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Abstract

Introduction: Despite increasing utilization of spinal cord stimulation (SCS), its effects on
chemoefficacy, cancer progression, and chemotherapy-induced peripheral neuropathy (CIPN) pain
remain unclear. Up to 30% of adults who are cancer survivors may suffer from CIPN, and there
are currently no effective preventative treatments.

Materials and Methods: Through a combination of bioluminescent imaging, behavioral,
biochemical, and immunohistochemical approaches, we investigated the role of SCS and
paclitaxel (PTX) on tumor growth and PTX-induced peripheral neuropathy (PIPN) pain
development in T-cell-deficient male rats (Crl:NIH-Foxn1™) with xenograft human non-small
cell lung cancer. We hypothesized that SCS can prevent CIPN pain and enhance chemoefficacy
partially by modulating macrophages, fractalkine (CX3CL1), and inflammatory cytokines.

Address correspondence to: Eellan Sivanesan, MD, Department of Anesthesiology and Critical Care Medicine, School of Medicine,
Johns Hopkins University, 460D Phipps Bldg, 600 N Wolfe St, Baltimore, MD 21287, USA. esivanel@jh.edu.

Authorship Statements

Eellan Sivanesan conceptualized and designed the study. Eellan Sivanesan, Karla R. Sanchez, Chi Zhang, and Shao-Qiu He conducted
or assisted with experiments. Eellan Sivanesan analyzed and visualized the results. Eellan Sivanesan also conducted the project
administration and supervision, and wrote the first draft. Eellan Sivanesan and Yun Guan wrote the second draft. Eellan Sivanesan,
Yun Guan, Kimberly E. Stephens, Srinivasa N. Raja, and Bengt Linderoth provided critical intellectual revision of the manuscript. All
authors read and approved the final manuscript.

SUPPLEMENTARY DATA
To access the supplementary material accompanying this article, visit the online version of Neuromodulation: Technology at the
Neural Interface at www.neuromodulationjournal.org and at https://doi.org/10.1016/j.neurom.2023.03.006.

Conflict of Interest: Eellan Sivanesan, Karla R. Sanchez, Chi Zhang, Shao-Qiu He, and Kimberly E. Stephens reported no conflict
of interest. Bengt Linderoth is a consultant for Elekta AB. Srinivasa N. Raja is a consultant for AbbVie, Averitas Pharma, Bayer, and
Lexicon Pharmaceuticals. Yun Guan and Srinivasa N. Raja are principal and coinvestigators in a research grant from Medtronic, Inc.
Yun Guan received a research award from TissueTech, Inc.


http://www.neuromodulationjournal.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sivanesan et al. Page 2

Results: We show that preemptive SCS enhanced the antitumor efficacy of PTX and

prevented PIPN pain. Without SCS, rats with and without tumors developed robust PIPN pain-
related mechanical hypersensitivity, but only those with tumors developed cold hypersensitivity,
suggesting T-cell dependence for different PIPN pain modalities. SCS increased soluble CX3CL1
and macrophages and decreased neuronal and nonneuronal insoluble CX3CL1 expression and
inflammation in dorsal root ganglia.

Conclusion: Collectively, our findings suggest that preemptive SCS is a promising strategy to
increase chemoefficacy and prevent PIPN pain via CX3CL1-macrophage modulation.

Keywords

Chemaotherapy; chronic pain; non—-small cell lung cancer; peripheral neuropathies; spinal cord
stimulation

INTRODUCTION

Although chemotherapy-induced peripheral neuropathy (CIPN) greatly affects quality of
life and can limit cancer treatment options, no drugs have been approved by the US Food
and Drug Administration to prevent or treat it. Paclitaxel (PTX) is a taxane analog used

to treat solid tumors, including non-small cell lung cancer (NSCLC). Its neurotoxicity can
cause somatosensory aberrations and debilitating pain, classically presenting in a stocking-
and-glove distribution.! In addition to persistent symptoms in survivors of cancer, CIPN can
force dose reductions during chemotherapy treatment and compromise remission rates.2

Spinal cord stimulation (SCS) is used to alleviate certain refractory pain conditions.
Although clinical reports of SCS (months after chemotherapy) for treatment of established
CIPN pain34 and our report of early neuromodulation for prevention and treatment

of herpes zoster-associated pain® are promising, there is a paucity of literature on the
application of early or preemptive SCS (ie, SCS before or during injury) to prevent CIPN.
Although objective diagnostic criteria are lacking, PTX-induced peripheral neuropathy
(PIPN) is often associated with recruitment of innate immune cells such as macrophages,
monocytes, and neutrophils to dorsal root ganglia (DRG) that contain the primary sensory
neurons.8” Relatedly, our previous study revealed that early SCS upregulates spinal cord
gene networks that mediate innate immune function and neuronal synaptic plasticity, and
prevents development of PIPN-related mechanical and cold hypersensitivities in non—tumor-
bearing, T-cell-competent Sprague-Dawley rats.8 Genetic studies of SCS%10 suggest that
SCS also modulates macrophages, and the effects may vary on the basis of parameters
and timing of SCS (preemptive, early, or late to pain development) and etiology of the
pain condition. However, these previous studies did not investigate whether SCS-induced
macrophage modulation could act systemically to alter chemoefficacy and tumor growth.

Potential off-target effects on tumor growth are an essential consideration when developing
CIPN therapeutics. Nevertheless, SCS continues to be used for non-CIPN pain treatment in
patients with cancer and survivors of cancer despite its unknown effects on chemoefficacy,
tumor growth, or recurrence.1 To address this knowledge gap, we developed a xenograft
model of NSCLC using a luciferase-expressing human NSCLC cell line in a T-cell-deficient
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rat strain (Crl:NIH-Foxn1), also known as Rowlette Nude (RNU) rats that have been
commonly used to examine tumor growth. RNU rats have a normal composition of B

cells and an elevated number of natural killer (NK) 1 (NK and NK T) cells, which

have been implicated in pain development.12 We used reflexive pain behaviors and
locomotor assays, in vivo bioluminescent imaging, Western blot, multiplex immunoassay,
and immunohistochemistry to examine tumor growth and neuroimmune mediators of pain
development after preemptive SCS (during PTX treatment) and late SCS (after PTX
treatment) in this novel tumor-bearing CIPN and SCS model. Our study may be the longest
SCS study (six weeks) conducted in animals to study the long-term effects of SCS on CIPN.
We hypothesized that SCS can prevent CIPN pain and enhance chemoefficacy partially by
modulating macrophages, fractalkine (CX3CL1), and inflammatory cytokines.

MATERIALS AND METHODS

Animals

Adult male rats (n7=88; 225-275 g starting weight;Crl:NIH-RNU; Charles River
Laboratories, Wilmington, MA) were allowed to acclimate for a minimum of 48 hours
before any experimental procedure. The rats were housed separately after SCS electrode
implantation and were given access to food and water ad libitum. Our selection of RNU rats
is based on previous characterizations of neuropathic pain and tumor growth in rats,1314 and
on our experience with tumor growth and PTX-induced pain-related behaviors in this rat
strain. All procedures involving animals were reviewed and approved by the Johns Hopkins
Animal Care and Use Committee and were performed in accordance with the N/H Guide for
the Care and Use of Laboratory Animals.

Group Allocation and Experimental Timeline

Rats were randomized to one of six groups: 1) no treatment (naive, 7= 16); 2) tumor only
(tumor; n=18); 3) PTX only (PTX; n=8); 4) PTX with tumor (PTX + tumor; /7= 16);

5) sham SCS with PTX and tumor (sham SCS + PTX + tumor; n= 20); and 6) active

SCS with PTX and tumor (SCS + PTX + tumor; n = 20) (Fig. 1). Baseline pain behaviors
were assessed in all animals before experimental procedures. Rats were implanted with

SCS electrodes (groups 5 and 6) and/or tumor cells (groups 2, 4-6) at week 0. A 2 mg/kg
PTX treatment (groups 3-6) was administered intraperitoneally every other day during week
2 for a cumulative PTX dose of 8 mg/kg (Supplementary Data), and SCS or sham SCS
(groups 5 and 6, respectively) was applied during weeks 2 and 4. All rats that completed all
group-assigned procedures appeared healthy and were included in all analyses. For tumor
imaging and behavioral experiments, data from animals that had severe health problems
during the experiments were excluded. To also study the more independent effects of SCS
on tumor growth, SCS was not performed during week 3 to allow a wash-out interval
beyond five half-lives of PTX (one half-life < 24 hours!®). All animals were euthanized by
overdose of isoflurane by week 6, and the L4-L5 DRG and tumors were harvested, and flash
frozen on dry ice.
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Human NSCLC Cell Line

Cancer cells were derived from a luciferase-expressing human NSCLC cell line. The A549-
Luc2 cell line [Organism: Homo sapiens, human (male Caucasian aged 58 years)/Cell
Type: epithelial/Tissue: lung/Disease: Carcinoma) was obtained commercially from ATCC
(ATCC® CCL-185-LUC2™). With a humidity incubator in an atmosphere of 5% CO2 at 37
°C, cells were cultured and expanded with Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM/F12+10% FBS+10% antimycotic/antibiotic).

Xenograft Establishment and Tumor Size

A549-Luc? cells were trypsinized, centrifuged, and counted. 1.0 x 10° cells/mL were
resuspended in serum free media and mixed with Growth Factor Reduced Matrigel
(Corning;Corning, NY) at a 2:1 ratio, to a final volume of 100 pL.16 A 22-gauge needle
was used to inject the 100 pl cell-matrigel mixture into the subcutaneous flank region of
RNU rats (10° cells/animal). We performed in vivo bioluminescent imaging of these tumors
weekly using the IVIS® Spectrum Xenogen 200 system (IV1S, PerkinElmer, Alameda,
CA). We administered intraperitoneal D-luciferase potassium salt before imaging, and
quantified bioluminescence with Living Image software (PerkinElmer).17 At the conclusion
of the study by week 6, we harvested the tumor from each rat. Tumor size was estimated
weekly through in vivo bioluminescence. Tumor volumes were calculated from caliper
measurements using the modified Hansen formula, which is commonly applied for xenograft

tumor volume estimations with calipers: Volume (mm?) = % the longest tumor diameterxthe

shortest tumor diameter2.18

Electrode Placement and SCS Application

Using a model of CIPN in freely moving rats, we implanted a miniaturized SCS electrode
(Fig. 1) to deliver SCS during and after PTX treatment (weeks 2 and 4, six—eight hours per
day). A sterile, quadripolar SCS electrode (Medtronic Inc, Minneapolis, MN) that mimics
clinical SCS was placed at the dorsal spinal cord of each rat (Fig. 1), as described in
previous studies, and validated in rats.8-1° Briefly, with rats under isoflurane anesthesia, we
performed a laminectomy at the T13 vertebral level and inserted the electrode epidurally in
the rostral direction. The position of the electrode was adjusted so that the contacts were at
the T13-L1 spinal cord level, which corresponds to the lower thoracic-upper lumbar region
(Fig. 1). The paddle electrode was sutured to muscle to secure its position, and the proximal
end was tunneled subcutaneously until it exited the animal at the top of its head for later
connection to an external neurostimulator (Model 2100, A-M Systems, Sequim, WA). Rats
that exhibited signs of spinal cord injury, poor lead placement, or damaged electrodes were
euthanized and excluded from subsequent studies.

In twin-pairs SCS (Fig. 1), the first and third contacts of the lead from the rostral direction
were set as anodes (+), and the second and fourth were set as cathodes (=). The paddle
electrode has four contacts arranged 1 mm apart with a thickness < 0.25 mm to fit flat into
the epidural space without causing cord compression or injury. Before SCS each day, the
motor threshold for each animal was determined by slowly increasing the current amplitude
from zero, until muscle contraction in the mid-lower trunk or hind limbs was observed in
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response to 4 Hz stimulation at 0.2 milliseconds pulse width. Conventional SCS (50 Hz,
0.2 milliseconds, constant current, six—eight hours per session per day) was applied at an
intensity that activated low-threshold A-fibers (80% motor threshold). Sham SCS occurred
in the same environment, with the leads connected to the stimulator without transmission of
any electric power.

Behavior, Locomotor Activity, and Motor Coordination

Mechanical hypersensitivity was measured with the up-down method by applying von

Frey monofilaments to the midplantar surface of the hind paws, and paw withdrawal
threshold was determined as previously described by using the Dixon method and formula
(Supplementary Data).2% The cold plantar assay was used to evaluate noxious cold
sensitivity (Supplementary Data).8 The Hargreaves plantar test was used to evaluate noxious
heat sensitivity (Supplementary Data).2! The open field test was used to assess the effect of
CIPN and SCS on spontaneous locomotor activity (Supplementary Data). The rotarod test
was performed to assess motor coordination (Supplementary Data).

Multiplex Assay and Western Blot of Rat DRG

A bead-based multiplex immunoassay, Bio-Plex Pro Rat Cytokine 23-Plex (catalog
#12005641, Bio-rad, Hercules, CA), was used to determine pain-related cytokine and
chemokine levels (Supplementary Data). This multiplex assay was more advantageous
than traditional enzyme-linked immunoassay because it allowed the detection of multiple
analytes simultaneously. We examined the amounts of soluble CX3CL1, CD68, and tumor
necrosis factor (TNF)-a using Western blotting (Supplementary Data).

Immunostaining of Rat DRG

Statistics

Dual chromogenic immune-labeling for CD68 and CX3CL1 was performed on formalin-
fixed, paraffin-embedded sections of rat DRG (L4-L5) on a Ventana Discovery Ultra
autostainer (Roche Diagnostics, Basel, Switzerland) (Supplementary Data). Stained slides
were scanned using the Hamamatsu Nano Zoomer (Hamamatsu City, Japan) at 20x

to 40x magnification. Analysis of rat DRG was performed using the digital imaging
analysis platform, HALO™ 3.0 (Indica Labs, Albugquerque, NM), as described previously
(Supplementary Data).22

Statistical analysis was performed using GraphPad Prism (version 9.3.0, GraphPad
Software, La Jolla, CA). All data showed a normal distribution. No outlier data were
removed. Data are presented as mean + SEM. A p < 0.05 was considered statistically
significant. We used unpaired or paired two-tailed Student’s £tests for comparisons between
two groups and one-way ANOVA with Bonferroni post hoc test for three or more groups at a
single time point. When comparing among three or more groups at multiple time points, we
used two-way ANOVA with Bonferroni post hoc test.
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We developed a model of CIPN in freely moving male RNU rats implanted with a
miniaturized SCS electrode (Fig. 1). PTX (2 mg/kg x four days) or vehicle was injected
intraperitoneally two weeks after SCS electrode and tumor implantation. Rats received six
to eight hours per day of SCS during weeks 2 and 4 (during and after PTX treatment)

with conventional paresthesia-based waveform parameters (50 Hz, 0.2 milliseconds, 80%
motor threshold). Reflexive pain behavior tests were performed weekly, and we also used
bioluminescent imaging to monitor tumor growth weekly. Locomotor tests were performed
before harvesting of lumbar DRG (L4-L5) at three weeks after the last PTX dose and one
week after the last SCS treatment.

SCS Prevents Development of PTX-Induced Mechanical Pain-Related
Hypersensitivity in Rats—Compared with the naive RNU rats, RNU rats in the PTX
and PTX+Tumor groups had decreased paw withdrawal thresholds to mechanical stimuli
after PTX administration, suggesting that mechanical hypersensitivity after PTX is not T-cell
dependent (Fig. 2b). The presence of the tumor did not significantly affect paw withdrawal
thresholds. Notably, mechanical thresholds in PTX+Tumor rats that received preemptive
SCS resembled those of naive rats for the duration of the study, whereas sham stimulation
was associated with decreased paw withdrawal threshold starting at week 2 (Fig. 2a,b).
Therefore, we determined that preemptive SCS prevented development of PTX-induced
mechanical pain-related hypersensitivity in RNU rats.

SCS Prevents Development Of Tumor-Induced Cold Pain-Related
Hypersensitivity in Rats—Unlike Sprague-Dawley rats,8 RNU rats did not develop cold
hypersensitivity after PTX treatment alone (Fig. 2c). However, RNU rats in the Tumor

and PTX+Tumor groups exhibited significantly shorter paw withdrawal latency to cold,
which peaked during weeks 4 to 6 (Fig. 2c). Of note, rats in the SCS+PTX+Tumor group
exhibited significantly longer paw withdrawal latency to cold stimulation than did those

in the sham SCS+PTX+Tumor groups (Fig. 2d). These findings suggest that presence of
tumor was sufficient to induce cold hypersensitivity in RNU rats and that SCS reduced this
hypersensitivity. PTX did induce heat hypersensitivity in RNU rats;however, this was not
attenuated with SCS, and no differences in paw withdrawal latency were found between
animals that received SCS and those that received sham SCS (Supplementary Data Fig.
S1a).

Tumor, But Not SCS, Attenuates PTX-Induced Gross Locomotor Coordination
Impairment in Rats—To assess the effects of SCS on mobility and coordination in RNU
rats that received PTX with and without tumor, we tested all groups with the rotarod and
open field. We found no difference among groups in total distance traveled in the open field
test (Fig. 2e,f; Supplementary Data Fig. S1b). In the rotarod test, animals in the PTX group
fell faster than did animals in the Tumor and PTX+Tumor groups (Fig. 2g). SCS did not
improve performance over that of sham SCS (Fig. 2f,h).
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SCS Increases PTX’s Antitumor Efficacy in Rats With Xenograft Human NSCLC

SCS is currently administered clinically to patients with cancer and survivors of cancer

for the treatment of pain. To determine whether SCS alters the antitumor efficacy of PTX,
we prospectively assessed tumor growth weekly. In addition to preemptive SCS (during

PTX treatment), we delivered a second week of SCS (ie, late SCS) (after PTX treatment)
beginning at the start of week 4, when we expected the last PTX dose to be cleared from
systemic circulation. As expected, RNU rats that received PTX showed decreased tumor size
by week 5 compared with rats that did not receive PTX (Fig. 3a,b). Notably, when tumors
were measured by caliper volume, we found that SCS further reduced tumor size by week

5 (Fig. 3c). As expected, rats that received PTX had lower body weights than those of the
naive control (Supplementary Data Fig. S1e). SCS further reduced body weights compared
with sham SCS, which suggests that SCS may increase PTX-induced weight loss or
independently induce weight loss;however, we did not observe any changes in body weight
compared with the tumor-only group, which overall suggests that these body weight changes
may be subtle (Fig. 3d). Nevertheless, possible mechanisms for SCS-induced weight loss
include increased gastric motility via electrical stimulation of viscera, modulation of the
enteric nervous system, and changes in autonomic function.23 Although NSCLC tumor
progression and body weight have been noted to have an inverse correlation,2425 it is
possible that the changes we observed in tumor size may be due to corresponding changes in
body weight. Finally, visual inspection of tumors on autopsy also revealed decreased tumor
sizes associated with SCS (Fig. 3e). Collectively, these findings suggest that preemptive SCS
improved the antitumor efficacy of PTX, as indicated by decreased growth of subcutaneous
A549-Luc2 NSCLC in RNU rats, but late SCS (post-PTX) did not alter tumor growth.

SCS Alters Expression of CX3CL1, CD68, TNF-a, and Inflammatory Cytokines in Rat DRG

Several studies have suggested that macrophage activation induces pain via downstream
interaction of proinflammatory mediators and nociceptive neurons.8:7:26-28 Qur group

and others have identified marked effects of SCS treatment on immune pathways.8-10
Therefore, we measured the overall expression and spatial distribution of macrophage

and inflammation-related proteins in DRG to assess sensory neuron-associated macrophage
infiltration and inflammation. We focused our examination of these processes on the specific
effects of SCS in the context of PTX with tumor. These experiments were conducted by
week 6 to investigate the role of these neuroimmune- and inflammation-related proteins in
the (long-term) maintenance of CIPN pain and SCS-induced CIPN prevention.

SCS Increases Soluble CX3CL1, CD68, and TNF-a Expression and May
Decrease Inflammation—Because inflammation is a key driver of neuropathic pain,2°
including CIPN30, we performed a broad assessment of pro- and antiinflammatory cytokines
and chemokines in lumbar DRG. SCS was associated with increased soluble CX3CL1,
CD68, and TNF-a expression, compared with naive and/or sham SCS control groups (Fig.
4a-c; Supplementary Data Fig. S2). Compared with naive rats, the sham SCS+PTX+Tumor
group showed decreased expression of the antiinflammatory cytokine interleukin (IL)-10
and increased expression of the proinflammatory cytokine RANTES, also known as CCLY5,
which suggests that PTX treatment in RNU rats with tumor may promote a proinflammatory
environment (V1L-10; TRANTES) in DRG (Fig. 4d). In contrast, the SCS+PTX+Tumor
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group indicated decreased expression of the proinflammatory cytokines IL-18, -17A, and
-12p70, compared with the naive group (Fig. 4d; Supplementary Data Fig. S2). In addition,
in comparison with the naive group, SCS was associated with an increased antiinflammatory
environment (V1L-10; T1L-18, VIL-17A, {1L-12p70) and increased soluble CX3CL1, CD68,
and TNF-?, which can be pro- or antiinflammatory depending on timing of expression and
the concurrent local (eg, DRG) inflammatory milieu.

SCS Changes Neuronal and Nonneuronal CX3CL1 and CD68 Expression—

To further examine sensory neuron-associated macrophage crosstalk, we measured the
expression of insoluble CX3CL1, a chemokine isoform associated with neuron-macrophage
adhesion, and CD68, a macrophage marker in the DRG harvested by week 6. CX3CL1
expression showed the greatest staining intensity in the perinuclear regions, varied
considerably in the cytoplasm, and was occasionally observed along plasma membranes
consistent with insoluble CX3CL1 (Fig. 5a). Perinuclear CX3CL1 likely indicates immature
CX3CL1 that is present in the rough endoplasmic reticulum and endocytic vesicles

before its transport and post-translational glycosylation steps.3! Nonneuronal CX3CL1
immunostaining was most intense in satellite glial cells adjacent to neurons (Fig. 5a).

In contrast to the increase in soluble CX3CL1 expression after SCS, identified using
Western blot (Fig. 4a), we found decreased insoluble CX3CL1 in DRG neurons and
nonneuronal cells after SCS by immunostaining (Fig. 5b). SCS was associated with a greater
proportion of CD68+ cells and decreased proximity between insoluble CX3CL1+ neurons
and CD68+ cells (Fig. 5b). These findings suggest that SCS may increase soluble CX3CL1
(Fig. 4a) to promote chemotaxis of macrophages and decrease insoluble CX3CL1 expression
in neurons (Fig. 5b), which may serve to limit the adhesion of macrophages to neurons.

DISCUSSION

We showed in a T-cell-deficient RNU rat model with xenograft human NSCLC that
preemptive SCS (during PTX treatment) improved the antitumor efficacy of PTX. However,
late SCS (after PTX treatment) did not alter tumor growth. We also showed that preemptive
SCS may prevent development of CIPN pain. These findings correlate with our recent
human report on the efficacy of early neuromodulation for acute herpes zoster and
postherpetic neuralgia pain treatment and prevention in a patient with immunosuppression.®
Mechanistically, our findings suggest that decreased insoluble CX3CL1 in neurons and
nonneuronal cells and increased CD68+ macrophages in DRG may contribute to SCS-
induced PIPN pain prevention. Furthermore, SCS may have increased chemoefficacy by
inducing similar CX3CL1 changes systemically or by increasing perfusion and PTX
delivery (Fig. 6).

Previous studies suggested that T cells may be involved in neuropathic pain, as observed
through decreased pain with T-cell depletion.#243 However, our T-cell-deficient RNU rats
with and without tumor showed robust mechanical and heat hypersensitivities after PTX
administration, suggesting that a T-cell-deficient state does not prevent the initiation or
maintenance of PIPN pain in rats. This finding is in line with other reports of non-T-cell-
dependent neuropathic pain conditions, with and without 1L-10 involvement.#44> However,
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cold allodynia was not observed in PTX-treated RNU rats without NSCLC, and was

also less pronounced in PTX-treated RNU rats with NSCLC than that in PTX-treated
immunocompetent, nontumor-bearing Sprague-Dawley rats.8 These findings suggest that
cold hypersensitivity may be T-cell dependent, and that NSCLC may independently promote
cold allodynia via unknown mechanisms. Furthermore, the ability of SCS to attenuate cold
and heat hypersensitivities may be similarly T-cell dependent, as suggested by a recent

work in which AB-fiber electrical stimulation differentially modulated spinal cord superficial
dorsal horn neuron populations in a manner that was input and cell-type specific.4

Interestingly, locomotor coordination was only impaired in PTX-treated RNU rats without
NSCLC. Similarly to the occurrence of sedative effects with opioids that develop in healthy
individuals but not in those with severe pain,*’ the presence of tumor may mitigate PTX-
induced locomotor impairment via a stimulatory effect. Previous studies suggested that the
Ab49-Luc2 NSCLC secretome may contain mediators related to neuroprotection that help
preserve locomotor coordination in RNU rats and counteract PTX-induced coordination
impairment (eg, amyloidbeta [a peptide associated with Alzheimer’s disease], insoluble
CX3CL1,*8 and ADAM 10 [a protease that mediates neuroprotective cleavage]).*?

SCS increased soluble CX3CL1 and decreased insoluble CX3CL1 in DRG neurons and
nonneuronal cells, which may induce neuroprotection and partially contribute to the
prevention of PIPN pain in RNU rats. Although CX3CL1 was reported to mediate CIPN
pain in immunocompetent models,26:28 other studies®?:>1 suggested that specific isoforms
of CX3CL1 could rather promote neuroprotection, repair, and inhibit pain development. For
example, when insoluble, membrane-bound CX3CL1 is cleaved, the N-terminal fragment,
soluble CX3CL1, is released and acts as a chemotactic signaling molecule that promotes
migration of cells expressing the CX3CL1-receptor, primarily leukocytes.3! This soluble
form of CX3CL1 has been linked to neuroprotection after ischemic injury®2 and to neuronal
recovery after excitotoxic insults.> The C-terminal fragment is later released intracellularly
where it can translocate into the cell nucleus and modify gene expression by “back-
signaling,” which then can promote neurogenesis.*® Neuronal expression of intracellular
CX3CL1, similarly to our findings in rat DRG, has been reported to mediate macrophage
recruitment and neuroprotection in HIV-1 encephalitis.>3

Interestingly, SCS also increased TNF-a in rat DRG, which may promote soluble CX3CL1
production due to TNF-a-induced cleavage of CX3CL1.%4 Although TNF-a usually induces
pain, in some circumstances, such as preemptive SCS, it may become neuroprotective by
promoting increased release of soluble CX3CL1. The increase in soluble CX3CL1 and
TNF-a after SCS may also be due to increased activity of shared cleavage enzymes, such

as ADAM 10 and TNF-a-converting enzyme, also known as ADAM 17.%5 Thus, increased
cleavage enzyme activity could be induced by SCS, directly or indirectly (eg, through
SCS-induced antiinflammation in DRG).

SCS increased expression of CD68+ macrophages and their distance to CX3CL1+

neurons in DRG of PTX-treated RNU rats with tumor. This may be due to

increased soluble CX3CL1, which promotes CD68+ macrophage chemotaxis, and
decreased insoluble CX3CL1, which reduces sensory-neuron-macrophage adhesion.>® This
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would decrease adhesion and limit crosstalk between nociceptive sensory neurons and
infiltrating macrophages in DRG, which normally initiate and maintain PIPN pain.>’
Thus, we speculate that preemptive SCS may prevent PIPN pain by promoting early
macrophage recruitment via increased soluble CX3CL1, which, along with SCS-induced
antiinflammation, promotes a neuroprotective macrophage phenotype (eg, M2 type).34-37
In addition, repeated SCS treatments may decrease inflammation and pain hypersensitivity
by increasing the expression of proresolving mediators such as resolving D1,58 which
upregulates antiinflammatory cytokines (eg, IL-10) and downregulates proinflammatory
cytokines in macrophages [(eg, IL-17, a T-cell-independent contributor to PIPN pain)].2’

Although CX3CL1 is sometimes associated with increased cancer cell proliferation and
metastasis, others have found differential antitumor effects of soluble and insoluble forms
of CX3CL138 and that increased CX3CL1 in the tumor microenvironment is associated
with improved prognosis in colorectal, breast, and lung cancers, possibly owing to enhanced
leukocyte migration, T-cell activation, and NK-cell-mediated cytotoxicity.3%-41 Our findings
revealed that in addition to preventing CIPN pain, preemptive SCS enhanced the antitumor
efficacy of PTX. Our finding that late SCS (after PTX treatment) did not alter tumor growth
suggests that applying SCS for the treatment of established PIPN pain in patients with
cancer and survivors of cancer may not affect tumor progression.

Increased chemoefficacy may result from increased drug delivery due to SCS-induced
systemic vasodilation that increases peripheral (tumor) perfusion by alteration of
sympathetic vasomotor activity32 and/or peripheral release of calcitonin gene-related peptide
that also decreases ischemic pain,>%:60 particularly in the presence of increased cytokine
IL-1061 and decreased inflammation52 SCS has also been found to modulate DRG function
via antidromic activation of large DRG neurons.53 Relatedly, SCS is used in the clinic for
treatment of pain and ischemia in patients with refractory angina and peripheral vascular
ischemia.33:64 Because the tumor implantation site was not within the sensory distribution of
the DRG innervating the hind paws that were removed (L4, L5), we also speculate that SCS
may decrease chemoresistance and xenograft human NSCLC cell proliferation by inducing
systemic (including tumor microenvironment) CX3CL1 changes as seen in our rodent

DRG. Alternatively, SCS may increase chemoefficacy via other tumor microenvironment
alterations downstream to SCS-induced DRG CX3CL1 modulation, possibly through the
previously mentioned leukocyte or NK-cell-mediated mechanisms.38-41

Recent work revealed a sex-specific neuroimmune contribution, particularly involving T
cells, to neuropathic (eg, CIPN) and inflammatory pain conditions.#4:6% Future studies
should include female rats, which would help examine potential sex-based dimorphism
in CIPN pain and cancer response to SCS. Although we used the sham SCS group as a
surrogate to be compared with the naive group, future studies may examine the effects in
rat groups with tumor and/or PTX alone. We acknowledge that PTX and SCS may result
in “chronic” neuroimmune changes that may influence subsequent SCS effects on tumor
growth. However, in accordance with our institutional Animal Care and Use Committee
guidance to use the minimum number of animals, we applied a second week of SCS

in the same animals after a wash-out interval (one week after the last PTX and SCS)
beyond the half-life of PTX5 and that used in SCS clinical trials.56:67 Although we applied
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a clinically common SCS waveform (ie, conventional tonic stimulation), alternate SCS
waveforms (eg, high frequency, burst, subsensory), protocols (eg, intermittent, continuous,
responsive), and application modalities (eg, extraspinal, intradural, temporary) may have
differing mechanisms and effects on CIPN pain, chemoefficacy, and tumor growth.

CONCLUSIONS

Our findings suggest that SCS is a promising strategy to enhance chemoefficacy and prevent
PIPN pain. Before applying SCS for cancer- and CIPN-pain treatment in the clinic, further
studies are needed that incorporate other cancer-relevant CIPN models (eg, tumor-bearing,
human biospecimen, and experimental) and chemotherapeutic regimens (eg, mono- or multi-
agent cancer treatment strategies). An increased mechanistic understanding of SCS-induced
modulation of CX3CL1+ cells and sensory-neuron—associated macrophages across rodents
and patients with pain will help identify novel targets for new cancer and CIPN therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental protocol and schematic of SCS application. a. SCS electrode and tumor

were implanted at week 0. PTX treatment during week 2 (red bars). Two periods of SCS
were administered (blue bars). Preemptive SCS (during PTX treatment) was applied during
week 2, and late SCS (after PTX treatment) was applied during week 4. Pain behavior
assessments and in vivo bioluminescent tumor imaging occurred weekly. DRG and tumors
were recovered by week 6. b. Schematic diagram illustrating the experimental setup for

in vivo SCS application and pain behavior testing. c. Left: miniature quadripolar SCS
electrode; middle: representative fluoroscopic images of SCS electrode after placement
over T10-T12 vertebral level (~T13-L1 spinal levels). Right: freely moving (awake) RNU
rat receiving SCS through an external stimulator connected to quad-electrode rings at the
proximal end of SCS electrode (located near rat head).
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Preemptive SCS (during PTX treatment) prevents PTX-induced pain-related mechanical
hypersensitivity and partially attenuates cold hypersensitivity in rats. a and b. Changes in
paw withdrawal threshold to mechanical stimuli (von Frey filaments), and (panels ¢ and

d) paw withdrawal latency to cold stimulation with dry ice. Red bars indicate the duration
of PTX treatment. Blue bars indicate SCS application intervals. e and f. Total distance
traveled in open field tests as an assessment of locomotor activity, and (panels g and h)
measures of gross locomotor coordination from rotarod testing after PTX and SCS. Open
field and rotarod testing were performed during week 3, one week after late SCS (after PTX
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treatment). Two-way mixed-model ANOVA and Bonferroni’s post hoc. Unpaired t-test with
Welch’s correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 Naive vs Tumor,
PTX, or PTX+Tumor; (panels aand c¢) n=16, n=8, n=8, n=16; (panels e and g) n= 15, n
=6, n=7, n=8.##p<0.01, ####p < 0.0001 Sham SCS+PTX+Tumor vs SCS+PTX+tumor;
(panels b and d) n=17, n=18; (panels fand h) n= 11, n=12. Data represent mean + SEM.
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Figure 3.

Preemptive SCS (during PTX treatment) increases chemoefficacy, and late SCS (after PTX
treatment) does not alter tumor growth. a. Representative serial in vivo bioluminescent
images of xenograft NSCLC performed immediately after and in between each SCS
application, in which red, green, and blue pixels represent high, mid, and low regions of
tumor cell density [radiance = p/sec/cmZ/sr (2)], respectively. b. Quantification of in vivo
tumor bioluminescence. ¢. Tumor volume calculated from external caliper measurements. d.
Changes in body weight of RNU rats at each week compared with their baseline weight.

e. Photographs of tumors that remained palpable immediately before autopsy (scale bar
=10 mm). Red bars indicate duration of PTX treatment, and blue bars indicate SCS
application intervals. b—d. One-way ANOVA and Bonferroni’s post hoc. *p < 0.05, **p <
0.01 for comparison between the Tumor (7= 8), Sham SCS+PTX+Tumor (/7= 18), and
SCS+PTX+Tumor (n=17) groups. Data represent mean + SEM.
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Figure 4.

SCS increased soluble CX3CL1, CD68, and TNF-a expression and may have decreased
inflammation in DRG of rats. Western blot images (/eft panels), relative protein expression
(right panels) of (panel a) soluble CX3CL1 (a chemokine that promotes migration of
monocytes and macrophages), (panel b) CD68 (a heavily glycosylated macrophage and
monocyte surface marker), and (panel ¢) TNF-a (a proinflammatory cytokine associated
with soluble CX3CL1 release). d. Multiplex immunoassay expression levels of the
antiinflammatory cytokine I1L-10 and proinflammatory cytokines IL-18, -17A, -12p70, and
RANTES, at one week after SCS. Naive, Sham SCS+PTX+Tumor, SCS+Tumor+PTX; n=
4-6 rats/group. One-way ANOVA followed by Bonferonni’s post hoc. *p < 0.05, ***p <
0.001, ****p < 0.0001. Data represent mean = SEM. The images shown are cropped. The
full-length original Western blot images are shown in Supplementary Data Figure S2.
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Figure5.
SCS decreased insoluble CX3CL1 in neurons and nonneuronal cells but increased CD68+

macrophages in DRG of rats. a. Representative images of DRG from rats that received SCS
or sham SCS. Paraffin sections were immunostained with CX3CL1 (DAB/brown) and CD68
(violet) and then counterstained with hematoxylin (blue) (parts 1-2). Images were imported
into HALO™ software for automated measurement of CX3CL1 and CD68 staining (three
right parts). Neuronal nuclei (parts 3—4) and nonneuronal (parts 5-6) nuclei are masked. Red
overlay of these masked nuclei indicates CX3CL1+ staining. CD68+ cells are highlighted
(parts 7-8). Higher magnification insets of masked neuronal nuclei and nonneuronal nuclei
(parts 3a—6a). b. Quantification of immunostaining (panel a) and proximity of CD68+ cells
to CX3CL1+ cells within 100 pm. Naive, Sham SCS+PTX+Tumor, SCS+Tumor+PTX; 7

= 3 rats/group with two to three sections per rat (*6-9 sections/group). One-way ANOVA
followed by Bonferonni’s post hoc. *p < 0.05, ***p < 0.001, ****p < 0.0001. Data represent
mean + SEM.
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Figure 6.
Proposed model for the role of preemptive SCS in improving chemoefficacy and attenuating

the development of CIPN pain. a. Dorsal column stimulation leads to (panel b) increased
soluble CX3CL1, tumor necrosis factor-alpha (TNF-a), antiinflammatory cytokine 1L-10,
and vasodilation,32:33 and decreased insoluble CX3CL1 and proinflammatory cytokines. c.
Soluble CX3CL1 promotes chemotaxis of peripheral macrophages, which then undergo
polarization34-37 to (panel d) promote neuroprotection and decreased nociception. e.
Modulation of CX3CL1 and vasodilation enhances chemoefficacy38-41 and drug delivery
to decrease tumor growth.
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