used without further authentication. For inoculation, 20 pl of B16-F10
melanoma (2 x 10° cells) or LLC1 (5 x 10° cells) cells were suspended in phosphate buffer
saline (PBS) and injected into the plantar region of the mouse right hindpaw (15,18). Control
groups (sham) were injected with 20 ul of PBS containing B16-F10 melanoma (2 x 10°
cells) or LLC1 (5 x 10° cells) cells killed by quickly freezing and thawing them twice
without cryoprotection. B16-F10 and LLCL1 cell lines are isogenic with the C57BL/6 mouse
strain.

Treatment protocols and behavioral assays (mechanical allodynia, cold response and
spontaneous nociception)

See Supplemental Materials and Methods for experimental details
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Cell cultures
Human Schwann cells (HSC, #P10351, Innoprot) were cultured in Schwann cell medium
(#P60123, Innoprot) according to the manufacturer’s protocol. Human Schwann cells used
in the study are primary cells. Cells were passaged at 90% confluency and discarded after 20
passages. Approval by the local Ethic committee and written informed consent were
obtained by the vendor. All cells were used when received without further authentication.
Mouse Schwann cells were isolated from sciatic nerves of C57BL/6J mice. Briefly, the
epineuriumwas removed, and nerve explants were divided into 1 mm segments and
dissociated enzymatically using collagenase (0.05%) and hyaluronidase (0.1%) in Hank’s
Balanced Salt Solution (HBSS, 2 hours, 37 °C). Cells were collected by centrifugation (800
rpm, 10 minutes, room temperature) and the pellet was resuspended and cultured in DMEM
containing: 10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin, 200 mg/ml
streptomycin. Three days later, cytosine arabinoside (10 mM) was added to remove
fibroblasts. All cells were cultured in an atmosphere of 95% air and 5% CO, at 37 °C. Cells
were used after 15 days of culture.

Sciatic nerve explant culture

See Supplemental Materials and Methods for experimental details

H»0O, assay
See Supplemental Materials and Methods for experimental details

ELISA assays (Multi-analyte, M-CSF, PDL-1)

See Supplemental Materials and Methods for experimental details

Immunofluorescence

See Supplemental Materials and Methods for experimental details

Real-Time PCR
See Supplemental Materials and Methods for experimental details

Statistical analysis

Results are shown as the mean and standard error of the mean (SEM). The statistical
significance of differences between groups was assessed using Student’s t-test, one-way or
two-way analysis of variance (ANOVA) followed by Bonferroni post hoc where appropriate.
Statistical analyses were performed on raw data using Prism 8 (GraphPad Software Inc.). P
values less than 0.05 (P<0.05) were considered significant.

Results

Neural resident macrophages mediate cancer pain

Intraplantar (i.pl.) inoculation of B16-F10 melanoma cells into the hindpaw of C57BL/6J
mice induced a time-dependent increase in paw thickness, mainly due to tumor growth
(Figures 1A and 1B). Tumor progression was associated with a parallel increase in
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mechanical/cold hypersensitivity as well as spontaneous nociception in the ipsilateral paw
(Figures 1C—1E) and in the number of F4/80* monocytes and Mds within the tumor and the
adjacent tissue (tMds) (Figure 1F) and inside the ipsilateral sciatic nerve trunk (rMds)
(Figure 1G). Since no gender differences were observed in cancer growth, mechanical/cold
hypersensitivity or spontaneous nociception, male mice were used in subsequent
experiments (Figures 1B-1E). Control (sham) mice inoculated with dead cells did not
develop an increase in paw volume, mechanical/cold hypersensitivity or spontaneous
nociception (Figures 1B-1E).

To explore the role of M®s in cancer-evoked mechanical/cold hypersensitivity and
spontaneous nociception, cancer cells were inoculated in M® Fas-Induced Apoptosis
(MaFIA) transgenic mice. The inoculation of cancer cells in MaFIA mouse hindpaw induced
a time-dependent increase in paw thickness, mechanical/cold hypersensitivity, and
spontaneous nociception, like those observed in C57BL/6J mice (Figures 1H-1K). After
inoculation, MaFIA mice received daily injections (day 10-14) of AP20187 (2 mg/kg,
intraperitoneal, i.p.) to induce apoptosis in the entire M® population. After AP20187-
treatment, MaFIA mice exhibited a marked reduction in the number of GFP*/F4/80" cells in
both the tumor and sciatic nerve (Figure 1L) in mechanical/cold hypersensitivity and
spontaneous nociception (Figures 1H-1K).

To determine whether tM®ds or rMds contribute to cancer-evoked mechanical/cold
hypersensitivity and spontaneous nociception, M®-depleted tumor-bearing MaFIA mice
were inoculated (day 14) in the hindpaw with F4/80* cells harvested from the peritoneum of
naive C57BL/6J mice to reconstitute the tM® population. This intervention, while
repopulating F4/80* cells within the tumor microenvironment, failed to repopulate the
number of F4/80% cells within the sciatic nerve trunk (Figure 2A) and to restore mechanical/
cold hypersensitivity and spontaneous nociception (Figures 2B-2D). In other experiments,
tumor-bearing MaFIA mice received a local injection (60 pg, 6 pl, i.pl.) of AP20187 for 5
consecutive days (day 10-14). This local treatment depleted the tumor GFP*/F4/80" (tM®)
cells, but did not diminish the increased sciatic nerve GFP*/F4/80* (rM®) cells (Figure 2E)
mechanical/cold hypersensitivity and spontaneous nociception (Figures 2F-2H). Although
several cellular and humoral factors of the nerve and tumor microenvironment may increase
pain signals, our data implicate a major role for rM®s in mechanical/cold hypersensitivity
and spontaneous nociception evoked by cancer in mice.

In a model of neuropathic pain evoked by partial sciatic nerve ligation, we and others have
shown that the Mds responsible for the allodynia quickly accumulate inside the injured
sciatic nerve trunk (4,6,19,20). This fast recruitment was eliminated by treatment with
liposome-encapsulated clodronate (LCL), which rapidly depletes circulating monocytes (21)
and attenuates the number of M®s recruited at the site of the injury (6). However, in the
present model of cancer pain, daily LCL (i.p., one day before and day 1-14 after cancer cell
inoculation), while markedly reducing tumor F4/80* cells, did not affect sciatic nerve F4/80*
cells, paw thickness, or mechanical/cold hypersensitivity (Figures STA-S1C). These
findings further support the role of the expanded sciatic nerve rM®s, but not hematogenous
Mds which accumulate from the blood stream into the tumor microenvironment, to sustain
cancer-evoked allodynia.

Cancer Res. Author manuscript; available in PMC 2021 December 15.
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M-CSF promotes macrophage expansion and cancer-evoked allodynia

Next, we investigated the mechanisms underlying the rM® expansion responsible for
cancer-evoked mechanical allodynia. We used a multiplex array to profile chemokines and
cytokines in the tumor and sciatic nerve at day 14 after cancer cell inoculation in C57BL/6J
mice. Except for IL-1a, IL-6, IL-10, IL-12, transforming growth factor-1p (TGF-1p, and
granulocyte-CSF (G-CSF), which were unchanged in tumor homogenates, the other
mediators, including IL-1pB, IL-2, IL-4, IL-17A, interferon-y (IFN-y), TNF-a, CCL2,
CCL3, CCL4, M-CSF, and GM-GSF, were increased both in tumor and sciatic nerve
homogenates (Figure 3A). Mounting evidence suggests that melanoma cells express the
checkpoint inhibitory protein PD-L1 (CD274), which suppresses T cell function and induces
immune tolerance via its cognate receptor, PD-1 (22,23). We found that PD-L1 levels were
increased in the tumor tissue but not in sciatic nerve at day 14 after melanoma cell
inoculation in C57BL/6J mice (Figure 3B). Due to the negative result in the sciatic nerve and
finding that PD-L1 has been shown to inhibit spontaneous pain and allodynia in melanoma-
bearing mice (24), this was not further explored.

Among the number of cytokines/chemokines increased in the neuronal and tumor tissue, we
first focused on CCL2 because of its prominent role in augmenting M® numbers at sites of
nerve injury, thereby contributing to neuropathic pain (4,8). CCL2 blockade favors tumor
escape from the primary sites in a mouse model of melanoma (25). However, the
contribution of CCL2 in pain evoked by cancer has not been explored. In contrast to the
prominent role in M® recruitment and allodynia after nerve injury (4-6), CCL2 does not
seem to contribute to cancer pain, given that treatment with a neutralizing anti-CCL2
monoclonal antibody (mAb) did not affect tumor growth, mechanical/cold hypersensitivity
(Figure S2A), or the number of either tMds or rMds (Figures S2B and S2C).

In addition to CCL2, M-CSF has been shown to mediate both M® increase and allodynia in
some neuropathic pain models (7-9). In the present model of cancer-evoked pain, we found
that M-CSF levels were markedly increased in both tumor and sciatic nerve homogenate at
day 14 after B16-F10 melanoma cell inoculation (Figure 3C). Targeting the M-CSF signal
with the M-CSF receptor (M-CSFR) antagonist, PLX3397, or a neutralizing anti-M-CSF
mADb, which did not affect tumor growth (Figures 3D and 3J), markedly attenuated the
number of both tMds and rM®ds (Figures 3H, 31, 3N and 30), and mechanical/cold
hypersensitivity (Figures 3E, 3F, 3K and 3L). Accumulation of F4/80* cells in the sciatic
nerve was associated with a robust increase in oxidative stress (H,0,), which was reduced
by PLX3397 (Figure 3G) or an anti-M-CSF mAb (Figure 3M). Thus, M-CSF mediates
cancer-evoked rM® expansion and the ensuing allodynia.

M-CSF induces allodynia and neuroinflammation via TRPA1

In addition to M-CSF, the CSF family includes G-CSF and GM-CSF, which were found to
regulate tumor-nerve interactions, remodeling of peripheral nerves, and sensitization of
damage-sensory neurons in a mouse sarcoma model of bone tumor (26). G-CSF and GM-
CSF levels were increased in sciatic nerve trunk homogenates at day 14 after cancer cell
inoculation (Figure 3A). However, in contrast to M-CSF, neutralizing anti-G-CSF or anti-
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GM-CSF mAbs did not affect cancer-evoked mechanical/cold hypersensitivity (Figures S2D
and S2E), reinforcing the pivotal role of M-CSF in cancer-induced pain.

We next studied the mechanism by which M-CSF causes mechanical allodynia and
neuroinflammation. Local injection of M-CSF (1-100 ng, 20 pl, i.pl.) induced a dose-
dependent mechanical allodynia lasting for 6 hours (Figure 4A). Pretreatment with an anti-
M-CSF mAb prevented the development of mechanical allodynia and the increase in F4/80*
cells in the ipsilateral sciatic nerve trunk (Figures 4B and 4C). The involvement of M®ds in
the M-CSF-induced nociception was shown by using M®-depleted MaFIA mice, in which
the M-CSF injection failed to induce mechanical allodynia (Figure 4D), whereas G-CSF and
GM-CSF still elicited allodynia (Figures 4E and 4F). We previously reported that cancer-
evoked allodynia induced by B16-F10 melanoma cell inoculation was absent in 77pal™~
mice (15). To investigate the role of TRPA1 in M-CSF-induced mechanical allodynia and
neuroinflammation, M-CSF was injected in 77pal*’*and Trpal™  mice. In Trpal™" mice,
M-CSF failed to induce mechanical allodynia and F4/807 cells in the sciatic nerve (Figures
4G and 4H). In contrast, allodynia evoked by G-CSF and GM-CSF was unaffected by
TRPAL1 deletion (Figure 41).

Schwann cells sustains allodynia

As monocytes are known to release M-CSF (27), we tested whether the M-CSF in the paw
and sciatic nerve originated from Md®s. M-CSF was measured in the tumor and sciatic nerve
from tumor-bearing and M®-depleted MaFIA mice. AP12087 treatment, while reducing
both tMds and rMds, left unchanged the M-CSF content in the ipsilateral sciatic nerve and
tumor homogenates (Figure 5A). Schwann cells, which ensheath nerve fibers and represent
90% of the nucleated cells of nerve fibers are known to release M-CSF (28,29). We
confirmed that both human and mouse cultured Schwann cells express M-CSF mRNA
(Figure 5B). We then explored the mechanism of M-CSF release from Schwann cells.
TRPAZ1 stimulation has been reported to promote oxidative stress (6,30) and oxidants may
release members of the CSF family (31). Exposure of cultured human Schwann cells to the
non-reactive (PF-4840154) or reactive (H,0,) agonists increased M-CSF levels in the cell
supernatant, responses that were attenuated by the TRPA1 antagonist, A967079, and
PF-4840154-evoked release of M-CSF was reduced by the antioxidant, phenyl-N-tert-
butylnitrone (PBN) (Figure 5C). This finding implicates an autocrine pathway that upon
Schwann cell TRPAL activation elicits M-CSF release mediated by ROS generation.

To further explore the contribution of Schwann cell and neuronal TRPA1 in M-CSF release
in sciatic nerve, we used PlpI-CrefRT  Trpa1™f and Adv-Cre*, Trpal™ mice, which harbor
a selective deletion of TRPAL in the Schwann cell/oligodendrocyte lineage and in primary
sensory neurons, respectively. At day 14 after cancer cell inoculation, M-CSF levels in the
ipsilateral sciatic nerve, but not in the tumor, of PlpI-CrefRT* Trpa1™f mice, were reduced,
while in Adv-Cre?; Trpa1™1 they were preserved in both the sciatic nerve and tumor,
compared to control mice (Figures 5D and 5E). This finding suggests that Schwann cell
TRPAL is a major driver of neuronal M-CSF released in tumor-bearing mice.

To further support the role of Schwann cell TRPAL in M-CSF release, the cytokine content
was measured in the sciatic nerve explant derived from Plp1-CreERT*, Trpa1™f and Adv-Cre
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* - Trpal™M after exposure to H,0,. Upon stimulation, the increase in M-CSF content in
nerve explant from control mice was markedly reduced in PlpZ-CreER™*; Trpa1™" but
unaffected in Adv-Cre*, Trpal™" thus supporting the role of TRPA1 Schwann cell in M-
CSF release (Figure 5F). In addition, in the sciatic nerve explant culture from naive MaFIA
mice, the exposure to H,O, increased the number of GFP™ cells (Figure 5G), an effect that
was attenuated by A967079, PBN and PLX3397 (Figure 5G).

Schwann cell TRPA1 mediates neuroinflammation, which sustains cancer allodynia

TRPAL is implicated in cancer pain (15). However, the underlying mechanism by which
TRPAL1 sustains chronic cancer allodynia is unknown. Our results show that cancer pain
entails rM® expansion in the sciatic nerve and the release of M-CSF, which elicits TRPA1-
dependent mechanical allodynia and neuroinflammation. We investigated whether TRPA1
promotes the cancer-evoked neuroinflammation that causes chronic allodynia. B16-F10
melanoma cell inoculation in 77paZ™~ mice did not induce cancer-evoked mechanical
allodynia (Figure 6A). The increased number of rM®s in 77pa1*/* mice was markedly
reduced in 77pal™ mice (Figure 6B), while the number of tM®s remained equally elevated
in both mouse strains (Figure S3A). In addition, we found that the high levels of the
oxidative stress marker, H,0,, detected in ipsilateral sciatic nerve homogenates of 7rpal*/*
mice, were absent in 77paZ™~ mice (Figure 6C). In partial contrast with this observation, a
single injection (i.p. day 14 after inoculation) of the TRPAL antagonist A967079, or the
antioxidant PBN, transiently and completely reversed mechanical allodynia and the increase
in H,0,, levels (Figures 6D, 6G, 6F and 61), but failed to affect the number of rM®s (Figures
6E and 6H) and tM®ds (Figures S3B and S3C). Accordingly, a single injection (i.p. 1 h post
M-CSF) of A967079 and PBN transiently reversed mechanical allodynia (Figure 6J) without
decreasing the number of rM®s (Figure 6K). This observation indicates that a short-term
inhibition of the TRPA1 channel or oxidative stress, while efficiently abating allodynia, is
not sufficient to attenuate the cellular neuroinflammatory response.

We then investigated the role of Schwann cell TRPAL in orchestrating mechanical/cold
hypersensitivity, spontaneous nociception, and neuroinflammation. After B16-F10
melanoma cell inoculation, Pjp1-CreFRT*/Trpa1™" mice showed a reduction in mechanical/
cold hypersensitivity and spontaneous nociception, as well as in the number of rMds
(Figures 6L—6N) and H,05, levels in the ipsilateral sciatic nerve compared to control mice
(Figure 60). However, the number of tM®s was unchanged (Figure S3D). In addition,
intraplantar injection of B16-F10 melanoma cells significantly increased the expression of
ATF3 mRNA (Figure S3E), a marker of nerve injury (32) in DRG neurons ipsilateral to the
injected paw, thus suggesting that melanoma can activate an injury response similar to that
evoked by axotomy (33). ATF3 mRNA expression in DRGs from PlpI-CrefRT*/Trpa1f!
was markedly reduced compared to control mice (Figure S3E), further strengthening the
contribution of Schwann cell TRPAL in cancer-evoked neuroinflammation and
hypersensitivity.

To investigate the contribution of neuronal TRPA1, we studied Adv-Cre”; Troa1™". In these
mice, mechanical/cold hypersensitivity and spontaneous nociception were reduced (Figures
S3F and S3G), the number of rM®s (Figure S3H), tM®s (Figure S31) and the H,O, levels in
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the sciatic nerve (Figure S3J) were unaffected. Thus, in contrast to the Schwann cell TRPAL,
the channel expressed by nociceptors signals pain, but does not contribute to
neuroinflammation.

rM®s and Schwann cell TRPA1 mediates allodynia in a second cancer pain model

To obtain further evidence on the role of rM®s and the Schwann cell TRPAL channel in
cancer-related mechanical allodynia, we used a soft tissue tumor/metastasis model induced
by intraplantar inoculation of LLC1 cells, which mimics behavioral and functional changes
similar to a metastatic bone cancer pain model (34). Inoculation of these cells, but not killed
cells, elicited a progressive and rapid cancer growth that was associated to temporarily
similar increases in mechanical allodynia (Figures S4A and S4B) and in the number of
tMds of rM®s (Figures S4C and S4D) in C57BL/6J mice. No sex differences in cancer
growth and mechanical hypersensitivity were observed (Figures S4A and S4B). Thus, also
in this case, male mice were used in subsequent experiments. The M® role was confirmed
by using MaFIA mice, which, after intraplantar inoculation of LCCL1 cells, developed a time-
dependent increase in paw thickness and mechanical allodynia similar to that observed in
C57BL/6J mice (Figures SAE and S4F). However, MaFIA mice receiving daily injections
(day 4-8) of AP20187 exhibited a normal cancer growth (Figure S4E) but a markedly
reduced mechanical allodynia (Figure S4F) and GFP*/F4/80* cells in both the sciatic nerve
and tumor (Figures S4G and S4H). Robust evidence of the key role of TRPA1 derived from
the observation that 77paZ~~ mice inoculated with LLC1 cells showed normal tumor growth
(Figure S41) and increased number of tM®s (Figure S4L) comparable to 77pa1** mice.
However, in 77pal™~ mice, mechanical allodynia (Figure S4J) and rM® expansion (Figure
S4K) were remarkably reduced. Similar results were obtained with Plp1-CrefRT*/Trpa1f
mice, in which mechanical allodynia (Figure S4N) and increase in rM® number (Figure
S40), but not increase in paw thickness (Figure S4M) and tM® number (Figure S4P), were
attenuated as compared to control. Reported data strengthen the hypothesis that rM®s and
Schwann cell TRPAL are a common mechanism to sustain neuroinflammation and pain in
different types of mouse cancer.

The site where resident macrophages mediate allodynia

The importance of dorsal root ganglia (DRG) M®s in neuropathic pain has been reported
previously (11). Thus, the presence of M®s in DRGs was explored in our model. By
quantifying F4/80* cells, we observed an increase in M® number in ipsilateral lumbar (L4-
L6) DRGs from MaFIA mice 14 days after melanoma cell inoculation, which, after
treatment with systemic AP20187, was slightly, although significantly, decreased by about
30% (Figures S5).

Experiments with Md-depleted MaFIA mice highlighted the key role of rM®s to sustain
mechanical/cold hypersensitivity and spontaneous nociception (Figure 2). However, the
precise anatomical site where rMds mediate allodynia remains unknown. To address this
issue, we used Md-depleted tumor-bearing MaFIA mice. Mice received AP20187 for 5 days
(daily, day 10-14) by perineural injection at three adjacent sites (each at a ~2 mm distance)
of the ipsilateral sciatic nerve trunk (from ~10 to ~14 mm from the paw surface) (Figure
7A). Perineural treatment elicited a substantial reduction in mechanical/cold hypersensitivity
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and spontaneous nociception (Figure 7B, 7D and 7E) and a marked decrease in the number
of GFP* cells in the portion corresponding to the sciatic nerve segment that had been treated
with AP20187 (Figure 7C). The number of GFP* cells in both the distal and proximal
portion to that treated with AP20187 was similar in MaFIA mice that received either the
dimerizing agent or its vehicle (Figure 7C). The number of GFP* cells in the paw (tM®s)
was similar in mice treated with AP20187 or vehicle (Figure 7F). These data indicate that
depletion of rM®s in a limited portion of the ipsilateral sciatic nerve is necessary and
sufficient to interrupt the signaling pathway that entails Mds and Schwann cell interaction to
mediate mechanical/cold hypersensitivity and spontaneous nociception.

Discussion

Although pain is a debilitating symptom of cancer and a major medical condition that
warrants a better understanding of its underlying mechanism (2), little is known about the
role of Mds in cancer pain. Herein, we reveal the key role of M®s and, in particular, of
rMdds, in sustaining mechanical/cold hypersensitivity and spontaneous nociception in mouse
models of cancer pain. A series of findings support this conclusion. Melanoma B16-F10 cell
growth in the mouse hindpaw was associated with a time-dependent and parallel increase in
mechanical/cold hypersensitivity and spontaneous nociception and in the number of tMds
and rMds. Depletion of the two M® populations by the homodimerizer agent, AP20187, in
MaFIA mice abolished the mechanical/cold hypersensitivity and spontaneous nociception.
In neuropathic pain models, including partial nerve injury (6,35), constriction of the
infraorbital nerve (5), and diabetic neuropathy (36), clodronate, which depletes circulating
monocytes, simultaneously removed M®ds and abated mechanical allodynia. In contrast, in
the present cancer pain model, clodronate markedly reduced tM®s, but affected neither rM®
expansion nor mechanical/cold hypersensitivity. Additional evidence that cancer-evoked
mechanical/cold hypersensitivity and spontaneous nociception is dependent on rMds was
obtained in M®-depleted MaFIA mice, whose tumor microenvironment, but not the nerve
bundle, was replenished with peritoneal M®s from donor mice. In these mice mechanical/
cold hypersensitivity and spontaneous nociception were not restored. Conversely,
mechanical/cold hypersensitivity and spontaneous nociception were unaffected by local
AP20187 treatment in the hindpaw, which depleted tM®s, but not rM®s. Thus, mechanical/
cold hypersensitivity and spontaneous nociception are elicited by the expansion of rM®s,
whereas tMds, which are recruited from the blood circulation, are not relevant. In this
respect, the present cancer pain model shows some similarity with certain models of
neuropathic pain, such as those produced by the spared nerve injury and the spinal nerve
transection, where rM®s have been identified as the proinflammatory cellular component
responsible for allodynia (11,37). The observation that melanoma cell inoculation increased
the staining for the nerve injury biomarker, ATF3 (38), in DRG neurons ipsilateral to the
tumor supports the presence of a neuropathic component orchestrated by Schwann cell
TRPAL in the present cancer pain model. Further support is given by the observation of
increased Mds in DRGs, a finding also reported in neuropathic pain models (11). However,
as treatment with AP20187 abated mechanical/cold hypersensitivity and spontaneous
nociception and only partially reduced DRG M®s, the role of such a subpopulation in
promoting mechanical/cold hypersensitivity and spontaneous nociception appears limited in
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cancer. Elimination of mechanical allodynia in M®-depleted MaFIA mice with LLC1
supports the hypothesis that the role of M®s in cancer pain is not unique to the B16-F10
melanoma model, but is essential in various types of murine tumors.

The analysis of a proinflammatory cytokine panel in melanoma homogenates showed a
pronounced increase in CCL2 and M-CSF levels, whereas a more diffuse augmentation of
most cytokines, including CCL2 and M-CSF, was observed in sciatic nerve homogenates.
While an anti-CCL2 mAb did not affect mechanical/cold hypersensitivity, both a M-CSFR
antagonist and an anti-M-CSF mADb robustly attenuated mechanical/cold hypersensitivity.
Targeting the M-CSF signaling not only reduced mechanical/cold hypersensitivity, but also
inhibited neuroinflammation, as after immunological or pharmacological blockade of the M-
CSF signal both M® expansion and increased oxidative stress (H,O, levels) in the sciatic
nerve homogenates were attenuated. M-CSF has been shown to induce mechanical allodynia
after intrathecal administration (7). We showed that intraplantar M-CSF elicits mechanical
allodynia in mice. Although the entire family of CSF chemokines exhibits a similar
proalgesic activity (39-41), only M-CSF, and not G-CSF or MG-CSF, produced M®-
dependent allodynia. Together, these findings support the role of M-CSF in cancer pain and
indicate another common feature between the present cancer pain model and certain
(8,9,11), but not other (4-6), neuropathic pain models where M® chemoattraction was
driven by CCL2.

We recently reported a major role for TRPA1 in mechanical/cold hypersensitivity and
spontaneous nociception induced by melanoma cell inoculation in mice (15). Thus, we
hypothesized that TRPAL is implicated in the rMds/M-CSF-mediated pro-allodynic
pathway. After confirming that 77paZ~~ mice did not develop mechanical hypersensitivity
after B16-F10 inoculation, we found that TRPA1 deletion abolished allodynia evoked by
(intraplantar) M-CSF, but not by G-CSF or MG-CSF. These results reveal a cause-effect
relationship between M-CSF and TRPA1 in pain. Therefore, we investigated how M-CSF
elicits TRPA1-dependent allodynia. The inability of M-CSF to evoke allodynia in 77pal™~
mice was associated with failure to expand rM®s and to increase H,0, levels in the sciatic
nerve. Thus, elimination of TRPA1 blunted the neuroinflammatory response evoked by M-
CSF. The observation that rM® expansion was attenuated by TRPA1 deletion implies that
channel activation is required to increase rM® number. This finding was unexpected, as
Mads express M-CSFR (42), and therefore, in principle, M-CSF might increase their number
by direct activation of its cognate receptor on rM®ds, without the involvement of TRPAL.
This apparently contradictory finding was addressed by using multiple tools, including
MaFIA mice, cultured human and mouse Schwann cells, and an ex vivo sciatic nerve mouse
explant culture.

Cancer cells (43), monocytes (27), DRG neurons (11), and Schwann cells (44) can all
express and release M-CSF. The increased M-CSF levels evoked by cancer growth were not
reduced in either the mouse hindpaw or sciatic nerve in M®-depleted MaFIA mice,
indicating that M®s are not involved in cancer-associated secretion of the chemokine. We
corroborated the previous findings (44), showing that M-CSF is expressed by either mouse
or human Schwann cells in culture. We also showed that the TRPA1 agonist H,O5, which is
increased in the sciatic nerve of mice with cancer, elicited a TRPA1-dependent release of M-
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CSF from cultured Schwann cells. Furthermore, in an ex vivo sciatic nerve explant culture,
rMa® expansion elicited by H,O, was attenuated by a M-CSFR antagonist, a TRPA1
antagonist and an antioxidant. As H,O» increases M®s at sites of injury (6,45), the
inhibitory action of the antioxidant on rM® expansion was expected. However, the ability of
M-CSFR and TRPA1 antagonists to similarly attenuate rM® expansion and M-CSF release
from Schwann cells suggests a feed-forward mechanism, which entails the following steps:
oxidative stress from cancer tissue targets Schwann cell TRPA1 to release M-CSF which
elicits rM® expansion within the sciatic nerve trunk. Expanded rM®s, via their own
oxidative stress, perpetuate this pathway, which sustains allodynia and spontaneous pain
(Figure 7G).

Direct assay of M-CSF in the hindpaw and sciatic nerve provides support to this hypothesis.
In mice with a Cre-mediated deletion of 7rpal in the Schwann cell/oligodendrocyte lineage
(PIp1-CreFRT*/Trpa1™"), cancer-evoked increase in tumor M-CSF was unchanged, whereas
a marked reduction in the M-CSF levels was observed in the ipsilateral sciatic nerve.
Importantly, M-CSF release elicited by H,O, stimulation was markedly attenuated in the
sciatic nerve explant from Plp1-CrefFRT*/Trpa1™ mice. Thus, while M-CSF of the tumor
microenvironment does not contribute to the proalgesic rM® expansion, the Schwann cell-
mediated M-CSF is essential for the cancer-evoked allodynia.

The proalgesic pathways that include glial cell activation, inflammatory cell expansion, and
increased proinflammatory mediators in the central and peripheral nervous systems,
collectively referred to as neuroinflammation, have been extensively characterized as a
major underlying mechanism of neuropathic pain associated with a variety of
neuropathological conditions (4-6,8,11,20). Although several cell types and proalgesic
mediators have been proposed, the neuroinflammatory pathways that drive cancer pain
remain uncertain (46,47). Here, we identified the key role of M-CSF, released following
Schwann cell TRPAL activation, in sustaining cancer-evoked rM® expansion and the
ensuing mechanical/cold hypersensitivity and spontaneous nociception. Supporting evidence
derives from the observation that deletion of TRPAL in Schwann cell/oligodendrocyte
lineage attenuates neuroinflammation and mechanical/cold hypersensitivity and spontaneous
nociception in the melanoma mouse model of cancer pain. In contrast, deletion of TRPAL in
primary sensory neurons attenuates mechanical allodynia but not neuroinflammation. Thus,
we hypothesize that, although neuronal TRPA1 is the final target of the proalgesic signaling
pathway, the feed-forward mechanism that encompasses M-CSF, rM®s oxidative stress, and
Schwann cell/TRPAL is needed to chronically sustain mechanical/cold hypersensitivity and
spontaneous nociception (Figure 7G).

A limitation to the translational value of the cancer model used in the present study is the
relatively low incidence of pain reported in patients with early stage melanoma (48).
However, the rapid cancer growth and prominent inflammatory response of our model may
recapitulate the pain reported in metastatic melanoma, where >50% of patients require
palliative care and morphine treatment (49-52). The most relevant findings were replicated
in another model of cancer pain by using LLC1 cells inoculated in the mouse paw. However,
the fact that lung carcinomas usually metastasize to bones (53) and not to skin should be
considered an additional limitation of the present study. The essential role of rM®ds and
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Schwann cell TRPAL in the murine LLC1 model is indicated by the observation that
mechanical allodynia and expansion in rM®s were attenuated in both 77paZ~~and PlpI-
CrefRT* /Troa1™ mice. The selective elimination of rM®s in mice with a Cre-mediated
Schwann cell deletion of 7rpaZ, associated with eradication of allodynia, supports the
crucial role of the Schwann cell channel in orchestrating neuroinflammation and pain not
only in melanoma, but also in LLC1 models. Although we identified the macrophage
subpopulation implicated in mechanical/cold hypersensitivity and spontaneous nociception,
we cannot exclude the contribution of other local autocrine and paracrine factors, which may
act upstream or downstream of macrophage expansion to sustain cancer pain.

Two additional findings of our study are difficult to interpret. The first relates to the different
effects produced by TRPAL pharmacological antagonism vs. those elicited by TRPA1
genetic deletion. While 7rpaZ™~ mice showed a marked attenuation of both mechanical
allodynia and neuroinflammation, systemic exposure to a TRPA1 antagonist efficiently
abrogated allodynia, but did not affect rM® expansion. To explain this apparent
contradiction, the different time courses of these interventions should be considered. In fact,
Trpal™~ mice harbor a permanent channel deletion, whereas the short half-life of the
TRPAL antagonist, A967079, provides brief channel inhibition. Thus, the transient (a few
hours) blockade of the neuronal channel is sufficient to briefly reverse allodynia, but cannot
provide the prolonged inhibition (some days) of the Schwann cell TRPAL, which is
necessary to attenuate the rM® expansion and the ensuing allodynia. This interpretation is
further supported by the observation that treatment of MaFIA mice with AP20187, which
depletes Mds for several days, elicits a prolonged attenuation of mechanical/cold
hypersensitivity and spontaneous nociception, probably because the rM®/Schwann cell
TRPAL1 feed-forward mechanism is switched off for a prolonged period of time.

The second unsettled finding relates to the anatomical site of action where expanded rM®s
sustain allodynia. In models of Md-dependent neuropathic pain, M® depletion at the site of
nerve injury efficiently attenuated allodynia (5,6,37). However, in other models, a series of
direct and indirect evidence showed that selective elimination of rM®s at the site of the
damaged nerve did not affect allodynia, which suggested that rM® expansion in the DRG
was required (11,35). In the present model of cancer pain, we asked which was the
anatomical site where the M-CSF/rM®/Schwann cell TRPAL pathway must operate to
sustain allodynia. Because of the technical complications inherent to the elimination of DRG
rMds, we chose to examine this issue by depleting rM®s in an anatomically well-identified
segment of the sciatic nerve. The observation that a selective rM® depletion in a ~4 mm
portion of the sciatic nerve trunk abrogated mechanical/cold hypersensitivity and
spontaneous nociception proposes a spatial constraint in the neuroinflammatory mechanism
that sustains mechanical/cold hypersensitivity and spontaneous nociception. As rM®
expansion was unaltered in the proximal and distal untreated segments, the amplification
loop consisting of rIM®s and Schwann cell TRPA1 that communicates via M-CSF and
oxidative stress must function by contiguity throughout the entire sciatic nerve to warrant
that the mechanical/cold stimulus applied to the mouse paw is conveyed centrally as an
allodynic signal.
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The soma of DRG neurons does not participate in the central conduction of action potentials
(54). Instead, sensory impulses from peripheral terminals continue directly into the spinal
cord and do not depolarize the soma (55). However, the present findings do not exclude the
possibility that DRG cells, with the cooperation of surrounding satellite cells and local
expanded rMds, are implicated in magnifying the sensory impulse that conveys mechanical/
cold hypersensitivity and spontaneous nociception. Nevertheless, the present discovery of
the role of the neuroinflammatory and proalgesic pathway that entails M-CSF, rM®s,
oxidative stress and Schwann cell TRPAL in two different types of murine cancer offers
novel targets for the identification of better and safer treatments for cancer pain.
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Acknowledgements

We thank D. Preti (University of Ferrara, Italy) for providing A967079.

Financial support: This work was supported by European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant agreement No. 835286) (PG), Associazione Italiana per la
Ricerca sul Cancro (AIRC, 1G2016-1D19247 and 1G2020-1D24503) and Fondazione Cassa di Risparmio di Firenze,
Italy (RN), National Institutes of Health (NS102722, DE026806, DK118971, DE029951, NWB, BLS), and
Department of Defense (W81XWH1810431, NWB, BLS).

References

1. Breivik H, Cherny N, Collett B, de Conno F, Filbet M, Foubert AJ, et al. Cancer-related pain: a pan-
European survey of prevalence, treatment, and patient attitudes. Ann Oncol 2009;20:1420-33
[PubMed: 19244085]

2. Costantini M, Ripamonti C, Beccaro M, Montella M, Borgia P, Casella C, et al. Prevalence, distress,
management, and relief of pain during the last 3 months of cancer patients’ life. Results of an Italian
mortality follow-back survey. Ann Oncol 2009;20:729-35 [PubMed: 19164455]

3. Vendrell 1, Macedo D, Alho I, Dionisio MR, Costa L. Treatment of Cancer Pain by Targeting
Cytokines. Mediators Inflamm 2015;2015:984570 [PubMed: 26538839]

4. Abbadie C, Lindia JA, Cumiskey AM, Peterson LB, Mudgett JS, Bayne EK, et al. Impaired
neuropathic pain responses in mice lacking the chemokine receptor CCR2. Proc Natl Acad Sci U S
A 2003;100:7947-52 [PubMed: 12808141]

5. Trevisan G, Benemei S, Materazzi S, De Logu F, De Siena G, Fusi C, et al. TRPA1 mediates
trigeminal neuropathic pain in mice downstream of monocytes/macrophages and oxidative stress.
Brain 2016;139:1361-77 [PubMed: 26984186]

6. De Logu F, Nassini R, Materazzi S, Carvalho Goncalves M, Nosi D, Rossi Degl’Innocenti D, et al.
Schwann cell TRPA1 mediates neuroinflammation that sustains macrophage-dependent neuropathic
pain in mice. Nat Commun 2017;8:1887 [PubMed: 29192190]

7. Okubo M, Yamanaka H, Kobayashi K, Dai Y, Kanda H, Yagi H, et al. Macrophage-Colony
Stimulating Factor Derived from Injured Primary Afferent Induces Proliferation of Spinal Microglia
and Neuropathic Pain in Rats. PLoS One 2016;11:0153375 [PubMed: 27071004]

8. Guan Z, Kuhn JA, Wang X, Colquitt B, Solorzano C, Vaman S, et al. Injured sensory neuron-derived
CSF1 induces microglial proliferation and DAP12-dependent pain. Nat Neurosci 2016;19:94-101
[PubMed: 26642091]

9. Lee S, Shi XQ, Fan A, West B, Zhang J. Targeting macrophage and microglia activation with colony
stimulating factor 1 receptor inhibitor is an effective strategy to treat injury-triggered neuropathic
pain. Mol Pain 2018;14:1744806918764979 [PubMed: 29546785]

Cancer Res. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

De Logu et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Page 16

Mueller M, Leonhard C, Wacker K, Ringelstein EB, Okabe M, Hickey WF, et al. Macrophage
response to peripheral nerve injury: the quantitative contribution of resident and hematogenous
macrophages. Lab Invest 2003;83:175-85 [PubMed: 12594233]

Yu X, Liu H, Hamel KA, Morvan MG, Yu S, Leff J, et al. Dorsal root ganglion macrophages
contribute to both the initiation and persistence of neuropathic pain. Nat Commun 2020;11:264
[PubMed: 31937758]

Mueller M, Wacker K, Ringelstein EB, Hickey WF, Imai Y, Kiefer R. Rapid response of identified
resident endoneurial macrophages to nerve injury. Am J Pathol 2001;159:2187-97 [PubMed:
11733369]

Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J, Hricik TR, et al. ANKTML1, a TRP-like
channel expressed in nociceptive neurons, is activated by cold temperatures. Cell 2003;112:819-29
[PubMed: 12654248]

Mori Y, Takahashi N, Polat OK, Kurokawa T, Takeda N, Inoue M. Redox-sensitive transient
receptor potential channels in oxygen sensing and adaptation. Pflugers Arch 2016;468:85-97
[PubMed: 26149285]

Antoniazzi CTD, Nassini R, Rigo FK, Milioli AM, Bellinaso F, Camponogara C, et al. Transient
receptor potential ankyrin 1 (TRPAL) plays a critical role in a mouse model of cancer pain. IntJ
Cancer 2019;144:355-65 [PubMed: 30289972]

Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical power analysis program
for the social, behavioral, and biomedical sciences. Behav Res Methods 2007;39:175-91
[PubMed: 17695343]

Burnett SH, Kershen EJ, Zhang J, Zeng L, Straley SC, Kaplan AM, et al. Conditional macrophage
ablation in transgenic mice expressing a Fas-based suicide gene. J Leukoc Biol 2004;75:612-23
[PubMed: 14726498]

Selvaraj D, Gangadharan V, Michalski CW, Kurejova M, Stdsser S, Srivastava K, et al. A
Functional Role for VEGFR1 Expressed in Peripheral Sensory Neurons in Cancer Pain. Cancer
Cell 2015;27:780-96 [PubMed: 26058077]

Kim CF, Moalem-Taylor G. Detailed characterization of neuro-immune responses following
neuropathic injury in mice. Brain Res 2011;1405:95-108 [PubMed: 21741621]

Shepherd AJ, Copits BA, Mickle AD, Karlsson P, Kadunganattil S, Haroutounian S, et al.
Angiotensin Il Triggers Peripheral Macrophage-to-Sensory Neuron Redox Crosstalk to Elicit Pain.
J Neurosci 2018;38:7032-57 [PubMed: 29976627]

Gray M, Palispis W, Popovich PG, van Rooijen N, Gupta R. Macrophage depletion alters the
blood-nerve barrier without affecting Schwann cell function after neural injury. J Neurosci Res
2007;85:766—77 [PubMed: 17266098]

Sharma P, Allison JP. The future of immune checkpoint therapy. Science 2015;348:56-61
[PubMed: 25838373]

Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance and immunity.
Annu Rev Immunol 2008;26:677-704 [PubMed: 18173375]

Chen G, Kim YH, Li H, Luo H, Liu DL, Zhang ZJ, et al. PD-L1 inhibits acute and chronic pain by
suppressing nociceptive neuron activity via PD-1. Nat Neurosci 2017;20:917-26 [PubMed:
28530662]

Kudo-Saito C, Shirako H, Ohike M, Tsukamoto N, Kawakami Y. CCL2 is critical for
immunosuppression to promote cancer metastasis. Clin Exp Metastasis 2013;30:393-405
[PubMed: 23143679]

Schweizerhof M, Stosser S, Kurejova M, Njoo C, Gangadharan V, Agarwal N, et al. Hematopoietic
colony-stimulating factors mediate tumor-nerve interactions and bone cancer pain. Nat Med
2009;15:802—7 [PubMed: 19525966]

Oster W, Lindemann A, Mertelsmann R, Herrmann F. Production of macrophage-, granulocyte-,
granulocyte-macrophage- and multi-colony-stimulating factor by peripheral blood cells. Eur J
Immunol 1989;19:543-7 [PubMed: 2468505]

Groh J, Basu R, Stanley ER, Martini R. Cell-Surface and Secreted Isoforms of CSF-1 Exert
Opposing Roles in Macrophage-Mediated Neural Damage in Cx32-Deficient Mice. J Neurosci
2016;36:1890-901 [PubMed: 26865613]

Cancer Res. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

De Logu et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

Page 17

Martini R, Fischer S, Lopez-Vales R, David S. Interactions between Schwann cells and
macrophages in injury and inherited demyelinating disease. Glia 2008;56:1566—77 [PubMed:
18803324]

Lin AH, Liu MH, Ko HK, Perng DW, Lee TS, Kou YR. Lung Epithelial TRPA1 Transduces the
Extracellular ROS into Transcriptional Regulation of Lung Inflammation Induced by Cigarette
Smoke: The Role of Influxed CaZ*. Mediators Inflamm 2015;2015:148367 [PubMed: 26504357]

Sturrock A, Mir-Kasimov M, Baker J, Rowley J, Paine R 3rd. Key role of microRNA in the
regulation of granulocyte macrophage colony-stimulating factor expression in murine alveolar
epithelial cells during oxidative stress. J Biol Chem 2014;289:4095-105 [PubMed: 24371146]
Linda H, Skéld MK, Ochsmann T. Activating transcription factor 3, a useful marker for
regenerative response after nerve root injury. Front Neurol 2011;2:30 [PubMed: 21629765]
Tsujino H, Kondo E, Fukuoka T, Dai Y, Tokunaga A, Miki K, et al. Activating transcription factor
3 (ATF3) induction by axotomy in sensory and motoneurons: A novel neuronal marker of nerve
injury. Mol Cell Neurosci 2000;15:170-82 [PubMed: 10673325]

Constantin CE, Mair N, Sailer CA, Andratsch M, Xu ZZ, Blumer MJ, et al. Endogenous tumor
necrosis factor alpha (TNFalpha) requires TNF receptor type 2 to generate heat hyperalgesia in a
mouse cancer model. J Neurosci 2008;28:5072-81 [PubMed: 18463260]

Cobos EJ, Nickerson CA, Gao F, Chandran V, Bravo-Caparros |, Gonzalez-Cano R, et al.
Mechanistic Differences in Neuropathic Pain Modalities Revealed by Correlating Behavior with
Global Expression Profiling. Cell Rep 2018;22:1301-12 [PubMed: 29386116]

Sun JJ, Tang L, Zhao XP, Xu JM, Xiao Y, Li H. Infiltration of Blood-Derived Macrophages
Contributes to the Development of Diabetic Neuropathy. J Immunol Res 2019;2019:7597382
[PubMed: 31534976]

Peng J, Gu N, Zhou L, U BE, Murugan M, Gan WB, et al. Microglia and monocytes
synergistically promote the transition from acute to chronic pain after nerve injury. Nat Commun
2016;7:12029 [PubMed: 27349690]

Gao YJ, Cheng JK, Zeng Q, Xu ZZ, Decosterd I, Xu X, et al. Selective inhibition of INK with a
peptide inhibitor attenuates pain hypersensitivity and tumor growth in a mouse skin cancer pain
model. Exp Neurol 2009;219:146-55 [PubMed: 19445931]

Carvalho TT, Borghi SM, Pinho-Ribeiro FA, Mizokami SS, Cunha TM, Ferreira SH, et al.
Granulocyte-colony stimulating factor (G-CSF)-induced mechanical hyperalgesia in mice: Role
for peripheral TNFalpha, IL-1beta and IL-10. Eur J Pharmacol 2015;749:62—72 [PubMed:
25584775]

Zhang F, Wang Y, Liu Y, Han H, Zhang D, Fan X, et al. Transcriptional Regulation of \Voltage-
Gated Sodium Channels Contributes to GM-CSF-Induced Pain. J Neurosci 2019;39:5222-33
[PubMed: 31015342]

Nicol LSC, Thornton P, Hatcher JP, Glover CP, Webster CI, Burrell M, et al. Central inhibition of
granulocyte-macrophage colony-stimulating factor is analgesic in experimental neuropathic pain.
Pain 2018;159:550-9 [PubMed: 29351125]

Van Overmeire E, Stijlemans B, Heymann F, Keirsse J, Morias Y, Elkrim Y, et al. M-CSF and GM-
CSF Receptor Signaling Differentially Regulate Monocyte Maturation and Macrophage
Polarization in the Tumor Microenvironment. Cancer Res 2016;76:35-42 [PubMed: 26573801]
Park J, Lee SE, Hur J, Hong EB, Choi JI, Yang JM, et al. M-CSF from Cancer Cells Induces Fatty
Acid Synthase and PPARbeta/delta Activation in Tumor Myeloid Cells, Leading to Tumor
Progression. Cell Rep 2015;10:1614-25 [PubMed: 25753425]

Trias E, Kovacs M, King PH, Si Y, Kwon Y, Varela V, et al. Schwann cells orchestrate peripheral
nerve inflammation through the expression of CSF1, IL-34, and SCF in amyotrophic lateral
sclerosis. Glia 2020;68:1165-81 [PubMed: 31859421]

Moreira S, Stramer B, Evans I, Wood W, Martin P. Prioritization of competing damage and
developmental signals by migrating macrophages in the Drosophila embryo. Curr Biol
2010;20:464-70 [PubMed: 20188558]

Zhu YF, Kwiecien JM, Dabrowski W, Ungard R, Zhu KL, Huizinga JD, et al. Cancer pain and
neuropathic pain are associated with A beta sensory neuronal plasticity in dorsal root ganglia and

Cancer Res. Author manuscript; available in PMC 2021 December 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

De Logu et al.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 18

abnormal sprouting in lumbar spinal cord. Mol Pain 2018;14:1744806918810099 [PubMed:
30324862]

Lindsay TH, Jonas BM, Sevcik MA, Kubota K, Halvorson KG, Ghilardi JR, et al. Pancreatic
cancer pain and its correlation with changes in tumor vasculature, macrophage infiltration,
neuronal innervation, body weight and disease progression. Pain 2005;119:233-46 [PubMed:
16298491]

Negin BP, Riedel E, Oliveria SA, Berwick M, Coit DG, Brady MS. Symptoms and signs of
primary melanoma: important indicators of Breslow depth. Cancer 2003;98:344-8 [PubMed:
12872355]

Leach BC, Kulbersh JS, Day TA, Cook J. Cranial neuropathy as a presenting sign of recurrent
aggressive skin cancer. Dermatol Surg 2008;34:483-97 [PubMed: 18248467]

Lehembre S, Carvalho P, Young P, Josset V, Hacpille L, Joly P. [Palliative care management of
patients in a dermatology department]. Ann Dermatol Venereol 2006;133:967-70 [PubMed:
17185925]

Hashemi M, Stark A, Hugo H, Mehdorn M. Intracranial trigeminal nerve metastasis of a
desmoplastic neurotropic melanoma: case report. Cent Eur Neurosurg 2009;70:91-4 [PubMed:
19711263]

Croker J, Burmeister B, Foote M. Neurotropic melanoma: the management of localised disease. J
Skin Cancer 2012;2012:706452 [PubMed: 23133758]

Quint LE, Tummala S, Brisson LJ, Francis IR, Krupnick AS, Kazerooni EA, et al. Distribution of
distant metastases from newly diagnosed non-small cell lung cancer. Ann Thorac Surg
1996;62:246-50 [PubMed: 8678651]

Devor M Unexplained peculiarities of the dorsal root ganglion. Pain 1999;Suppl 6:S27-35
[PubMed: 10491970]

Marani E, Lakke EAJF. Peripheral Nervous System Topics. The Human Nervous System2012. p
82-140.

Cancer Res. Author manuscript; available in PMC 2021 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

De Logu et al.

Page 19

Significance

Schwann cell TRPAL sustains cancer pain through release of M-CSF and oxidative stress,
which promote the expansion and the proalgesic actions of intraneural macrophages.
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Figure 1. Mechanical allodynia, cold response, spontaneous nociception and neuroinflammation
induced by B16-F10 melanoma cell inoculation in mouse hindpaw.

(A) Typical whole slide images of the time-dependent expansion of GFP*-B16-F10
melanoma cell after inoculation in C57BL/6J mouse hindpaw. Paw thickness (B),
mechanical allodynia (C), cold response (D) and spontaneous nociception (E) after B16-F10
melanoma (B16) cell inoculation or sham in male and female C57BL/6J mice. Numbers of
F4/80% cells in the tumor (F) and sciatic nerve (G) after B16 cell inoculation or sham in
C57BL/6J mice. Paw thickness (H), mechanical allodynia (1), cold response (J), spontaneous
nociception (K), typical images and numbers of GFP* and F4/80* cell in tumor and sciatic
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nerve (L) after B16 cell inoculation or sham in MaFIA mice treated with AP12087 (AP) or
Veh (i.p.). BL, baseline. Pink arrows: time of treatment with Veh/AP. Yellow dashed line
delimits hindpaw epidermis (A) and epineurium (G, L). Scale bar 50 pm. N=6 mice. ***P<
0.001 to Sham, Sham-Veh, GFP Veh, F4/80 Veh; 888, < 0.001 to B16-Veh. Data are
presented as mean + SEM, data points overlaid (F, G, K, L). Two-way (B-J) and one-way
(K, L) ANOVA and Bonferroni post hoc test.
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Figure. 2. Resident macrophages areresponsible for cancer-evoked mechanical allodynia, cold

response and spontaneous nociception.

(A) Typical images and data of GFP* and F4/80™ cells in the tumor and ipsilateral sciatic
nerve and (B) mechanical allodynia, (C) cold response and (D) spontaneous nociception
after B16-F10 melanoma (B16) cell inoculation or sham in MaFIA mice, treated with
AP12087 (AP) or \eh (i.p.) and inoculated (i.pl., at day 14) with M®s or PBS. (E) Typical
images and data of GFP* and F4/80* cells in the tumor and sciatic nerve and (F) mechanical
allodynia, (G) cold response and (H) spontaneous nociception after B16 cell inoculation or
sham in MaFIA mice treated with AP or Veh (i.pl.). BL, baseline. Pink arrows: days of
treatment; blue arrow: day of M®/PBS inoculation. Yellow dashed line delimits the
epineurium. Scale bar 50 pm. N=6 mice. *P< 0.05, ***P< 0.001 to F4/80 PBS, F4/80 Veh,
GFP Veh, Sham-Veh; 888P< 0.001 to B16-Veh-M®. Data are presented as mean + SEM,
data points overlaid (A, E, D, H). Two-way (B, C, F, G) and one-way (A, D, E, H) ANOVA

and Bonferroni post hoc test.
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Figure 3. M-CSF promotes macrophage expansion and cancer-evoked mechanical allodynia and
cold response.

Cytokines/chemokines array profile (A), PD-L1 (B) and M-CSF (C) content in sciatic nerve
and tumor after B16-F10 melanoma (B16) cell inoculation or sham in C57BL/6J mice. Paw
thickness (D), mechanical allodynia (E), cold response (F), HoO5 content (G), and typical
images and data of F4/80™ cells in sciatic nerve (H) and tumor (1) after B16 cell inoculation
or sham in C57BL/6J mice after PLX3397 (PLX) or Veh (i.p.). Paw thickness (J),
mechanical allodynia (K), cold response (L), H,O, content (M) and typical images and data
of F4/80* cell in sciatic nerve (N) and tumor (O) after B16 cell inoculation or sham in
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C57BL/6J mice treated with an anti-M-CSF mAb or 1gG2B (IgG) (i.p.). Assays were
performed at day 14 from B16 cell inoculation or sham. BL, baseline. Pink arrows:
treatment with PLX/Veh; blue arrow: treatment with anti-M-CSF mAb/IgG. Dashed line
delimits the epineurium. Scale bar 50 pm. N=6 mice. *£< 0.05, **P< 0.01, ***P < 0.001 to
Sham, Sham-Veh, Sham-1gG; /< 0.05, 88P< 0.01, 888,< 0.001 to B16-Veh and B16-1gG.
Data are presented as mean + SEM, data points overlaid (B, C, H, I, N, O). (G, M) Box plots
25t and 75t percentile, min and max values and data points overlaid. Student’s t-test (A, B,
C); Two-way (D, E, F, J, K, L) and one-way (G, H, I, M, N, O) ANOVA and Bonferroni post
hoc test.
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Figure 4. M-CSF induces allodynia and neuroinflammation via TRPAL.
(A) Mechanical allodynia in C57BL/6J mice after M-CSF or Veh (i.pl.) and (B) pretreated

with an anti-M-CSF mAb or 1gG2B (1gG) (i.p.). (C) Typical images and data of F4/80* cell
in sciatic nerve of C57BL/6J mice after M-CSF (i.pl.) and pretreated with an anti-M-CSF
mADb or 1gG (i.p.). Mechanical allodynia induced by M-CSF (D), G-CSF (E) and GM-CSF
(F) or Veh (i.pl.) in MaFIA mice treated with AP12087 (AP) or Veh (i.p.). (G) Mechanical
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Figure 5. Schwann cell TRPA1 stimulation releases M-CSF.
(A) M-CSF content in tumor and sciatic nerve after B16-F10 melanoma (B16) cell

inoculation or sham in MaFIA mice after AP12087 (AP) or Veh (i.p.). (B) M-CSF mRNA
relative expression in human and mouse Schwann cells. (C) M-CSF content in human
Schwann cells stimulated with HyO, PF-4840154 (PF) or Veh in presence of A967079
(A96), PBN or Veh. M-CSF content in tumor and sciatic nerve at day 14 after B16 cell
inoculation or sham in Plp1-CreFRT£RT*/Trpa1™ (D) and Adv-Cre /Cre* Troal™" (E). (F)
M-CSF content in sciatic nerve explant from PlpI-CrefRT-£RT*/Trpa1™f and Adv-Cre /Cre
*Trpa1™ mice after H,O, or Veh exposure. (G) Typical images and data of GFP™ cells in

Cancer Res. Author manuscript; available in PMC 2021 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

De Logu et al.

Page 27

sciatic nerve explant from MaFIA mice after H,O, or Veh exposure, in the presence of A96,
PBN, PLX or Veh. Dashed line delimits the epineurium. Scale bar 50 um. N=6 mice (A, D,
E), N=3 experiments (B, C, F, G). *£< 0.05, **P< 0.01, ***P< 0.001 to MaFIA-Sham-
Veh, Veh-Veh, Sham-Plp1-CreFRT/Trpa1™f Sham-Adv-Cre/Trpal™: 88p< 0.01, 888 p<
0.001 to Veh H,0, and B16-PlpI1-CreFRT/Trpa1™f. (A, D, E) Box plots 25! and 75t
percentile, min and max values and data points overlaid. Data are presented as mean + SEM,
data points overlaid (B, C, F, G). (A, C-G) One-way ANOVA and Bonferroni post hoc test.
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Figure 6. Schwann cell TRPA1 mediates neuroinflammation and cancer-evoked allodynia.
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(A) Time-dependent mechanical allodynia, (B) typical images and data of F4/80" cells and,
(C) H,0, content in sciatic nerve after B16-F10 melanoma (B16) cell inoculation or sham in

Trpal*”* and Trpal™ mice. (D) Mechanical allodynia, (E) typical images and data of

F4/80* cells and (F) H,O5 content in sciatic nerve in C57BL/6J mice at day 14 after B16
cells inoculation or sham and after A967079 (A96) or \Veh (i.p.). (G) Mechanical allodynia,
(H) typical images and data of F4/80* cell and (1) H,O, content in sciatic nerve in C57BL/6J

mice at day 14 after B16 cell inoculation or sham and after PBN or Veh (i.p.). (J)
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Mechanical allodynia, (K) typical images and data of F4/80* cell in sciatic nerve after M-
CSF or Veh (i.pl.) in C57BL/6J mice treated with A96, PBN or Veh (i.p.). (L) Mechanical
allodynia, cold response and (M) spontaneous nociception after B16 cell inoculation or sham
in Plp1-CrefRT-FRT/Trpa1™f (N) Typical images and data of F4/80* cells and (O) H,0,
content in sciatic nerve after B16 cell inoculation or sham in Plp1-CreFRT£RT/Trpa1™f
mice. BL, baseline. Dashed line delimits the epineurium. Scale bar 50 um. N=6 mice. *** P
< 0.001 to Sham- Trpa1**, Sham-Veh, Veh-Veh, Sham-Plp1-CreFRT/Trpa1™f. 88 p< 0.01,
888 p< 0.001 to B16- Trpal™?*, B16-Veh, M-CSF-Veh, B16-Plp1-CreFRT/Trpa1™!. Data are
presented as mean + SEM, data points overlaid (B, E, H, K, M, N). (C, F, I, O) Box plots
25t and 75t percentile, min and max values and data points overlaid. Two-way (A, D, G, J,
L) and one-way (B, C, E, F, H, I, K, M, N, O) ANOVA and Bonferroni post hoc test.
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Figure 7. Segmental resident macrophages depletion switches off cancer-evoked mechanical
allodynia, cold response and spontaneous nociception.

(A) HNlustration of three local perineural (p.n.) injections of AP12087 (AP) or Veh in sciatic
nerve after B16-F10 melanoma (B16) cell inoculation in MaFIA mice. Mechanical allodynia
(B), cold response (D) and spontaneous nociception (E), typical images and data of F4/80*
cell in sciatic nerve (C) and tumor (F) after B16 cell inoculation or sham in MaFIA mice
treated with AP or \eh (p.n.). BL. Baseline. Pink arrows: treatment with Veh/AP. Dashed
line delimits the epineurium. Scale bar 50 um. N=6 mice. *P < 0.05, ***P < 0.001 to Sham-
Veh; 888 < 0.001 to B16-Veh. Data are presented as mean + SEM, data points overlaid (C,
E, F). Two-way (B, D) and one-way (C, E, F) ANOVA and Bonferroni post hoc test. (G)
Illustration of the feed-forward mechanism that sustains cancer pain: (1) expanded sciatic
nerve resident macrophages (rM®s) by their own oxidative burst target Schwann cell
TRPAL; (2) Schwann cell TRPA1 amplifies the oxidative burst; (3) to release M-CSF which
sustains further rM® expansion, and (4) to target neuronal TRPAL which signals allodynia.
The paracrine pathway, which entails Schwann cell TRPA1 activation, M-CSF release and
signaling and rM® expansion, and Schwann cell- and rM®s-dependent oxidative burst (5)
must be present along the entire sciatic nerve to sustain mechanical allodynia, as (6) the
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disruption of the feed-forward mechanism by segmental depletion of rM®ds switches off the
pain-like response.
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