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Abstract

Chemotherapy-induced peripheral neuropathy (CIPN) is a disabling condition accompanying 

several cancer drugs, including the front-line chemotherapeutic agent paclitaxel. Although CIPN 

can force dose reduction or even discontinuation of chemotherapy affecting survival in cancer 

patients, there is no FDA-approved treatment for CIPN. CIPN in mice is characterized by 

neuropathic pain (e.g., mechanical allodynia) in association with oxidative stress and 

neuroinflammation in dorsal root ganglia (DRGs), as well as retraction of intraepidermal nerve 

fibers. Here, we report that paclitaxel-induced mechanical allodynia is associated with 

transcriptional increased in matrix metalloproteinase (MMP) 2 and 9, and decreased of 

metallopeptidase inhibitor 1 (TIMP1), a strong endogenous MMP9 inhibitor. Consistently, MMP9 

protein levels are increased in DRG neurons in vivo and in vitro after paclitaxel treatment and 

demonstrated, for the first time, that intrathecal injections of exogenous TIMP1 or a monoclonal 

antibody targeting MMP9 (MMP9 mAb) significantly prevented and reversed paclitaxel-induced 

mechanical allodynia in male and female mice. Analyses of DRG tissues showed that MMP9 mAb 

significantly decreased oxidative stress and neuroinflammatory mediators IL-6 and TNFα, as well 

as prevented paclitaxel-induced loss of intraepidermal nerve fibers. These findings suggest that 

MMP signaling plays a key role in paclitaxel-induced peripheral neuropathy and MMP9 mAb may 

offer new therapeutic approaches for the treatment of CIPN.
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Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is a common adverse effect associated 

with anticancer drugs.45 Nearly 70% of cancer patients experience neuropathic pain 

symptoms due to the administration of anticancer drugs such as platinum compounds, 

proteasomes inhibitors, and antitubulins (e.g., vinca alkaloids and taxanes).11,59 Paclitaxel is 

the frontline chemotherapeutic agent used to treat many solid tumors, but it is also 

associated with a high incidence of CIPN leading to dose reduction or termination of an 

otherwise potential life-saving treatment.20,40,45 Moreover, CIPN often becomes a chronic 

condition affecting rehabilitation, productivity, and quality of life in cancer survivors.20 

Unfortunately, there are no effective agents or clinical protocols to successfully prevent and 

reverse CIPN. Although mechanisms of CIPN remain incompletely known, there is growing 

preclinical evidence that paclitaxel administration increases sensitivity to mechanical and 

cold stimuli (mechanical and cold allodynia) targeting peripheral sensory neurons in the 

dorsal root ganglia (DRGs), as well as leads to oxidative stress, neuroinflammation and 

results in degeneration of intraepidermal nerve fiber (IENF) density.2,7,8,11,18

Matrix metalloproteinases (MMPs) belong to a large family of zinc-dependent 

endopeptidases, which are widely correlated with oxidative stress and neuroinflammation in 

various neurodegenerative diseases.69 MMPs also play important roles in the development 

and maintenance of neuropathic pain, including mechanical allodynia.33 Recent studies have 

demonstrated that MMP2 and MMP9 are activated in DRGs leading to neuroinflammation 

and neuropathic pain.30,33,39 MMP2 and MMP9 are activated by other MMPs.69 For 

instance, MMP2 is activated by MMP14, and MMP9 is activated by plasminogen/plasmin 

and MMP3.29 Interestingly, transcriptional levels of MMP3 were significantly upregulated 

in DRGs of paclitaxel-treated rats.52 In addition, the activity of MMPs is regulated by 

endogenous tissue inhibitors of metalloproteases (TIMPs), which have been demonstrated to 

be effective in suppressing neuropathic pain after nerve injury.29

Although MMPs and TIMPs are emerging as new therapeutic targets in cancer, 

neurodegenerative diseases and chronic pain,29,56,62 initial drug discovery efforts targeting 

these proteases have all failed in clinical trials due to their lack in specific inhibition and 

insufficient knowledge about their complex regulation in pathological conditions.27,62 

However, recent advances made in understanding the pathological role of various MMPs and 

the appearance of new specific MMP targeting approaches, including monoclonal 

antibodies, have created new opportunities for an efficient therapeutic use of MMP 

inhibition.

Therefore, we have explored the effects of paclitaxel on the expression of various MMPs and 

TIMPs, as well as the use of a monoclonal antibody to alleviate CIPN. We have found a 

significant up-regulation of MMP2 and MMP9, and down-regulation of TIMP1 in DRGs of 

paclitaxel-treated mice. In line with this finding, local delivery of recombinant TIMP1 

prevented and reversed mechanical allodynia. Most importantly, we have characterized, for 

the first time, the therapeutic effects of a MMP9 monoclonal antibody (MMP9 mAb) for the 

prevention of paclitaxel-induced mechanical allodynia in male and female mice, as well as 

the attenuation of oxidative stress, neuroinflammation and degeneration of IENF typically 
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associated with CIPN. These findings are important because an humanized MMP9 antibody 

is already in advanced clinical trials for colitis and cancer treatment, and may provide a safe 

opportunity for a fast repurposing of this antibody as the first FDA-approved therapeutic for 

the treatment of both cancer and CIPN.

Methods

Animals and CIPN model

Male and female CD1 mice (8–10 weeks) from Charles River were used as indicated for 

behavioral and biochemical experiments. Mice were housed four per cage at 22 ± 0.5°C 

under a controlled 12 hours light/dark cycle with free access to food and water. To produce 

CIPN, mice were treated with paclitaxel as previously described.40 Briefly, 6 mg/mL stock 

paclitaxel (Sigma-Aldrich, St. Louis, Mo) was diluted with Cremophor EL and 95% 

dehydrated ethanol (1:1 ratio, Sigma-Aldrich) and given at a dosage of 2 mg/kg diluted in 

saline intraperitoneally every other day for a total of 4 injections (days 0, 2, 4, and 6 with a 

final cumulative dose of 8 mg/kg). Control animals received an equivalent volume of the 

vehicle with proportional amounts of Cremophor EL and 95% dehydrated ethanol diluted in 

saline. Signs of peripheral neuropathy with a similar phenotype to that in patients have been 

validated by multiple investigators in this non–tumor-bearing animal model, including a 

time-dependent development of mechanical allodynia. As detailed in Suppl. Fig 1, paclitaxel 

and the effect of various drugs are generally evaluated up to 14 days, when the animals are 

scarified and tissues harvested. All efforts were made to minimize animal suffering, reduce 

the number of animals used, and use alternatives to in vivo techniques, in accordance with 

the International Association for the Study of Pain, the National Institutes of Health Office 

of Laboratory Animal Welfare Guide for the Care and Use of Laboratory Animals, and 

adhered to animal welfare guidelines established by the University of Cincinnati Institutional 

Animal Care and Use Committee.

Drugs and drug administration

We purchased the recombinant mouse TIMP-1 (cat# 593702) from BioLegend (San Diego, 

CA) and the MMP9 mouse monoclonal antibody raised against a partially purified MMP-9 

of human origin (6–6B, cat# sc-12759), as well as its mouse IgG control (cat# sc-2025) from 

Santa Cruz Biotechnology (Dallas, TX). These drugs were administrated intrathecally (i.t.) 

to deliver reagent into cerebral spinal fluid and DRG tissues to inhibit MMP9 function, as 

described previously.25 A valid spinal puncture was confirmed by a reflexive tail flick after 

the needle entry into subarachnoid space.

Von Frey test for mechanical allodynia

Mechanical allodynia as a readout for CIPN was assessed as the hind paw withdrawal 

response to von Frey hair stimulation using the up-and-down method, as previously 

described.14 Briefly, the mice were first acclimatized (1 hour) in individual clear Plexiglas 

boxes on an elevated wire mesh platform to facilitate access to the plantar surface of the hind 

paws. Subsequently, a series of von Frey hairs (0.02, 0.07, 0.16, 0.4, 0.6, 1.0, and 1.4 g; 

Stoelting CO., Wood Dale, IL) were applied perpendicular to the plantar surface of hindpaw. 

A test began with the application of the 0.6 g hair. A positive response was defined as a clear 
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paw withdrawal or shaking. Whenever a positive response occurred, the next lower hair was 

applied, and whenever a negative response occurred, the next higher hair was applied. The 

testing consisted of 6 stimulus, and the pattern of response was converted to a 50% von Frey 

threshold, using the method described previously,16 by an investigator blinded to treatment 

until the end of the experiment.

Cold plantar test for cold allodynia

The cold plantar assay was used to evaluate noxious cold (Brenner et al., 2015). Briefly, 

animals were first placed individually into clear acrylic containers separated by black 

opaque dividers that were set on top of 3/160 borosilicate glass (Stemmerich Inc, St. Louis, 

MO) and allowed to acclimate for 20 minutes before testing. A dry ice pellet was applied to 

the hind paw through the glass and the time until hind paw withdrawal was recorded at 5-

minute intervals per mice, alternating paws, for a total of 3 trials, and the mean withdrawal 

latency was calculated. Withdrawal latencies were evaluated before and 1 to 14 days after 

the paclitaxel first injection.

Adhesive removal test for tactile hyposensitivity behavior

In order to examine the effect of paclitaxel on sensory function, we used a modification of 

the adhesive removal test. Briefly, a round adhesive patch (3/16” Teeny Touch-Spots, USA 

Scientific INC. Ocalo, FL) was placed on the plantar surface of the right hind paw. The 

animal performance in a testing cage (20×20×13 cm3) was recorded in 15 min. The time 

until the mouse started to shake its paw or bring the paw to the mouth was recorded as a 

measure of the latency until the mouse noticed the presence of the adhesive patch on the 

paw, as previously described.6,47

Quantitative real-time RT-PCR (qPCR)

Mice were terminally anesthetized with isoflurane and lumbar DRG (L3–L5) or lumbar 

spinal cords (L3–L5) were rapidly removed 14 days after paclitaxel treatment. Total RNA 

was extracted using Direct-zol RNA MiniPrep kit (Zymo Research, Irvine, CA), which 

amount and quality were assessed by SimpliNano UV-Vis Spectrophotometer (General 

Electric, Bosoton, MA), and then converted into cDNA using a high-capacity cDNA reverse 

transcription kit (Thermo Fisher Scientific, Thermo Fisher Scientific, Waltham, MA). 

Specific primers for MMPs and TIMPs as well as glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) were obtained from PrimerBank.64 Primer sequences are depicted 

in Suppl. Table 1. qPCR was performed on a QuantStudio™ 3 Real-Time PCR System 

(Thermo Fisher Scientific) using PowerUp SYBR™ Green Master Mix (Thermo Fisher 

Scientific). All samples were analyzed at least in duplicate and normalized by GAPDH 

expression. The relative expression ratio per condition was calculated based on the method 

described by Pfaffl et al.5,54

Cell immunohistochemical analysis

DRG cell cultures and immunohistochemistry were carried out as described previously.44 

Briefly, mice were terminally anesthetized with isoflurane, and lumbar, thoracic and cervical 

DRGs were bilaterally removed aseptically from 8-week old mice. Removed DRGs were 
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incubated in papain (60 U, cat# P3125, Sigma-Aldrich) for 20 min at 37°C followed by 

collagenase (1 mg/ml, cat# C6885, Sigma-Aldrich) for another 20 min at 37°C. After DRG 

cells were mechanically dissociated, they were cultured in Dulbecco’s Minimal Essential 

Medium (10% fetal bovine serum) on coverslips percolated with a cell and tissue adhesive 

(Cell-Tak, cat# CB-40240, Thermo Fisher Scientific) for 24 h at 37°C, with 5% carbon 

dioxide. DRG cultures were then incubated with paclitaxel (300 nM) or vehicle control for 

24 h. For immunohistochemistry, DRG cultures were fixed with 4% paraformaldehyde for 

20 min and incubated with MMP-9 (rabbit, 1:500, cat# AB19016, Sigma-Aldrich) and 

neurons stained with Beta-Tubulin III (mouse, 1:1000, cat# ab78078, Abcam, Cambridge, 

MA) overnight at 4°C, followed by incubation with the secondary antibody anti-rabbit Alexa 

Fluor® 546 and anti-mouse Alexa Fluor® 488 (both 1:1000, Thermo Fisher Scientific) for 1 

h at room temperature. Quantification of images from multiple optical field of DRG 

cultures, selected at random, were captured under an Olympus BX63 fluorescent microscope 

using cellSens imaging acquisition software (Olympus, Center Valley, PA). All image 

capture and intensity quantification were performed comparing samples from all 

experimental groups, prepared with the same staining solutions, then measured using 

identical display parameters.

Tissue immunohistochemical analysis

Deeply anesthetized mice were perfused through the left ventricle with PBS, followed by 

4% paraformaldehyde in PBS (PFA solution) and lumbar DRGs (L3-L5) and 3-mm2 skin 

biopsies from the plantar surface of the hind paws were collected 14 days after paclitaxel 

treatment. All tissues were post-fixed in PFA solution overnight and subsequently 

transferred into 30% sucrose in PBS for 24h. For MMP9 quantification, DRG tissues were 

sliced into 12 μm sections and placed on slides, which were then blocked for 1h at room 

temperature with 1% BSA with 0.2% Triton X-100 in PBS (BSA solution). Subsequently, 

sections were incubated with MMP9 primary antibody (rabbit, 1:500, cat# AB19016, 

Sigma-Aldrich) overnight at 4°C, followed by incubation with the secondary antibody anti-

rabbit Alexa Fluor® 546 (1:1000, Thermo Fisher Scientific) for 1 h at room temperature. 

DAPI (4’,6-diamidino-2-phenylindole, Thermo Fisher Scientific) was used for 

counterstaining. For the quantification of intradermal neuronal fibers (IENFs), skin tissues 

were sliced into 40 μm sections and collected in PBS solution for free floating staining. 

Subsequently, sections were blocked for 1h at room temperature in the BSA solution, 

incubated with primary antibodies against the pan-neuronal marker PGP9.5 (rabbit, 1:500, 

cat# Z511601–2, Agilent, Santa Clara, CA) and the anti-collagen IV (goat, 1:500, cat# 

1340–01, Southern Biotech, Birmingham, AL) overnight at 4°C, and followed by incubation 

with the secondary antibodies anti-rabbit Alexa Fluor® 488 and anti-goat Alexa Fluor® 555 

(both secondary antibodies at 1:1000, Thermo Fisher Scientific) for 1 h at room temperature. 

Quantification of images from multiple sections of each DRG or skin tissue, selected at 

random, were captured under an Olympus BX63 fluorescent microscope using cellSens 

imaging acquisition software (Olympus, Center Valley, PA). For MMP9, all image capture 

and intensity quantification were performed comparing samples from all experimental 

groups, prepared with the same staining solutions, then measured using identical display 

parameters. For IENFs, nerve fibers that crossed the collagen-stained dermal/epidermal 
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junction into the epidermis were counted and density was determined as the total number of 

fibers/length of epidermis (IENFs/cm).

Measurement of oxidative stress

To measure oxidative stress we used dihydroethidium (DHE, Sigma-Aldrich), a cell-

permeable oxidative fluorescent dye, which proportionally reacts with intracellular reactive 

oxygen species.63 On day 14 after the injection of paclitaxel, 10 μl of DHE (10 μM in PBS) 

was delivered intrathecally and after 1 h mice were perfused with PBS, followed by 4% 

paraformaldehyde in PBS (PFA solution) and lumbar DRGs (L3-L5) were collected. DRGs 

were then post-fixed in PFA during 2 hours and subsequently transferred into 30% sucrose 

in PBS for 24h. DRG tissues were sliced into 12 μm sections, placed on slides and 

counterstained with DAPI. The intensity of DHE fluorescence was quantified under an 

Olympus BX63 fluorescent microscope using cellSens imaging. All images captured from 

multiple sections of each DRG tissue selected at random were performed comparing 

samples from all experimental groups, prepared with the same staining solutions, then 

measured using identical display parameters.

Statistical analysis

All data were expressed as mean ± SEM. Biochemical data were analyzed using Student t 

test or 1-way analysis of variance (ANOVA) followed by Dunn post hoc test. Two-way 

repeated measured ANOVA was used to analyze multiple group data with multiple time 

points with Bonferroni post hoc test to determine on which days experimental groups 

differed. The criterion for statistical significance was set at P < 0.05.

Results

Regulation of MMP signaling in paclitaxel-treated mice

Paclitaxel is one of the most effective chemotherapeutic drugs, but it is associated with the 

development of CIPN symptoms, such as persistent shooting, stabbing, or burning pain, and 

most frequently loss of sensation or “numbness”.45 Although mice treated with the 

chemotherapeutic agent cisplatin manifested significant sensorimotor deficits47 using the 

well-characterized adhesive removal test,6 which may be indicative of “numbness”, we did 

not observe similar deficits in mice treated with paclitaxel (Suppl. Fig 2). However, it is well 

reported that paclitaxel-treated animals have increased sensitivity to mechanical stimuli 

(mechanical allodynia), and this increased sensitivity is commonly used as a read out for the 

development of CIPN.21,36,40,68 Therefore, we assessed mechanical sensitivity in paclitaxel-

treated mice using von Frey hairs, and observed a significant and robust mechanical 

allodynia by day 14 after the first injection of paclitaxel (Fig 1A). Previous studies showed 

that the transcriptional changes of various MMPs and TIMPs in DRGs play critical roles for 

the development and maintenance of neuropathic pain.30,33,39,52 Therefore, we screened by 

qPCR the transcriptional regulations of multiple MMPs and TIMPs in DRG tissues at day 14 

after paclitaxel treatment (Fig 1B). Of the 16 MMP and TIMP transcripts tested, 12 

transcripts were expressed in DRGs and 3 transcripts were significantly regulated in 

paclitaxel-treated mice compared to vehicle-treated mice (Fig 1C). Specifically, we found 

that MMP2 and MMP9 transcripts were significantly increased, whereas TIMP1 was 
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significantly decreased. It has been reported that recombinant TIMP-1, a general 

endogenous tissue inhibitor of MMPs, when given early after traumatic injury, was highly 

effective in reducing mechanical allodynia.33 Consistently with this report and its 

downregulation after paclitaxel, repeated administration of the recombinant protein TIMP1 

(i.t., 4 pmol in 5 μl in PBS, every other day for 6 days) significantly prevented the 

development of paclitaxel-induced mechanical allodynia (Fig 2A). TIMP1 was also effective 

in reversing mechanical allodynia when we delayed its administration until day 14 after the 

first injection of paclitaxel (Fig 2B). Together these data clearly indicate the regulation 

MMPs in DRG tissues and the involvement of MMP signaling in the development and 

maintenance of mechanical allodynia in paclitaxel-treated mice.

Paclitaxel-induced increase of MMP9 in vivo and in vitro

While TIMP1 inhibits most MMPs, it is a predominant and strong inhibitor of MMP9.10 

Therefore, we confirmed the transcriptional change of MMP9 (~ 3 fold increase) in DRGs of 

a new and larger cohort of mice treated with paclitaxel (Fig 3A). To note, no significant 

increase of MMP9 was observed in spinal cord tissue after paclitaxel treatment (Fig 3B). To 

further validate the regulation of MMP9, we also performed immunohistochemistry to 

investigate MMP9 protein expression patterns and levels in DRG tissues and DRG cultured 

cells. MMP9 protein was significantly increased in DRG neurons in male and female mice at 

day 14 after paclitaxel treatment (Fig 3C), and predominately expressed in small- to 

medium-sized sensory neurons in male mice (Fig 3D). Remarkably, paclitaxel (300 nM, 

24h) directly and significantly increased MMP9 in cultured DRG neurons (Fig 3E). These 

results indicate that MMP9 is quickly induced and maintained in DRG neurons after 

paclitaxel exposure. Can MMP9 represent a new therapeutic target for CIPN?

Effect of MMP9 monoclonal antibody on paclitaxel-induced mechanical allodynia

Therapeutic antibodies have been successfully used to treat cancer and immune diseases by 

targeting receptors or secreted proteins.13,66 Targeting MMP9 to treat CIPN is advantageous 

because this protease is highly inducible and a target for cancer treatment, and indeed a 

selective humanized monoclonal antibody is now in clinical trials for cancer treatment.1,29,48 

In line with this clinical trials and as a proof of concept, we characterized the therapeutic 

effects in paclitaxel-treated mice of the monoclonal antibody targeting the human and mouse 

MMP-9 (MMP9 mAb, clone 6–6B), a previously well-characterized neutralizing antibody.
9,51,55 Similar to TIMP1 effect, repeated administration of MMP9 mAb (i.t., 10 μg in 5 μl in 

PBS, every other day for 6 days) significantly prevented the development of paclitaxel-

induced mechanical allodynia in male and female mice (Fig 4A, B). However, MMP9 mAb 

was not able to prevent paclitaxel-induced cold allodynia (Fig 4C, D). Remarkably, delayed 

injection of MMP9 mAb, was also effective to dose-dependently reverse the established 

mechanical allodynia at day 14 in male mice, and the analgesic effect for the higher dose 

lasted up to 6 h after the treatment (Fig 4E). Similar to male, MMP9 mAb significantly 

reversed the mechanical allodynia at day 14 in female mice for up to 6 h after the treatment 

(Fig 4F). These results show that the specific targeting of MMP9 by a monoclonal antibody 

efficiently alleviate paclitaxel-induced mechanical allodynia in male and female mice and 

may represent a new potential approach to treat CIPN.
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Effect of MMP9 monoclonal antibody on paclitaxel-induced oxidative stress

Multiple studies have reported that chemotherapeutic agents, including paclitaxel, induce 

increases in oxidative stress in DRG neurons that may contribute to the development of 

CIPN.8,18 Therefore, we examined the effect of MMP9 mAb on oxidative stress by 

measuring the fluorescence intensity of dihydroethidium (DHE), a cell-permeable dye that 

proportionally reacts with and quantify ROS levels.63 We found that at day 14 of paclitaxel 

treatment, there was a significant reduction in DHE fluorescence of mice injected with 

MMP9 mAb compared to the ones injected with an IgG control (Fig 5A), indicating a 

decrease in the production of ROS. Several endogenous antioxidant enzymes are induced in 

oxidative stress conditions to control ROS to prevent further damage.18,32 In neurons, the 

superoxide dismutase (SOD) enzymes SOD1 and 2 act as a first line of defense against 

mitochondrial electron transport chain-derived oxidative stress.26 It has been previously 

reported a significant increase in SOD1 activity, but not SOD2 in DRG after paclitaxel.18 

Interestingly, we showed that MMP9 mAb significantly reduced the expression of SOD1 

mRNA in paclitaxel-treated mice (Fig 5B). Together, these results strongly indicate that 

MMP9 monoclonal antibodies may prevent oxidative stress in CIPN.

Effect of MMP9 monoclonal antibody on paclitaxel-induced neuroinflammation

Several lines of evidence also have shown the contribution of neuroinflammation to CIPN 

and inhibition of proinflammatory cytokines have been demonstrated to prevent mechanical 

allodynia induced by paclitaxel.36,37,43,71 Interestingly, MMP9 has been shown previously to 

increase the activity of macrophages and satellite glial cells.3,33 However, glial fibrillary 

acidic protein (GFAP) and transmembrane protein CD68 transcripts that are respectively 

used as markers for activation of satellite glial cell and macrophage were unaltered in mice 

injected with the MMP9 mAb compared to the ones injected with the IgG control at day 14 

of paclitaxel administration (Fig 6A and B). MMP9 has been also shown to participate to the 

increase and maturation of proinflammatory cytokines.69 Transcriptional analysis of 

proinflammatory cytokines of the same samples revealed that MMP9 antibody significantly 

decreased the expression of IL-6 and TNFα (Fig 6C), two proinflammatory cytokines 

previously involved in CIPN.67,73 To note, the transcriptional expression of the proalgesic 

inducible nitric oxide synthetase (NOS2) was also decreased by MMP9 mAb treatment (Fig 

6C). These findings provide evidence that MMP9 monoclonal antibodies may suppress the 

transcription of proinflammatory cytokines, as well as NOS2, that are involved in the 

pathogenesis of CIPN.

Effect of MMP9 monoclonal antibody on paclitaxel-induced IENF loss

Finally, paclitaxel treatment has been previously shown to induce a loss of IENFs, and this 

phenomenon is believed to be associated with oxidative stress and neuroinflammation.
2,7,58,71 Therefore, we analyzed the potential protective effect of the MMP9 mAb on the loss 

of IENFs in the hind paws at day 14 of paclitaxel-treated mice. The number of nerve fibers 

entering the epidermis was significantly increased in mice injected with the MMP9 mAb 

when compared with vehicle the IgG control (Fig 7). This data demonstrates that MMP9 

monoclonal antibodies may protect against paclitaxel-induced IENF loss, which is consider 

a hallmark of CIPN.24,49

Tonello et al. Page 8

J Pain. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Chemotherapy-induced peripheral neuropathy affects as many as 70% of patients treated 

with chemotherapeutic drugs, including paclitaxel. However, there are no clinical treatments 

to prevent and/or reverse CIPN. In the present study, we investigated the molecular and 

functional regulation of MMPs in DRGs in the paclitaxel murine model of CIPN. In 

particular, we showed the up-regulation of MMP9 after paclitaxel exposure and identified, 

for the first time, the MMP-9 monoclonal antibody (MMP9, mAb, clone 6–6B) as a 

potential therapeutic approach for CIPN. Administration of the MMP9 mAb not only 

completely prevented and reversed mechanical allodynia in male and female mice, but also 

protected against oxidative stress, neuroinflammation, and the loss of IENFs in male mice 

treated with paclitaxel.

The MMP family has over 24 family members in mammals, which endogenous activity is 

controlled by four TIMPs.35 Previous transcriptional, biochemical, pharmacological and 

transgenic studies have clearly indicated that MMPs have pathological roles in cancer, 

inflammation and pain.29,62 Here, we showed that the transcriptional up-regulation of the 

gelatinases MMP2 and MMP9, as well as the transcriptional down-regulation of TIMP1 at 

day 14 of chemotherapy. Rescue of TIMP1 expression by injection of its recombinant 

protein significantly prevented and reversed CIPN mechanical allodynia. This effects may 

due to the inhibition of MMP2 and MMP9. In particular, we have confirmed the up-

regulation of MMP9 protein in DRG neurons of male and female mice at day 14 of 

chemotherapy, and shown the therapeutic effects of the MMP9 mAb for the prevention of 

paclitaxel-induced mechanical allodynia in male and female mice. Increases of MMP2 and 

MMP9 protein were previously described following a nerve injury, and similar to our 

behavioral data the mechanical allodynia associated with the injury was significantly 

reduced in MMP9 knockout mice or mice treated with recombinant protein TIMP1.33 Nerve 

injury induced a transient up-regulation of MMP9 in DRG neurons consistently with its role 

in preventing neuropathic pain after nerve injury and chemotherapy. However, we observed a 

significant up-regulation of MMP9 at day 14 of chemotherapy and MMP9 inhibition at this 

time point significantly reduced mechanical allodynia, suggesting a functional role of 

MMP9 not only in the development but also in the progression of CIPN. This discrepancy of 

expression and function of MMP9 between nerve injury and CIPN may be intrinsic to the 

pain models and different underlying mechanisms. For instance, CIPN induces a slower but 

continuous neuronal damage due to the multiple injections of paclitaxel compared to the 

drastic but temporarily limited nerve injury. It also interesting to point out that MMP9 

activation is regulated by MMP3.29 Although we did not find a transcriptional change in 

MMP3 at day 14 of chemotherapy, microarray analysis of DRG tissues have previously 

revealed an increase of MMP3 in CIPN conditions but not after nerve injury.4,15,52

Despite MMP9 inhibition significantly reversed mechanical allodynia, TIMP1 seems to be 

more effective. This may result from the broad inhibition by TIMP1 of various MMPs,27 

which may also include the inhibition of the paclitaxel-induced MMP2. Delayed but 

persistent upregulation of MMP2 was found in DRG satellite glial cells and spinal cord 

astrocytes after nerve injury.33 Both satellite glial cells and astrocytes have been shown to 

contribute to CIPN.65,72 Inhibition of MMP2 could have the potential to treat established 
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mechanical allodynia after nerve injury and chemotherapy. It may be warranted to test 

whether TIMP1 and MMP2 inhibition efficiently attenuate CIPN and in particular 

neuropathic pain symptoms that are unaltered by the MMP9 monoclonal antibody, such as 

cold allodynia. However, it is important to consider that MMPs also have normal 

physiological functions, and so use of TIMP1 that lack selectivity or targeting MMP2 that is 

constitutively expressed in many tissues may cause undesirable side effects.29,53 MMP9 is 

an appealing therapeutic target because it is highly inducible and a specific monoclonal 

antibody against MMP9 is already in clinical trials.1,29,48

Andecaliximab (GS-5745), a humanized anti-MMP9 monoclonal antibody, is presently in 

Phase 3 for the treatment of gastric cancer and ulcerative colitis.1,48,57 These trials have 

reported encouraging safety, tolerability and pharmacokinetics of this antibody, suggesting 

that Andecaliximab may serve as a two pronged therapeutic approach, on one hand to fight 

tumor progression and on the other hand to reduce CIPN.

Before clinical translation of MMP9 monoclonal antibodies can be considered for the 

treatment of CIPN, further studies are needed to define their actions with other 

chemotherapeutic agents and their different routes of administration (many of them are given 

intravenously, whereas we have used i.t. injections). However, our results seem to suggest 

that these antibodies may act on several mechanisms and symptoms that are shared between 

different agents and delivery routes. Although the mechanisms of CIPN remain incompletely 

known, there is growing evidence that paclitaxel administration targets peripheral sensory 

neurons, leading to maladaptive changes in oxidative stress, neuroinflammation, as well as 

loss of IENFs.2,7,8,11,18 Remarkably, our data show that MMP9 mAb significantly prevents 

these maladaptive changes.

We have demonstrated that MMP9 mAb protect against paclitaxel-induced oxidative stress 

(i.e. increase of ROS). ROS are significantly increased in DRG neurons after paclitaxel,18 

and behavioral studies with pharmacological scavenging agents have shown to be a casual 

factors in CIPN.17,19,21 However, it is worth noting that the same scavenging agents can also 

disrupt oxidants that are important intracellular signaling molecules for the maintenance of 

homeostasis and protective responses to various stresses,32 which may explain the largely 

discouraging results obtained in regards to the clinical treatment of pain.12,23 This may be 

true for the MMP9 mAb, since treatment with this antibody resulted in a decreased 

expression of the antioxidant SOD1 after paclitaxel. However, we believe that this decrease 

is a consequence of a reduced production of ROS, and therefore a reduced engagement of 

the antioxidant defenses.41 Induction of MMP9 by oxidative stress has been reported after 

virus infection, stroke, and spinal cord injury.34,38,70 However, how the MMP9 mAb can 

vice versa reduce ROS and oxidative stress is unclear. Indeed, we observed an increase of 

MMP9 mostly in small-sized DRG neurons, whereas DHE fluorescence seems equally 

distributed in small- and large-sized DRG neurons. This observation may indicate that 

oxidative stress and MMP9 may be indirectly linked by additional mechanisms such as 

neuroinflammation.3,28,50

MMP9 and MMPs in general are important players in neuroinflammation. MMP9 controls 

the infiltration and activation of macrophages in abdominal aortic aneurysm.22 Infiltration 
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and activation of macrophages has been also reported to contribute to CIPN and their 

depletion in DRGs prevented the development of paclitaxel-induced mechanical allodynia.71 

To note minocycline, a macrophages and partially MMP9 inhibitor,29 also prevented 

mechanical allodynia in paclitaxel-treated animals.42 Interestingly, we showed that MMP9 

mAb did not regulate any of the macrophage markers for proliferation and activation (i.e. 

IBA1 and CD68, respectively). Previously, we have reported that MMP9 mediates neuron–

SGC interaction in DRGs after acute morphine treatment, which can mask morphine 

analgesia by the release of IL-1β from satellite glial cells.3 Accordingly, MMP9 is both 

sufficient and required for eliciting persistent mechanical allodynia via pro-inflammatory 

IL-1β signaling in mice.33 However, both satellite glial cell activation marker GFAP or 

IL-1β transcripts were unchanged by MMP9 mAb treatment. To note, MMPs can cleave 

other substrates such as growth factors, chemokines and other cytokines to regulate varied 

aspects of inflammation and immunity.29,53 Therefore, we explored the effect of MMP9 

mAb on other proinflammatory mediators and found that this antibody significantly 

decreased the expression of proinflammatory cytokines IL-6 and TNFα, two cytokines 

previously involved in CIPN,46,61 as well as the expression levels of the proalgesic NOS2 

transcripts. Although further studies are required to properly characterize the actions of the 

MMP9 monoclonal antibodies on neuroinflammation, these results suggests that the 

analgesic effect of this antibody may due at least in part to the reduction of pro-

inflammatory mediators.

Loss of IENFs is associated with chemotherapy treatment as measured by a decrease in the 

density of nerve fibers entering into the epidermis. Loss of IENFs may result from increases 

in oxidative stress and neuroinflammation in DRG tissues.2,7,58,71 Here, we reported that 

MMP9 mAb reduced ROS, IL-6 and TNFα as well as IENF density after paclitaxel 

treatment. Although the direct causal link between the loss of IENFs and chronic pain is 

unclear,31 this loss is an hallmark of neuropathic pain observed in nearly every peripheral 

neuropathies and its recovery with the resolution of neuropathic pain. Therefore, the 

preservation of these IENFs by the MMP9 mAb may be linked to its analgesic effect and 

MMP9 mAb may represent a therapeutic approach for other peripheral neuropathies.

In conclusion, these findings demonstrate, for the first time, the involvement of MMPs in the 

development and maintenance of paclitaxel-induced neuropathic pain. Importantly, we 

showed that the MMP9 mAb effectively prevents and reverses the paclitaxel-induced 

mechanical allodynia in male and female mice. Although this antibody also attenuated 

several mechanisms underlying CIPN in male mice, further investigations are warranted 

since it curiously had no effect on paclitaxel-induced cold allodynia, and different 

mechanisms may cause mechanical allodynia in female mice.60 Further investigations are 

also warranted to determine how MMP9 monoclonal antibodies eventually interfere with 

various chemotherapies in killing tumor cells. However, MMP9 inhibition has been 

extensively studied as antitumor therapeutic approach62 and a humanized MMP9 antibody is 

currently in clinical trial for this purpose.48 Thus, our preclinical investigation provides a 

proof of concept for future clinical trials to evaluate whether MMP9 antibodies may also be 

used for the prevention and treatment of the excruciating side effects of CIPN.
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Highlights:

1) Paclitaxel-induced peripheral neuropathy in mice is associated with transcriptional 

changes in MMP signaling. 2) Paclitaxel increased MMP9 protein levels in small-sized 

DRG neurons. 3) MMP9 antibody prevents paclitaxel-induced oxidative stress, 

neuroinflammation in DRGs and retraction of intraepidermal nerve fibers. 4) MMP9 

antibody prevents and reverses paclitaxel-induced mechanical allodynia in male and 

female mice.
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Perspective:

Chemotherapy-induced peripheral neuropathy (CIPN) remain ineffectively managed in 

cancer patients potentially leading to the discontinuation of an otherwise life-saving 

treatment. Here, we demonstrate that a monoclonal antibody targeting the matrix 

metalloproteinase 9 (MMP9) alleviates neuropathic pain and several mechanisms linked 

to CIPN. This study is particularly relevant since a humanized MMP9 antibody is already 

in advanced clinical trials for the treatment of colitis and cancer, and it may be 

straightforwardly repurposed for the relief of CIPN.
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Figure 1. 
Time course of paclitaxel-induced mechanical allodynia and transcriptional of MMP 

signaling in DRGs. (A) Time course of mechanical withdrawal threshold (in grams) for 

vehicle- (black open circles) and paclitaxel-treated mice (filled red squares). Paclitaxel (2 

mg/kg, i.p.) or vehicle was administered to mice on day 0, 2, 4 and 6. BL = baseline prior to 

treatment. Statistical analysis was performed using 2-way repeated measures analysis of 

variance, followed by Bonferroni’s post hoc test (n=6 male mice/group). *P<0.05 compared 

to vehicle. (B) Heat map of the expression of 14 MMPs and a TIMPs in DRGs of vehicle- 

and paclitaxel-treated mice (n=3 male mice/group) at day 14 of chemotherapy. (C) Volcano 

plot representing the fold change and the p-values of 12 transcripts that are expressed in 

DRGs tissue of paclitaxel- compared to vehicle-treated mice (Multiple t test, fold change 

p=0.05, n=3 male mice/group).
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Figure 2. 
Paclitaxel-induced mechanical allodynia is prevented and reversed by recombinant TIMP1. 

(A) TIMP1 (4 pmol/site, i.t.) prevents paclitaxel-induced mechanical allodynia up to 14 days 

after the first paclitaxel injection. TIMP1 or PBS were delivered every other day form day 

−1 to day 7. (B) Paclitaxel-induced mechanical allodynia is significantly reversed up to 6 h 

by a single intrathecal administration of TIMP1 (4 pmol/site) delivered at day 14 after 

chemotherapy. BL = baseline prior to treatment. Statistical analysis was performed using 2-

way repeated measures analysis of variance, followed by Bonferroni’s post hoc test (n=5–6 

male mice/group). *P<0.05 compared to PBS.
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Figure 3. 
MMP9 transcriptional and protein increases in DRGs of paclitaxel-treated mice. (A) qRT-

PCR analysis showing mRNA expression levels of MMP9 in DRGs, and (B) spinal cord 

(SC) of paclitaxel- vs. vehicle-treated mice at day 14 after first treatment (n=6 male mice/

group). (C) Representative staining of MMP9 protein in DRG tissues of vehicle- and 

paclitaxel-treated male and female mice and quantification of MMP9 signal intensity after 

14 days (n=3–5 male and female mice/group). (D) Size frequency distribution (percentage) 

of MMP-9-positive neurons in vehicle- and paclitaxel-treated mice after 14 days (n=5 male 

mice/group) (E) Representative staining of MMP9 protein in cultured DRG neurons 

counterstained with the neuronal marker β-tubilin-3 and treated with vehicle or paclitaxel 

(300nM), and quantification of MMP9 signal intensity 24 h after treatment (n=4 treated 

culture/group). Statistical analysis was performed using t-test. *p<0.05 compare to vehicle 

group.
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Figure 4. 
Paclitaxel-induced mechanical allodynia is prevented and partially reversed by the MMP9 

monoclonal antibody (MMP9 mAb, clone 6–6B). MMP-9 antibody (MMP9 mAb, 10 μg/

site, i.t.) prevents paclitaxel-induced mechanical allodynia in male (A) and female (B) mice 

up to 14 days after the first paclitaxel injection compared to IgG control (10 μg/site, i.t.). (C, 
D) However, MMP-9 antibody (MMP9 mAb, 10 μg/site, i.t.) does not prevents paclitaxel-

induced cold allodynia. MMP9 antibody significantly reverses the established paclitaxel-

induced mechanical allodynia in male (E) and female (F) mice at day 14 of chemotherapy. 
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BL = baseline prior to treatment. Statistical analysis was performed using 2-way repeated 

measures analysis of variance, followed by Bonferroni’s post hoc test (n=5–6 male and 

female mice/group). *P<0.05 compared to the paclitaxel – IgG control group.
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Figure 5. 
Decrease of paclitaxel-induced ROS production by the MMP9 monoclonal antibody. (A) 
Representative images of dihydroethidium (DHE) fluorescence in DRG sections of mice 

treated with MMP9 monoclonal antibody (MMP9 mAb) compared to the ones treated with 

IgG control at day 14 after paclitaxel. Quantification of DHE intensity indicates a significant 

reduction of the fluorescence signal in animal treated with MMP9 mAb (n=4 male mice/

group). (B) Transcriptional expression levels of superoxide dismutase (SOD) enzymes 

SOD1 and 2 in DRGs of paclitaxel- vs. vehicle-treated mice after 14 days (n=6 male mice/

group). Statistical analysis was performed using t-test. *p<0.05 compare to Ig G control.
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Figure 6. 
Decrease of paclitaxel-induced pro-inflammatory cytokines by the MMP-9 monoclonal 

antibody (MMp9 mAb). Transcriptional expression levels assessed by qPCR of (A) the 

satellite glial cell marker GFAP, and (B) the macrophage markers IBA1 and CD68. (C) 
Transcriptional expression levels of the pro-inflammatory cytokines IL-1β, IL-6 and TNFα, 

as well as the proalgesic NOS2. Student’s t test measured differences mRNA expression 

levels in DRGs 14 day after paclitaxel in mice treated with IgG control or MMP9 Ab (n=5–6 

male mice/group). *p<0.05 compare with Ig G control group.
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Figure 7. 
Prevention of paclitaxel-induced IENF loss by the MMP-9 monoclonal antibody. 

Representative images of plantar skin sections stained with PGP9.5 (green) and collagen IV 

(red) 14 day after paclitaxel in mice treated with IgG control or MMP9 mAb. The number of 

fibers per centimeter were significantly higher in sections from mice treated with MMP9 

mAb. Statistical analysis was performed using t-test (n=4 male mice/group). *p<0.05 

compare with Ig G control group.
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