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Abstract

The use of paclitaxel (Taxol®), a microtubule stabilizer, for cancer treatment is often limited by
its associated peripheral neuropathy (chemotherapy-induced peripheral neuropathy, CIPN) which
predominantly results in sensory dysfunction including chronic pain. Here we show that paclitaxel
CIPN was associated with an induction of chemokine monocyte chemoattractant protein-1
(MCP-1) and its cognate receptor CCR2 in primary sensory neurons of dorsal root ganglia (DRG).
Immunostaining revealed that MCP-1 was mainly expressed in small nociceptive neurons while
CCR2 was expressed in large and medium-sized myelinated neurons. Direct application of MCP-1
consistently induced intracellular calcium increases in DRG large and medium-sized but not small
neurons mainly dissociated from paclitaxel- but not vehicle-treated animals. Paclitaxel also
induced increased expression of MCP-1 in spinal astrocytes but no CCR2 signal was detected in
spinal cord. Local blockade of MCP-1/CCR2 signaling by anti-MCP-1 antibody or CCR2
antisense oligodeoxynucleotides significantly attenuated paclitaxel CIPN phenotypes including
mechanical hypersensitivity and loss of intraepidermal nerve fibers (IENFs) in hindpaw glabrous
skin. These results suggest that activation of paracrine MCP-1/CCR2 signaling between DRG
neurons plays a critical role in the development of paclitaxel CIPN and targeting MCP-1/CCR2
signaling could be a novel therapeutic approach.
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INTRODUCTION

Chemotherapy-induced peripheral neuropathy (CIPN) is a very common side effect of
several frontline chemotherapeutic drugs including paclitaxel, oxaliplatin and bortezomib 1°.
CIPN usually presents as a pronounced impairment in sensory function in a glove-and-
stocking distribution in glabrous skin but with relative sparing of motor and autonomic
functions 3741, Although CIPN following paclitaxel has been considered as a
polyneuropathy, the incidence of symptoms of numbness and tingling is more prominent
than the experience of shooting/burning pain 2141, suggesting a greater impairment of large
(AP) and medium-sized (Ad) myelinated fiber function than of unmyelinated (C) fiber
function 21,

The mechanisms of CIPN are not well understood and the treatment is not satisfactory. It
has been assumed though without direct evidence that the neuropathy associated with
paclitaxel is due to effects on axonal microtubules, which results in interruption of
axoplasmic flow and subsequently damages peripheral nerves®8:68. However changes in
axonal architecture were not apparent in rats with taxol-induced hyperalgesia®! and axonal
transport was not impaired in dorsal root ganglia (DRG) neurons exposed to paclitaxel /n
vitro at chemotherapeutic doses28. Reagents that disrupt the functions of microtubules such
as TZT-1027 (a derivative of dolastatin) or colchicine 417 do not induce any morphological
change in sensory nerves or hyperalgesia®’:’3. Although direct application of colchicine to
the sciatic nerve blocks neurogenic plasma extravasation, changes of heat or mechanical
withdrawal thresholds or the development of deafferentation-induced hyperalgesia have not
been observed33,

Cytokine-mediated neuroinflammation has been suggested to play a critical role in the
pathogenesis of neuropathic pain not only after nerve injury (for review, see 44) but also in
CIPN 87, Recently, chemokines (chemotactic cytokines) which attract the migration of
leukocytes associated with inflammation have been shown to be involved in the initiation of
neuropathic pain 9. Several types of chemokines and their receptors are markedly induced
in the nervous system following experimental peripheral neuropathy 8. Of those many
chemokines, monocyte chemoattractant protein-1 (MCP-1), also CCL2, has been found
universally increased in the nervous system in different models of neuropathic pain 3°
including compression of dorsal root ganglion (DRG) 70 and peripheral nerve

injury 1.7.9.23.25,30,63,64.76,78 | addition, attenuation of neuropathic pain following nerve
injury is observed by blocking MCP-1 and/or its cognate receptor CCR2 7:9:23:25,64,66,78 55
well as in CCR2 knockout mice 1. It has been further shown that direct application of
MCP-1 excites C-fibers following neuritis 54, increases the excitability of DRG neurons
following injury 270, induces increases in intracellular calcium in DRG neurons 79, and
increases capsaicin-induced currents 31 and tetrodotoxin-resistant sodium currents of
peripheral nociceptors 6. It is not known if MCP-1/CCR2 signaling is involved in the
development of CIPN. In the present study, we examined the expression of MCP-1 and
CCR2 in both DRG and spinal dorsal horn (SDH) using a rat model of paclitaxel CIPN and
the effects of blocking MCP-1/CCR2 signaling on the paclitaxel CIPN phenotypes.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats (6—-12 weeks, Harlan, Houston, TX, USA) housed ina 12 h
light/dark cycle with free access to food and water were used in all experiments. The studies
were approved by the Institutional Animal Care and Use Committee at The University of
Texas M. D. Anderson Cancer Center and were performed in accordance with the National
Institutes of Health Guidelines for Use and Care of Laboratory Animals.
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Paclitaxel CIPN model

Animals were treated with paclitaxel as previously described 11. Briefly, paclitaxel stock
solution (6 mg/ml, dissolved in cremophor EL/ethanol, TEVA Pharmaceuticals, Inc. USA)
was diluted with sterile 0.9% saline to 1 mg/ml and given at a dosage of 2 mg/kg
(intraperitoneally) every other day for a total of four injections (Day 1, 3, 5, and 7). This
dosage is equal to 15 mg/m?2 which is roughly 1/10 of the chemotherapy dosage used in
humans (175 mg/m?2). Control animals received an equivalent volume of vehicle
(cremophor EL/ethanol 1:1) (see Fig. 5A for treatment regimen). Rats were observed
carefully for any abnormal behavioral changes twice a week following the treatment. Clear-
cut signs of peripheral neuropathy with a similar phenotype as in patients have been
validated in this non-tumor-bearing animal model of paclitaxel CIPN by multiple
investigators 11.14.20.51,

Intrathecal treatment

Intrathecal drug delivery was performed by lumbar puncture as previously described 18:72,
Rats were anesthetized with isoflurane (2.5%) and injected in the L5-L6 intervertebral space
using a 0.5-inch 30-gauge needle connected to a luer-tipped Hamilton syringe. Correct
subarachnoid positioning of the tip of the needle was verified by tail-flick. Anti-MCP-1 1gG
(500 pg/ml, 10 pl per application, R&D) ¢4 or equal amount of nonspecific 19G (NS 1gG)
was delivered intrathecally 24 hours prior to the first injection of paclitaxel and was
continued once daily for the next 7 days for a total of 8 injections (Day 0-7). On days when
both drugs were administered, intrathecal treatment was given 30 minutes prior to paclitaxel.
Rats were monitored for an additional 10 minutes after injection. The knockdown of CCR2
in DRG was achieved by intrathecal delivery of antisense oligodeoxynucleotides (ODNSs)
which has been shown to transiently inhibit the expression of various proteins in DRG in
many studies2-10:36, The antisense ODN sequence 5’-ACTCGGTCTGCTGTCTCCCTA-3’
(Invitrogen) was directed against a unique sequence of the rat CCR2 gene (GenBank number
NM021866) while the mismatch sequence (as control) included six substituted bases
(indicated in bold face, 5’-ACACGCTGTCCTGTCAGCCTA-3’). The lyophilized ODNs
were reconstituted in nuclease-free ultrapure water to a concentration of 8 pg/ul and stored
at —20°C until use. A total of 40 pug antisense or mismatch ODNs diluted with 0.9% saline
was delivered once daily for four injections starting at 14 days following chemotherapy
(Day 14-17).

Mechanical threshold

Mechanical sensitivity was assessed by determination of the 50% withdrawal threshold to
von Frey filament stimulation applied to the mid-plantar surface of the hind paw described
previously 11, Briefly, the testing session began by applying the lowest force monofilament
to the left and then right hindpaw for approximately 1 second, followed by the next higher
force monofilament. To test the mechanical threshold after the delivery of anti-MCP-1
neutralizing antibody, each filament was repeated 6 times for each paw. The 50% threshold
was determined by the monofilament at which the animal made a response of paw
withdrawal, flinching, or licking 6 out of the 12 applications. Animals receiving CCR2
antisense or mismatch ODNs treatment were assessed by the “up-and-down” method
according to Chaplan et al 16, The testers were blinded to treatment conditions.

Quantitative real-time polymerase chain reaction (QRT-PCR)

Homogenates of L4/L5 DRGs and lumbar SDH (L4-L6, dorsal half of spinal cord including
the associated white matter) tissue for qRT-PCR were prepared as previously described .
Total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and
complementary DNA (cDNA) from 1ug of total RNA was performed using Superscript 111
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First-Strand Synthesis SuperMix (Invitrogen). The amplification of cDNA was performed
using SYBR Green PCR Master Mix (ABI, Warrington, UK) with the following primers:
CCR2 (NM02866): 5’-AGGGGGCCACCACACCGTATGA-3’ (F), 5’-
CATGTTGCCCACAAAACCAAAGATGAA-3’ (R); glyceradehyde-3-phosphate-
dyhydrogenase (GAPDH, NM01008): 5’-TGCCAAGTATGATGACATCAAGAAG-3’ (F),
5’-AGCCCAGGATGCCCTTTAGT-3’ (R). Amplification steps consisted of one cycle of
50°C for 2 minutes plus 95°C for 10 minutes, 40 cycles of 95°C for 15 seconds, 55°C for 25
seconds and 72°C for 1 minute, and one cycle of 95°C for 15 seconds, 60°C for 20 seconds
and 95°C for 15 seconds as a dissociation stage. The threshold cycle (Ct, the number of
cycles to reach the threshold of detection) was determined for each gene and the relative
expression level of each gene was calculated using the following formula: relative
expression of MRNA =27(ACt, 0\ =ACt irol), where Cliampe is the Ctfor the target gene
and Clyontrol is the Ctfor the housekeeping gene GAPDH 9,

Immunohistochemistry

Animals were deeply anesthetized with sodium pentobarbital (Nembutal, 100 mg/kg, i.p.),
transcardially perfused with warm saline followed by cold 4% paraformaldehyde or
Zamboni’s fixative. Spinal cord and DRGs (L4, L5, C7, T5 and T6) were removed and
postfixed overnight in the same solution and then cryoprotected in 30% sucrose solution at
4°C. Sections of DRG (20 pm) and lumbar spinal cord (L4-L86, transverse, 25 um) were
made in a cryostat and processed for immunofluorescent staining. Every fourth section from
each sample was collected to probe the same protein. Sections were first blocked with 10%
normal donkey serum (NDS) and 0.2% Triton X-100 in PBS for 1 hr at room temperature
and then incubated over night at 4°C in 5% NDS and 0.2% Triton X-100 in PBS containing
the following primary antibodies: MCP-1 (rabbit, 1:500, Millipore); CCR2 (goat, 1:500,
Santa Cruz); NF200 (mouse, 1:2000, Sigma); TRPV1 (goat, 1:1000, Neuromics); CGRP
(guinea pig, 1:2000, Penninsula Labs); GFAP (mouse, 1:1000, Cell Signaling Technology),
0OX-42 (mouse, 1:1000, Serotec), NeuN (mouse, 1:1000, Millipore). For double staining,
two antibodies from different species will be mixed and incubated with sections. After
washing, the sections were then incubated with Cy3- or FITC-conjugated secondary
antibodies (Jackson ImmunoResearch) over night at 4°C. Some experiments were
augmented with the addition of Bandeiraea (griffonia) simplicifolial-isolectin B4 (1B4)
conjugated with FITC (L2895, Sigma). Sections were then mounted and viewed under a
confocal microscope (Nikon A1, Nikon, Japan). The antibody to MCP-1 has been used and
verified by other studies 79. To verify the specificity of anti-CCR2 antibody, pre-absorption
experiment was done by incubating antibody with CCR2 protein (1:200, Santa Cruz)
followed by the regular immunohistochemical steps.

Immunohistochemical staining of skin was performed as previously described 1. One 3-mm
skin biopsy was taken from each hindpaw from animals on Day 28 following chemotherapy.
Every third skin section (25 um) was collected to probe protein gene product 9.5 (PGP9.5,
rabbit; 1:1000, AbD Serotec) and collagen IV (goat; 1:250, Southern Biotech). PGP9.5
reliably immunostains IENFs and collagen IV stains the basement membrane at the dermal/
epidermal junction.

Quantification

All quantifications were made with NIC Elements imaging software (Nikon, Japan) from
images previously captured and digitally stored. For a given experiment, all images were
taken using identical acquisition parameters and the final representative figures are
presented as the original images without further modification. The experimenter who made
the counts was blinded to all conditions. For DRG cell counts, the images were taken from
randomly-chosen areas of DRG slices using 20X objective. The intensity of positively
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stained neurons was at least four times higher than the background by setting a threshold
according to individual slice and the number of positively stained neurons was counted. The
number of total neurons in the same area was counted by DAPI nucleic acid stain. Five to
eight slices were chosen for each ganglion. The quantification of immunofluorescent
staining in SDH was performed as described before 75. The intensity of
immunohistochemical staining in spinal lamina Il was measured after the background
fluorescence was subtracted. At least five sections were quantified for each animal. To
quantify IENFs, five slices from each animal were randomly chosen. PGP9.5* nerve fibers
which crossed the collagen-stained dermal/epidermal junction into the epidermis were
counted in three fields of view from each slice using a 40x objective (Eclipse E600, Nikon,
Japan). The length of the dermal/epidermal border within each field of view was measured
and IIiNF density was determined as the total number of fibers per unit length (IENF/

mm) *-.

Dissociation of DRG cells and intracellular calcium imaging

Dissociation of rat DRG neurons was performed as previously described °. After the
completion of chemotherapy (usually 8 — 14 days following treatment), animals were
perfused transcardially with cold PBS and L4/L5 DRG of both sides were quickly removed
and incubated in DMEM medium containing 2.4 mg/ml collagenase D and 0.4 mg/ml
Trypsin at 34°C for 40 min. After being centrifuged and resuspended twice, the cells were
then plated on cover slips coated with poly-L-lysine and incubated in DMEM medium at
34°C overnight before further experiments. For intracellular calcium imaging experiments,
dissociated DRG cells were loaded with ratiometric Ca2+ indicator dye Fura-2 AM (2 uM,
Molecular Probes) for at least 30 min at 37°C in artificial cerebrospinal fluid (ACSF)
containing (mM): 130 NaCl, 24 NaHCOs3, 3.5 KCl, 1.25 NaH,P0O4, 1.2 MgCls, 1.2 CaCl,
and 10 Dextrose. The cells were then transferred to a recording chamber placed on the
inverted microscope (Nikon Eclipse Ti, Nikon, Japan) and perfused with oxygenated (95%
O, + 5% CO5) ACSF continuously (2 ml/min) at room temperature. The intracellular
calcium concentration was expressed as the 340/380 ratio, and the signals were captured and
analyzed with Nikon NIS-Elements AR software (Nikon, Japan). All chemicals were
directly applied into the bath.

Statistical analysis

All results are presented as means + SEM and differences between means were tested for
significance using #test, one-way or two-way ANOVA followed by Bonferroni post hoc test
with an alpha value of £< 0.05.

RESULTS

Paclitaxel induces the expression of MCP-1 in both DRG and SDH

The expression of MCP-1 following paclitaxel treatment was examined in detail by
immunohistochemistry. MCP-1 immunoreactivity was found markedly increased in DRG in
paclitaxel-treated animals (Fig. 1A). The increase in MCP-1 was detected as early as 4 hours
after the initiation of the treatment and remained at the peak level through day 7. The level
of MCP-1 declined on day 14 but still remained higher in paclitaxel-treated animals than
that in vehicle-treated or naive animals through day 28, the last time point observed (F[2,46]
=197.51, p<0.0001 for treatment factor; F[5,46] = 11, p < 0.0001 for time factor; two-way
ANOVA, n =4 for naive; n = 3 for both paclitaxel and vehicle at 4h, 24h, 3d and 7d; n =4
for both paclitaxel and vehicle at 14d and 28d) (Fig. 1B). Surprisingly, vehicle-treated
animals also showed a transient increase of MCP-1 compared to naive animals but this
difference was significant only at 4 hours and 3 days after treatment (Fig. 1B). Analysis of
cell diameter of MCP-1" neurons after paclitaxel treatment revealed that the majority of
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DRG neurons expressing MCP-1 were small cells (< 30um,  83%, n = 457 out of 545)
with a small proportion of medium-sized cells (31 44pm, 14%, n = 71 out of 545) but
only very few large cells (= 45pm, 3%, n = 17 out of 545) (Fig. 1C). Similar distribution
of MCP-1 was observed in the vehicle group but the overall level was much lower (Fig. 1B
and C). Double-immunofluorescence further confirmed that the majority of MCP-1" neurons
were immuno-positive for transient receptor potential cation channel V1 (TRPV1). Both
peptidergic (calcitonin gene-related peptide immune-positive, CGRP*) and non-peptidergic
(isolectin B4 positive, 1B4*) DRG neurons were found to express MCP-1. A few medium-
sized myelinated neurons labeled by neurofilament heavy polypeptide (NF200*) were found
MCP-1 positive, but large myelinated neurons were rarely found to express MCP-1 (Fig.
1D). These results indicate that the major source of MCP-1 in DRG in paclitaxel CIPN is
small unmyelinated neurons, which is in agreement with other models of peripheral
neuropathy 7:9:70,

Paclitaxel also induced a marked increase of MCP-1 in the SDH (Fig. 2A). The protein level
of MCP-1 was significantly increased as early as 4 hours and remained at a high level
through 14 days after paclitaxel treatment compared to naive and vehicle groups, but
dramatically declined on day 28 (F[1,24] = 150.30, p < 0.0001 for treatment factor; F[5,24]
=11.99, p<0.0001 for time factor; two-way ANOVA, n = 3 for naive, paclitaxel and
vehicle groups) (Fig. 2B). Double immunostaining revealed that MCP-1 was induced in
spinal astrocytes co-labeled with glial fibrillary acid protein (GFAP™), but not in neurons
(NeuN™*) or microglia (0X42") (Fig. 2C). The induction of MCP-1 in spinal astrocytes has
also been reported after peripheral nerve injury 23, and is consistent with the hyperactive
phenotype of spinal astrocytes induced by paclitaxel reported previously 7.

Paclitaxel induces the expression of CCR2 in DRG but not SDH

MCP-1 preferentially binds to CCR2 to exert its chemotactic effects and induction of CCR2
in DRG neurons has been shown following DRG or peripheral nerve injury 72:79, Hence, the
distribution of CCR2 protein in DRG following paclitaxel treatment was next examined.
CCR2 was found in a large number of DRG neurons from animals treated with paclitaxel
whereas very few cells were found to express CCR2 in vehicle-treated or naive animals (Fig.
3A). The number of CCR2* neurons increased as early as 4 hours, reached a peak level at 7
days and remained elevated through 28 days after paclitaxel treatment (F[2,32] = 402.27, p
< 0.0001 for treatment factor; F[3,32] = 24.14, p < 0.0001 for time factor; two-way
ANOVA, n =3, 4 and 4 for naive, paclitaxel and vehicle at each time point) (Fig. 3B).
Different from the expression pattern of MCP-1, the great majority of CCR2™* cells were
myelinated (NF200™) DRG neurons and CCR2 was not found in either CGRP* or IB4*
DRG neurons (Fig. 3C).

CCR2-immunoreactivity was not observed in SDH in either naive, paclitaxel- or vehicle-
treated animals (Fig. 3D). Moreover, quantitative real-time polymerase chain reaction (QRT-
PCR) revealed an increase in CCR2 messenger RNAs in DRG but not in SDH at both 4
hours and 7 days after the treatment (Fig. 3E), consistent with the change in CCR2 protein in
these tissues observed by immunostaining. This observation is in agreement with the
previous report that the increase of CCR2 protein and mRNA were found only in DRG but
not SDH after peripheral nerve injury 30 (c.f. 23).

Expression of MCP-1 and CCR2 in cervical and thoracic DRGs in paclitaxel CIPN

To examine whether the expression of MCP-1 and CCR2 in DRGs maps onto the glove-and-
stocking distribution of CIPN symptoms, both proteins were probed in cervical (C7, where
skin of partial forepaw is innervated) and mid-thoracic (T5/6) DRGs following paclitaxel
treatment. As shown in Fig. 4, the expression of both MCP-1 (Fig. 4A) and CCR2 (Fig. 4B)
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were significantly increased in C7 and T5/6 on Day 14 following paclitaxel treatment,
compared to vehicle group (n = 3 in each group, #test).

MCP-1 induces intracellular calcium increase in DRG neurons following paclitaxel

treatment

CCR2 is a G-protein coupled receptor that when expressed on DRG neurons mediates an
increase in intracellular calcium concentration in these cells 7:31:49, Binding of MCP-1 to
CCR2 triggers the release of calcium from intracellular calcium store through the
phospholipase-C—phosphatidylinositol 4,5-bisphosphate (PLC-PIP2) pathway 34. Activation
of CCR2 expressed in DRG neurons induced an increase in intracellular calcium
concentration after these cells were directly challenged by MCP-1 73149, Hence, the
functional consequence of paclitaxel-induced CCR2 expression on DRG neurons was tested
by intracellular calcium imaging. Dissociated DRG neurons were grouped by size and
response to capsaicin (0.5 pM). Direct application of MCP-1 (1 pg/ml) induced a prominent
increase in intracellular calcium concentration of large and medium-sized DRG neurons
from paclitaxel-treated animals. Small DRG neurons which responded to capsaicin did not
respond to MCP-1 (Fig. 5A, B). For vehicle-treated animals, the percentage of neurons
responding to MCP-1 was 1.9% (1 out of 53), 0% (0 out of 25) and 0.8% (1 out of 125) in
large, medium-sized and small neurons, respectively. In paclitaxel-treated animals, the
response rate increased to 30.0% (12 out of 40, large), 22.6% (14 out of 62, medium-sized)
and 2.6% (3 out of 116, small) (Fig. 5C and Table 1). These results indicate that paclitaxel
enhanced the response of large and medium-sized myelinated DRG neurons to MCP-1 after
the functional expression of CCR2 was induced in these neurons.

Blockade of MCP-1/CCR2 signaling attenuates the mechanical hypersensitivity of
paclitaxel CIPN

The involvement of MCP-1/CCR?2 signaling in the generation of the behavioral and
anatomical phenotypes of paclitaxel CIPN was further tested by blocking MCP-1/CCR2
signaling. Anti-MCP-1 antibody was first applied by lumbar puncture at the L4-L5
intervertebral space to neutralize any released MCP-1 during chemotherapy. Anti-MCP-1
1gG (500 pg/ml, 10 ul per application) was delivered once daily prior to and during
paclitaxel treatment (Fig. 6A). As shown in Figure 6A, animals co-treated with anti-MCP-1
IgG did not develop mechanical hypersensitivity as evidenced by the maintenance of
baseline paw withdrawal threshold through the observation interval (16.3 + 1.5, 18.1 + 2.6,
15.0 £ 2.8 and 13.5 + 1.0 gs for baseline, Day 14, 21, and 28, respectively, n = 6). In
contrast, animals co-treated in the same fashion with non- specific 1gG developed the
expected mechanical hypersensitivity induced by paclitaxel as the paw withdrawal threshold
dropped from 18.9 + 2.0 at baseline to 10.4 £ 2.0 at 14 days, 7.6 + 1.8 at 21 days and 4.7 +
0.8 gs at 28 days after paclitaxel (n = 7). Vehicle or intrathecal treatment with anti-MCP-1
or non-specific 1gGs alone did not cause any changes in paw withdrawal threshold.

To test the role of MCP-1/CCR2 signaling in the maintenance of paclitaxel-induced
mechanical hypersensitivity, animals that had fully developed mechanical hypersensitivity
were treated intrathecally with CCR2 antisense ODNSs to knockdown the expression of
CCR2. As shown in Figure 6B, mechanical hypersensitivity was fully developed by day 14
following chemotherapy. Intrathecal delivery of CCR2 antisense but not mismatch ODNs
significantly reduced mechanical hypersensitivity as evidenced by the recovery of
mechanical threshold. The effect of intrathecal CCR2 antisense ODN quickly diminished
after the discontinuation of the treatment. The knockdown of CCR2 was confirmed by
immunohistochemical staining that the number of CCR2* neurons in DRG was significantly
reduced in paclitaxel animals co-treated with antisense but not mismatch ODNs (Fig. 6C).
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No significant alteration in motor behavior assessed by rotarod test was observed in any
group (data not shown).

Blockade of MCP-1/CCR2 signaling prevented the loss of IENFs in paclitaxel CIPN

CIPN generally appears in a glove-and-stocking distribution with pronounced severity in
glabrous skin 3741, An anatomical hallmark of CIPN in both patients 12 and animals 11-61 is
the loss of IENFs in glabrous skin of the extremities. IENFs are bare nerve endings of Ad
and C fibers after they cross the dermal/epidermal junction and are immuno-positive to
protein gene product 9.5 (PGP9.5) 23, To test if the blockade of MCP-1/CCR?2 signaling
during the early phase of chemotherapy could prevent the late loss of IENFs, skin biopsy
samples from animals co-treated with paclitaxel and anti-MCP-1 antibody were stained with
PGP9.5 on day 28 after chemotherapy. Consistent with previous work 11, a significant
decrease in the density of IENFs in skin of hindpaw foot pad was observed in paclitaxel- but
not vehicle-treated animals (Fig. 7A). Anti-MCP-1 treatment which has shown to prevent
paclitaxel-induced mechanical hypersensitivity also prevented the loss of IENFs (Fig. 7A,
B). These results indicate that both behavioral and anatomical phenotypes of paclitaxel
CIPN were dependent on the activation of MCP-1/CCR?2 signaling in the DRG.

DISCUSSION

Here we show a dynamic role of DRG MCP-1/CCR2 signaling in paclitaxel CIPN. The
development of symptoms following paclitaxel chemotherapy has been observed as early as
24 hours in patients 41 and several hours in animals 20, and may last for weeks to months
after repeated treatment 11.20.21.22.4151 The early (4 hours, the earliest time point we
examined) and persistent (several weeks) induction of MCP-1 and CCR2 following
paclitaxel treatment suggests the involvement of MCP-1/CCR2 signaling in both induction
and maintenance of paclitaxel CIPN, which was further confirmed by the effects of blocking
MCP-1 and CCR2 in preventing and reversing paclitaxel-induced mechanical
hypersensitivity. The significant increase in the expression of both MCP-1 and CCR2 found
in C7, T5/6 and L4/5 DRGs suggests that the activation of MCP-1/CCR2 signaling might
occur in DRGs at all levels following systemic treatment of paclitaxel, and it does not
predict the development of the glove-and-stocking distribution of symptoms typically seen
in CIPN patients. Additional mechanisms appear to be engaged to generate this anatomical
focus.

The finding of newly expressed CCR2 in NF200* neurons and MCP-1 in TRPV1* neurons
suggests that both A- and C-neurons are involved in this response, which is further
confirmed by the loss-of-function study showing that both anti-MCP-1 and anti-CCR2
treatment improves paclitaxel-induced pain behavior. Paclitaxel CIPN is characterized by
more prominent symptoms of numbness and tingling than shooting/burning pain 2141,
suggesting a particular impairment of function in large (Ap) and medium-sized (Ad)
myelinated fibers and less effect on unmyelinated C fibers 2. Human psychophysical
studies have also shown that tactile allodynia following peripheral nerve injury is mostly
mediated by myelinated peripheral afferents 1342.65 |ncreased activities of myelinated Ap-
neurons have been consistently observed in animals with experimental peripheral nerve
injury 26:38.40 and suppression of these activities attenuates tactile allodynia 243856, further
suggesting a critical role of these neurons in tactile allodynia. The contribution of Af
neurons to central sensitization may be underscored by their de novo expression of
substance P, a pronociceptive peptide usually present in C-nociceptors, following peripheral
nerve injury 4546,

MCP-1 can directly depolarize DRG neurons and even induce action potentials when its
cognate receptor CCR2 is expressed on these neurons after injury 2.70, The paclitaxel-
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induced expression of CCR2 in myelinated AP and Ad neurons and consequent activation of
intracellular calcium signaling in these neurons by MCP-1 suggests a MCP-1-dependent
mechanism in sensitizing myelinated neurons, that is initiated by chemotherapy. The
observation that the number of CCR2-expressing DRG neurons is significantly increased
following chemotherapy while CCR2-expressing neurons are rarely found in vehicle-treated
or naive animals is consistent with other studies that the level of CCR2 in DRG is very low
in intact animals while markedly increased following injury or inflammation 79:30.70,
Although it has been reported that dissociated DRG neurons, especially small and medium-
sized cells, from naive animals express CCR2 and respond to MCP-1 by increasing
tetrodotoxin-resistant sodium current 8, we only observed a very small number of neurons
dissociated from vehicle-treated animals which responded to MCP-1 with intracellular
calcium increases. This difference in effects may be a result of different methods used to
dissociate the target DRG neurons, such as variant digesting times and whether bovine
serum is in the medium.

Interestingly, MCP-1, the chemokine most active at CCR2, was found to be induced in
smallunmyelinated DRG neurons following paclitaxel treatment, suggesting a contribution
of C-neurons to paclitaxel CIPN. The MCP-1-expressing DRG neurons included both 1B4
positive and CGRP positive cells. Many signaling molecules and neuropeptides such as
Substance P 2%, ATP 77/ CGRP 20 and MCP-1 31 can be released from DRG somata upon
depolarization through both Ca2*-dependent and -independent mechanisms 3974, The
release of MCP-1 from the somata of C-neurons in CIPN could be triggered by spontaneous
activity in these fibers that arises at either the soma or peripheral endings 1. Unlike other
types of neuropathy where MCP-1 and CCR2 are primarily expressed in the same
nociceptive neurons 23970 paclitaxel induced MCP-1 was observed in small, presumably
unmyelinated neurons whereas CCR2 was observed in large myelinated neurons. This
suggests the possibility that a paracrine MCP-1/CCR2 signaling process occurs in CIPN
instead of an autocrine mechanism that may be more prevalent in traumatic neuropathic
conditions319:48,

The increased expression of MCP-1 in spinal astrocytes reflects the persistent hyper-reactive
status of astrocytes following paclitaxel treatment, which is confirmed by the increased
expression of GFAP, an astrocyte marker, following chemotherapy ’°. Peripheral nerve
injury has been shown to induce MCP-1 in astrocytes of spinal and medullary dorsal

horn 23.78, Spinal release of MCP-1 following chronic constriction injury to the sciatic nerve
induces production of pro-inflammatory cytokines such as interleukin-1f and interleukin-6
and activation of extracellular signal-regulated kinase 1/2 (ERK) in the spinal dorsal horn 6,
Although a few CCR2-expressing neurons have been found concomitantly following nerve
injury in those studies 2378, we did not detect CCR2 protein or increase of CCR2 mRNA in
lumbar spinal cord following paclitaxel treatment, indicating a different pattern of CCR2
expression between nerve injury and chemotherapy. Lack of CCR2 in SDH strongly
suggests that therapeutic effects of intrathecal anti MCP-1 or CCR2 treatment will target the
DRG rather than the SDH.

Another striking finding is that pre-emptive treatment with anti-MCP-1 antibody prevented
chemotherapy-induced loss of IENFs. IENFs originate from C- and Ad-neurons and loss of
IENFs has been consistantly observed in patients who develop chronic peripheral
neuropathy following chemotherapy 12:55 as well as diabetic neuropathy 32, HIV-associated
neuropathy 92, postherpetic neuropathy 57 and peripheral neuropathy following injury 27:60,
The prevention of IENF loss by blocking MCP-1/CCR2 signaling strongly suggests an
unidentified feedback signal from A-neurons affecting C- and Ad-neurons.
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In summary, we have shown that a novel signaling pathway mediated by MCP-1/CCR2
between myelinated- and unmyelinated-neurons appears to be induced by paclitaxel within
the DRG and blocking MCP-1/CCR2 signaling prevents the development of paclitaxel CIPN
phenotypes including mechanical hypersensitivity and loss of IENFs. Interactions between
DRG neurons mediated by MCP-1/CCR2, possibly through a paracrine route, may be a key
part of paclitaxelinduced ganglionopathy which ultimately leads to CIPN. There are
certainly questions that need further study, such as the specific signals/molecules involved in
the loss of IENFs, the basis for the striking glove-and-stocking pattern of CIPN, and the
signals that are upstream and downstream of MCP-1/CCR2. Nevertheless, our results
suggest that a novel strategy of targeting MCP-1 and/or CCR2 could be a promising therapy
for paclitaxel CIPN which could be evaluated in future clinical studies.
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Figure 1.

The induction of MCP-1 in DRG by Paclitaxel. A. Immunostaining shows marked
upregulation of MCP-1 in DRG neurons from paclitaxel-treated animals compared to
vehicletreated or naive animals. B. The increase of MCP-1 is observed as early as 4 hours
and persists through 28 days after treatment. C. The distribution of MCP-1* neurons in DRG
at 4 hours after paclitaxel or vehicle treatment shows the majority of MCP-1* neurons is
small cells. D. MCP-1* (red) neurons are co-labeled (yellow) with TRPV1 (green), CGRP
(green) and IB4 (green), but minimally with NF200 (green). * p< 0.05, ** p< 0.01 versus
vehicle; # p< 0.05, ## p < 0.01 versus naive. Scale bar: 100 um.
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Figure 2.
The induction of MCP-1 in SDH by Paclitaxel. A. Immunostaining shows marked

upregulation of MCP-1 in SDH following paclitaxel treatment. B. The increase of MCP-1 is
observed as early as 4 hours and persists through 14 days after treatment. C. Double
immunostaining shows MCP-1 (red) is induced in spinal astrocytes (green) but not neurons
(green) or microglia (green). * p< 0.01 versus vehicle; # p < 0.01 versus naive. Scale bar:
100 pm (A) and 20 pm (C).
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Figure 3.

Paclitaxel induces expression of CCR2 in DRG but not SDH. A. Immunostaining shows
marked upregulation of CCR2 in DRG neurons from paclitaxel- but not vehicle-treated or
naive animals. Pre-absorption of CCR2 blocked the immunohistochemical staining of DRG.
B. The increase of CCR2 is observed as early as 4 hours and persists through 28 days after
treatment. C. CCR2* (red) neurons are co-labeled (yellow) with NF200 (green) but not with
CGRP (green) or I1B4 (green). D. No signal of CCR2 is detected by immunostaining in SDH
after either paclitaxel or vehicle treatment. E. Paclitaxel induces an increase in mRNA of
CCR2 in DRG (F[2,34] = 40.05, p < 0.0001, two-way ANOVA, n = 4, 8 and 8 for naive,
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paclitaxel or vehicle at both time points) but not SDH at 4 hours and 7 days following

treatment. * p< 0.0001 versus vehicle; # p < 0.001 versus naive. Scale bar: 100 um (A and
C) and 200 um (D).
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Figure 4.

Paclitaxel induces the prominent expression of MCP-1 (A) and CCR2 (B) in both C7 and
T5/6 DRGs. Tissues were examined on day 14 after chemotherapy. * p< 0.05, ** p< 0.01,
paclitaxel versus vehicle, #test, n = 3 each group.
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Figure 5.

Intracellular calcium response of DRG neurons to MCP-1. A, B. MCP-1 (1 pg/ml) induced
increases in intracellular calcium concentration in large (#1 and 2) and medium-sized (#3)
neurons which did not respond to capsaicin (0.5 M) but did respond to a high concentration
of K* (50 mM). Small neurons did not respond to MCP-1 but responded to capsaicin and K*
(#4, 5, 6, 8, 9 and 10). One small neuron did not respond to MCP-1 or capsaicin but
responded to K* (#7). C. Size distribution of DRG neurons responding to MCP-1 from
paclitaxel- and vehicle-treated animals. Scale bar: 100 pm.
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Figure 6.

Blockade of MCP-1 or CCR2 attenuates paclitaxel-induced mechanical hypersensitivity. A.
Intrathecal anti-MCP-1 IgG prevents paclitaxel-induced mechanical hypersensitivity (n = 7,
7, 5 and 6 for non-specific (NS) IgG/vehicle, NS IgG/paclitaxel, anti-MCP-1/vehicle and
anti-MCP-1/paclitaxel, respectively). * p< 0.05, ** p< 0.01, two-way ANOVA. B.
Intrathecal CCR2 antisense (AS) but not mismatch (MM) ODN significantly reduces
paclitaxel-induced mechanical hypersensitivity. * p < 0.01, one-way ANOVA. BL.: baseline.
C. Intrathecal CCR2 AS but not MM ODN significantly reduces the induction of CCR2 in
DRG from paclitaxel-treated animals. Tissues are collected on the last day of CCR2 ODNsb
treatment (Day 17 following chemotherapy). * p< 0.01, n = 3 each group, #test. Scale bar:
100 pm.
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Figure 7.

Blockade MCP-1 prevents the loss of IENFs induced by paclitaxel. A. Representative
images of IENFs in glabrous skin of hindpaw foot pad. The density of IENFs stained by
PGP9.5 (red) crossing dermal/epidermal border (green) is much lower in NS IgG/paclitaxel
group and intrathecal anti-MCP-1 1gG prevents the loss of IENFs. Confocal images are
taken with Z-stack of 2um-step in one view using 20X objective and montaged as a single
image. B. Paclitaxel induces a significant decrease in the density of IENFs and anti-MCP-1
treatment prevents the loss of IENFs (n =6, 7, 4 and 4 for NS 1gG/vehicle, NS IgG/
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paclitaxel, anti-MCP-1/vehicle and anti-MCP-1/paclitaxel, respectively). * p < 0.05, one-
way ANOVA. Scale bar: 100 pm.
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