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A B S T R A C T   

Chemotherapy-induced peripheral neuropathy (CIPN) is a common side effect of several antitumor agents 
resulting in progressive and often irreversible damage of peripheral nerves. In addition to their known anticancer 
effects, taxanes, including paclitaxel, can also induce peripheral neuropathy by activating microglia and astro
cytes, which release pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin 1-beta 
(IL-1β), and chemokine (C–C motif) ligand 2 (CCL-2). All these events contribute to the maintenance of 
neuropathic or inflammatory response. Complement component 5a (C5a)/C5a receptor 1 (C5aR1) signaling was 
very recently shown to play a crucial role in paclitaxel-induced peripheral neuropathy. Our recent findings 
highlighted that taxanes have the previously unreported property of binding and activating C5aR1, and that 
C5aR1 inhibition by DF3966A is effective in preventing paclitaxel-induced peripheral neuropathy (PIPN) in 
animal models. Here, we investigated if C5aR1 inhibition maintains efficacy in reducing PIPN in a therapeutic 
setting. Furthermore, we characterized the role of C5aR1 activation by paclitaxel and the CIPN-associated 
activation of nod-like receptor (NLR) family pyrin domain containing 3 (NLRP3) inflammasome. Our results 
clearly show that administration of the C5aR1 inhibitor strongly reduced cold and mechanical allodynia in mice 
when given both during the onset of PIPN and when neuropathy is well established. C5aR1 activation by 
paclitaxel was found to be a key event in the induction of inflammatory factors in spinal cord, such as TNF-α, 
ionized calcium-binding adapter molecule 1 (Iba-1), and glial fibrillary acidic protein (GFAP). In addition, C5aR1 
inhibition significantly mitigated paclitaxel-induced inflammation and inflammasome activation by reducing IL- 
1β and NLRP3 expression at both sciatic and dorsal root ganglia level, confirming the involvement of inflam
masome in PIPN. Moreover, paclitaxel-induced upregulation of C5aR1 was significantly reduced by DF3966A 
treatment in central nervous system. Lastly, the antinociceptive effect of C5aR1 inhibition was confirmed in an in 
vitro model of sensory neurons in which we focused on receptor channels usually activated upon neuropathy. In 
conclusion, C5aR1 inhibition is proposed as a therapeutic option with the potential to exert long-term protective 
effect on PIPN-associated neuropathic pain and inflammation.   
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* Corresponding author. 
E-mail address: marcello.allegretti@dompe.com (M. Allegretti).   

1 These authors equally contributed to the manuscript. 

Contents lists available at ScienceDirect 

Cytokine 

journal homepage: www.elsevier.com/locate/cytokine 

https://doi.org/10.1016/j.cyto.2023.156370 
Received 26 April 2023; Received in revised form 19 July 2023; Accepted 12 September 2023   

mailto:marcello.allegretti@dompe.com
www.sciencedirect.com/science/journal/10434666
https://www.elsevier.com/locate/cytokine
https://doi.org/10.1016/j.cyto.2023.156370
https://doi.org/10.1016/j.cyto.2023.156370
https://doi.org/10.1016/j.cyto.2023.156370
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cyto.2023.156370&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Cytokine 171 (2023) 156370

2

1. Introduction 

Chemotherapy-induced peripheral neuropathy (CIPN) is a common 
and disabling side effect of antitumor agents, resulting in progressive 
and often irreversible damage of peripheral nerves [1]. Paclitaxel 
(Taxol®) is one of the most used taxanes in ovarian, breast, non-small 
cell lung cancer, and prostate cancer [2]. Although paclitaxel is a 
potent chemotherapeutic agent that induces tumor cell death through 
microtubule stabilization [3], it commonly causes axonal sensory neu
ropathy by triggering inflammation in the spinal cord and dorsal root 
ganglia (DRG) neurons [4]. PIPN affects up of 97% of all cancer patients 
treated with paclitaxel, often limiting its therapeutic efficacy [5,6]. 
Emerging studies suggest that the immune system and immune- 
mediated neuroinflammation are crucial events in the onset and devel
opment of PIPN [7]. Paclitaxel treatment has been also associated with 
the activation of inflammatory pathways in the peripheral nervous 
system (PNS) and central nervous system (CNS) inducing overexpression 
of key mediators of pain sensation including interleukin-1β (IL-1β), 
interleukin-8 (IL-8), and tumor necrosis factor α (TNF-α) [8,9]). Pacli
taxel treatment has been also reported to enhance nod-like receptor 
(NLR) family pyrin domain containing 3 (NLRP3) inflammasome acti
vation, through increase the release of mature IL-1β [10], and this 
activation in peripheral nerves is associated with the development of 
neuropathic pain [11]. NLRP3 is an intracellular pattern recognition 
receptor (PRR), responsible for promoting the secretion of inflammatory 
factors, and is involved in innate immunity of the nervous system [12]. 
Paclitaxel has been also shown to increase monocyte chemoattractant 
protein 1 (MCP-1) expression in small nociceptive DRG neurons as well 
as in spinal astrocytes [13] and to induce mutually independent 
microglial and astrocyte activation in the spinal cord [14]. In addition to 
the above pathways, other mediators have been identified as involved in 
PIPN in representative animal models [15–17]. Among them, Neuronal 
Calcium Sensor-1 (NCS-1) is a protein highly expressed in neurons and 
involved in functional effects of calcium signaling through the binding 
to the inositol trisphosphate (InsP3) receptor. NCS-1 is a critical 
component of PIPN; in fact, the alterations in Ca2+signaling induced by 
paclitaxel activate several proteases such as calpain that hydrolyzes 
NCS-1, thus affecting the subsequent cellular response and triggering the 
onset of neuronal damage. NCS-1 is considered a potential therapeutic 
target for prevention of PIPN and this hypothesis is sustained by the 
observation that lithium, a drug used to treat bipolar disorders, and 
ibudilast, a phosphodiesterase inhibitor used to treat asthma, were 
demonstrated able to prevent PIPN in animal models through their 
binding to NCS-1 [18,19], and lithium alone showed ability to prevent 
PIPN also in humans [20]. Activation of complement system cascade, 
part of the innate immune system, has also been associated with PIPN 
[21]. A recent study reported that paclitaxel-induced mechanical allo
dynia is reduced in a C3 knockout (KO) murine model, suggesting a 
pivotal role of complement system in PIPN [22]. C5a, the inflammatory 
component produced by complement activation, is emerging as a key 
mediator of inflammatory and neuropathic pain [23] and several find
ings highlight the importance of the activation of its receptor C5aR1, 
belonging to the family of G-protein coupled receptors (GPCR), in the 
onset of painful neuro-inflammation and in the pathophysiology of 
neuropathic pain [23–26]. Although the pathogenic mechanisms of 
paclitaxel-induced peripheral neuropathy in the spinal cord and PNS 
have been extensively studied, a unique molecular mechanism of action 
accounting for the peripheral neurons sensitization has not been iden
tified thus impairing the research of a specific therapeutic approach for 
the treatment of PIPN [7]. We recently described that both paclitaxel 
and docetaxel exhibit specific binding affinity to C5aR1 and that taxanes 
binding to C5aR1 results in a C5a-independent receptor activation [27]. 
The results of in vitro and in vivo experiments confirmed that this event 
could represent one of the key mechanisms underlying taxanes-induced 
CIPN. Interestingly, C5aR1 knock-out (KO) mice have been found 
resistant to paclitaxel-induced neuropathic pain development and 

maintenance; similarly, the preventive treatment with a C5aR1 allo
steric inhibitor, DF3966A, the R enantiomer of the compound DF3016A, 
a SMW compound previously described [26,27] as selective and potent 
C5aR1 inhibitor, was able to switch off the taxane-induced receptor 
activation. Notably, the compound significantly reduced cold and me
chanical allodynia in a mouse model of PIPN. This protective effect was 
confirmed by RT-PCR for receptor channels TRPV1 and 4 and cytokines 
expression (IL-1β and IL-6 and TNF) in spinal cord and paws of the an
imals, which consequently enhance the transmission of pain. These re
sults were also confirmed by in vitro studies (PTX-treated DRG cells) in 
which C5aR1 inhibition through DF3966A restored neuronal plasticity 
and downregulated levels of the active form of proteins implicated in 
neuropathic pain pathway such as cortactin, FAK and STAT3 [27]. The 
specificity of the mechanism of action was confirmed by in vitro data 
obtained with other known C5aR inhibitors. [27] Our results also show 
that the activation of C5aR1 mediated by paclitaxel triggers production 
of peripheral pro-inflammatory mediators including cytokines, which 
consequently enhance the transmission of pain. Interestingly, pharma
cological blockage of C5aR1 activation by DF3966A prevents DRG al
terations induced by paclitaxel in rodents, supporting the concept that 
paclitaxel/C5aR1 axis is a key neuropathological mechanism of taxane- 
induced neuropathy highlighting the potential of targeting C5aR1 as a 
new therapeutic approach to treat PIPN [25,26]. 

Here we investigated the possible therapeutic effects of DF3966A in 
taxane-induced neuropathy using two different schedules of treatment, 
starting the administration either during the development of neuropathy 
or when neuropathy is fully established. In this work we further char
acterized the molecular mechanisms underlying taxane-induced neu
ropathy with a focus on the role of paclitaxel-mediated C5aR1 activation 
on inflammatory spinal and glial activation and on the involvement of 
inflammasome. 

2. Materials and methods 

2.1. Animals 

All the procedures involving animals were performed on male Balb/ 
C mice (6–8 weeks, Charles River) housed in the animal care facility of 
the Department of Pharmacy, University of Naples, in a room with 
controlled temperature (22 ± 1 ◦C), humidity (60 ± 10%), and light (12 
h per day) with food and water available ad libitum. Animal care was in 
conformity with International and National law and policies (EU 
Directive 2010/63/EU for animal experiments, ARRIVE guidelines [28], 
and the Basel declaration including the 3R conception). All behavioral 
tests were performed between 9:00 am and 1:00 pm, and mice were only 
used once. All efforts were made to minimize animal suffering. 

2.2. Drug treatments 

Paclitaxel (Selleckchem, USA, cod. S1150) was dissolved in saline 
according to manufacturer’s instruction, to obtain a dose of 4 mg/kg to 
establish the PIPN model in mice. The protocol used was performed 
according to Polomano et al., 2001 [29], adapted to mice. Paclitaxel was 
administrated intraperitoneally for four alternate days (1, 3, 5, and 7). 

For the in vivo experiments, animals were treated with DF3966A 
(Dompé farmaceutici S.p.A., L’Aquila, Italy). DF3966A was dissolved in 
water (30 mg/10 ml), and orally given at a dose of 30 mg/kg every 12 h. 
The oral dose was selected based on previous pharmacokinetic and ef
ficacy studies [26,27]. Treatment started 4 or 10 days after the first 
paclitaxel injection, which means during the induction phase of PIPN (4 
days) or when the neuropathy is established (10 days), up to day 28. On 
day 3, 5 and 7 DF3966A was administered 1 h after paclitaxel. Mice were 
divided into 4 groups:  

• Sham: mice receiving the PTX vehicle  
• Vehicle: mice receiving PTX and then the Vehicle of DF3966A 
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• DF3966A (DF4): mice receiving PTX and then DF3966A 4 days after 
the first paclitaxel injection  

• DF3966A (DF10): mice receiving PTX and then DF3966A 10 days 
after the first paclitaxel injection. 

2.3. Mechanical allodynia 

To measure changes in sensitivity thresholds to non-noxious me
chanical stimulus, mechanical allodynia was measured using the Dy
namic Plantar Aesthesiometer (DPA, Ugo Basile, Italy). Animals were 
placed in a chamber with a mesh metal floor covered by a plastic dome 
that enables the animals to walk freely, but not to jump, in a quiet room 
15–30 min before testing. The mechanical stimulus was then delivered 
in the mid-plantar skin of the hind paw. The DPA automatically records 
the grams at which the foot is withdrawn. The cut-off for the paw 
withdrawal was fixed at 5 g (grams). Thus, any mouse that reached the 
cut-off are excluded from the study [30,31]. Testing was performed 3 h 
after DF3966A treatment on days 10–14-21 and 26. 

2.4. Cold allodynia 

Cold sensitivity was measured as the number of foot withdrawal 
responses after the application of acetone to the dorsal surface of the 
paw. A drop (50 µl) of acetone was applied to the dorsal surface of paws 
with a syringe connected to a thin polyethylene tube. A brisk foot 
withdrawal response (licking, flinching or lifting) after the spread of 
acetone over the dorsal surface of the paw was considered as a sign of 
cold allodynia [32]. Cold responses were measured 3 h after DF3966A 
treatment on days 10–14-21 and 26. 

2.5. Real-time PCR analysis 

For this experiment, we used sciatic nerve, DRG, brain and spinal 
cord samples collected at day 27. Total RNA, isolated from each sample 
was extracted using TRIzol Reagent (Bio-Rad Laboratories), according to 
the manufacturer’s instructions. cDNA was synthesized using a reverse 
transcription kit (Maxima First Strand cDNA Synthesized Kit, Fermentas, 
Ontario, Canada) from 2 µg total RNA. PCRs were performed with a Bio- 
Rad CFX96 Connect Real-time PCR System instrument and software 
(Bio-Rad Laboratories). The PCR conditions were 15 min at 95 ◦C fol
lowed by 40 cycles of two-step PCR denaturation at 94 ◦C for 15 s, 
annealing at 55 ◦C for 30 s and extension at 72 ◦C for 30 s. Each sample 
contained 20 ng cDNA in 2X QuantiTect SYBRGreen PCR Master Mix 
and primers pairs, designed from PrimerBank database selecting the 
validated ones, to amplify c5aR1 (ID: 6680818a1) CCL2 (ID: 
6755430a1), GFAP (ID: 30692526a1), Iba-1(ID: 9506379a1), NLRP3 
(ID: 22003870a1), NF-κB (ID: 6677709a1), TNF-α (ID: 7305585a1), in a 
final volume of 50 µl. Mouse primers used are showed in Table 1. The 
relative amount of each studied mRNA was normalized to β-Actin (ID: 
6671509a1), as refence gene, and data were analyzed according to the 
2− ΔΔCT method [33]. 

2.6. Data analysis 

All data are presented as the mean ± SEM. Analysis of data was 
conducted using GraphPad Prism 8 (GraphPad Software Inc., San Diego, 
CA, USA). The significance of differences between groups in vivo 
behavioral testing experiments was determined on basis of test used, by 
one or two-way analyses of variance (ANOVA), followed by Tukey post 
hoc tests for multiple comparisons. The level of significance was set at 
*P < 0.05. 

2.7. In vitro studies 

To better dissect the underlying mechanisms of paclitaxel-induce PN, 
an in vitro model of sensory neurons was developed. 

Specifically, human neuroblastoma SH-SY5Y cells (ECACC, Sigma 
Aldrich, St. Louis, MO, USA) were cultured in a 1:1 mixture of Ham’s 
F12 and Dulbecco’s modified Eagle’s media (DMEM) supplemented with 
10% heat-inactivated fetal bovine serum (FBS) and 100 U/mL peni
cillin/streptomycin (all materials from Corning, USA) in a humidified 
atmosphere of 5% CO2 at 37 ◦C. The medium was changed twice a week, 
and cells were cultured at about 80% confluence. For the sensory neuron 
differentiation protocol, 5 × 104 cells/well were seeded in collagen 
matrix-coated plates (NC-100 μg/mL). After 24 h (day 1), the medium 
was replaced with FBS reduced to 2% (differentiation medium) and 
supplemented with 10 μM all-trans retinoic acid (RA, Sigma Aldrich, 
USA). Then, cells were incubated for 5 days, with daily medium 
replacement, except for the second day. On day 5 of differentiation, 
cultures were stimulated with serum-free medium supplemented with 
human brain-derived neurotrophic factor (BDNF Dompé farmaceutici, S. 
p.A.). On day 7 of differentiation, neurons were used for the 
experiments. 

2.7.1. Drug treatments 
Following the differentiation, cells were treated for 12 h with 

Paclitaxel (10 nM), C5a (50 nM) and DF3966A (10 mM) and the com
bination of the three molecules. Paclitaxel stock solution (Sigma- 
Aldrich; 10 mM) was prepared by dissolving the powder in DMSO and 
aliquots were stored at − 20 ◦C. C5a stock solution (R&D Systems, Inc. 
MN, USA; 20 mM was prepared by dissolving the powder in DMSO 
100%; aliquots have been stored at − 80 ◦C. C5aR1 antagonist DF3966A 
(Dompé farmaceutici S.p.A., L’Aquila, Italy) at stock solution 20 mM in 
DMSO 100% was prepared. In the final concentration, treatments were 
diluted in culture media. 

2.7.2. Quantitative real-time PCR 
For gene expression analysis, the following protocol has been used: 

total RNA was extracted by Trizol reagent and purified with spin- 
columns (Direct-zolTM RNA Microprep, Zymo Research, USA) accord
ing to the manufacturer’s instructions. The total RNA concentration has 
been determined spectrophotometrically in RNAase-free water, and 1 µg 
aliquots of total RNA have been reverse-transcribed into cDNA using 
ProtoScript First Strand cDNA Synthesis Kit (NEB). RT-PCR has been 
carried out on ABI 7300HT sequence detection system (ABI), in a total 
volume of 20 µl containing EagleTaq Universal Master Mix (Roque), 
DEPC water, 4 µl of cDNA and the following Prime Time qPCR Assays for 

Table 1. 
Mouse Primers Used for PCR Analysis.  

Primers Primer sequence (5′-3′) Annealing Temperature ◦C 

Actin B 
Forward 
Reverse 

GGCTGTATTCCCCTCCATCG 
CCAGTTGGTAACAATGCCATGT 

61.8 
61.1 

CCL2 
Forward 
Reverse 

TTAAAAACCTGGATCGGAACCAA 
GCATTAGCTTCAGATTTACGGGT 

60.1 
60.7 

C5ar1 
Forward 
Reverse 

ATGGACCCCATAGATAACAGCA 
AGGGAGTGGAGGAGTCATTCG 

60.4 
60.5 

Gfap 
Forward 
Reverse 

CGGAGACGCATCACCTCTG 
AGGGAGTGGAGGAGTCATTCG 

62.1 
62.7 

Iba-1 
Forward 
Reverse 

ATCAACAAGCAATTCCTCGATGA 
CAGCATTCGCTTCAAGGACATA 

60.3 
60.7 

NLRP3 
Forward 
Reverse 

ATTACCCGCCCGAGAAAGG 
TCGCAGCAAAGATCCACACAG 

61.4 
62.9 

NFkB 
Forward 
Reverse 

AGGCTTCTGGGCCTTATGTG 
TGCTTCTCTCGCCAGGAATAC 

61.6 
61.6 

TNF-α 
Forward 
Reverse 

CCCTCACACTCAGATCATCTTCT 
GCTACGACGTGGGCTACAG 

60.9 
62.1  
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C5aR1 (hs00704891), TRPV1 (hs00218912m1), TRPV4 
(hs01099348m1), TRPA1 (hs00175798m1), Nav1.7 (hs01076699m1), 
Nav1.9 (hs00204222m1) have been purchased from ThermoFisher 
(ThermoFisher Scientific; USA). Triplicate samples have been run for 
each gene. The reference gene GAPDH (hs02786624g1) (ThermoFisher 
Scientific, USA) was used as an internal control to normalize the 
expression of target genes. RT-PCR protocol: a pre-heating step for 3 min 
at 95 ◦C, 40 cycles at 95 ◦C for 10 s and 60◦ for 30 s, and last end-step at 
65 ◦C for 10 s. Relative expression levels have been calculated for each 
sample after normalization against reference gene, using the ΔΔCt 
method for comparing relative fold expression differences. 

2.7.3. Data analysis 
Data were expressed as mean ± SEM. Statistical analysis has been 

performed by the analysis of variance (ANOVA) followed by Tukey’s 
multiple comparisons test analysis using GraphPad Prism 8 (GraphPad 
Software Inc., San Diego, CA, USA). The level of significance was set at 
*P < 0.05. 

3. Results 

3.1. C5aR1 inhibition significantly reduces PIPN in vivo 

Based on our previous data showing the involvement of C5aR1 in the 
pathophysiology of PIPN from day 3 until day 14 [27], we investigated 
the potential therapeutic effects of oral DF3966A administered both 

during the development of neuropathy (from day 4) and in the case of 
overt neuropathic state (from day 10). 

As expected, paclitaxel administration induced cold and mechanical 
allodynia in animals at all time points (day 10, 14, 21, and 26) compared 
to sham (Fig. 1A, B). In cold allodynia experiments, the number of paw 
withdrawals of mice receiving paclitaxel + DF3966A from day 4 is 
significantly reduced from day 14 until day 26, compared to paclitaxel 
+ DF3966A vehicle group, while no effect was observed on day 10 
(Fig. 1A). Mice receiving paclitaxel + DF3966A from day 10 showed a 
significant reduction in the number of paw withdrawals at day 21 and 26 
compared to paclitaxel + DF3966A vehicle group; no effect was 
observed at days 10 and 14 (Fig. 1A). Specifically, the area under the 
curve (AUC) for the effects of paclitaxel + DF3966A vehicle showed that 
paclitaxel induced a significant (p < 0.0001) increase in the number of 
paw withdrawals compared to the sham group (Fig. 1C). Animals treated 
with paclitaxel + DF3966A starting from day 4 and from day 10 showed 
a significant reduction of number of paw withdrawals compared to 
paclitaxel + DF3966A vehicle group (p < 0.0001) (Fig. 1C). In the DPA 
test, mice receiving paclitaxel + DF3966A from day 4 showed a signif
icant increase in the paw withdrawal threshold on both paws from day 
14 until day 26 compared to paclitaxel + DF3966A vehicle group, while 
no significant effect was observed at day 10 (Fig. 1B). Mice receiving 
paclitaxel + DF3966A from day 10 showed a significant increase in the 
paw withdrawal threshold at day 21 and day 26 compared to the 
paclitaxel + DF3966A vehicle group; while no effect was observed at 
day 10 and day 14 (Fig. 1B). The AUC of the groups in which 

Fig. 1. Time course of paw withdrawal responses in mice displaying paclitaxel (PTX)-induced cold (A) (two-way ANOVA, effect of time × treatment F(9,228) =
1.666; p = 0.0982 followed by Tukey’s multiple comparisons test) and mechanical (B) (two-way ANOVA, effect of time × treatment F(9,228) = 8.842; p < 0.0001 
followed by Tukey’s multiple comparisons test) allodynia untreated or treated with DF3966A (DF, 30 mg/kg) starting from day 4 (DF4) or 10 (DF10) after PTX. (C) 
number of paw withdrawal number AUC of the effects of DF3966A on the number of paw withdrawals in the PTX-induced neuropathic pain model. (D) paw 
withdrawal threshold AUC of the effects of DF3966A on the paw withdrawal threshold (g) in the PTX-induced neuropathic pain model. DF3966A was orally 
administered every 12 h for 14 days during the induction phase of PIPN. Cold and mechanical allodynia were evaluated from day 10 to day 26. Sham (PTX vehicle, 
white circle), PTX + Veh (PTX + DF3966A vehicle; black square), PTX + DF4 (PTX + DF3966A starting from day 4 after PTX; black triangle) and PTX + DF10 (PTX 
+ DF3966A starting from day 10 after PTX; white hexagon). ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05 vs the respective vehicle group. Data are 
expressed as mean ± SEM; n = 10 per group. 
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neuropathic pain was induced by paclitaxel injection was significantly 
lower than in sham animals (p < 0.0001) (Fig. 1D). Notably, treatment 
with DF3966A starting from day 4 and 10 after paclitaxel significantly 
increased the AUC of paw withdrawal threshold compared to the 
paclitaxel- DF3966A vehicle group (p < 0.0001). 

3.2. C5aR1 inhibition significantly mitigates paclitaxel-induced 
inflammation and NLRP3 inflammasome activation 

We first examined whether DF3966A was able to reduce paclitaxel- 
induced secretion of pro-inflammatory cytokines. The paclitaxel- 
induced increase in TNF-α and IL-1β gene expression was strongly 
reduced in sciatic nerve of animals receiving paclitaxel + DF3966A both 
from day 4 and from day 10 (Fig. 2A, B). We also showed that paclitaxel 
increased mRNA levels of NLRP3 in sciatic nerve, which were signifi
cantly reduced by treatment with DF3966A whether administrated from 
day 4 or from day 10 (Fig. 2C). 

In DRG neurons, as in the sciatic nerve, mRNA levels of TNF-α and 
CCL2 were significantly inhibited by paclitaxel + DF3966A from day 4 
but not by paclitaxel + DF3966A from day 10 (Fig. 3A, C), while the 
increase in IL-1β induced by paclitaxel was decreased in both DF3966A 
groups (Fig. 3B), in line with previous findings. In addition, DF3966A 
administered from day 4 and day 10 significantly mitigated the activa
tion of NLRP3 inflammasome signaling (Fig. 3D). 

3.3. C5aR1 inhibition modulates paclitaxel-induced alteration of key 
inflammatory factors in the spinal cord 

In the spinal cord, DF3966A significantly reduced the paclitaxel- 
induced increase of mRNA levels of TNF-α, a mediator of both spinal 
microglial activation and hypersensitivity to neuropathic pain (Fig. 4A). 
GFAP and Iba-1, markers of astroglia and microglial cells respectively, 
were also induced by paclitaxel and significantly inhibited by DF3966A 
treatment starting from both day 4 and day 10 (Fig. 4B, C). 

3.4. C5aR1 inhibition modulates paclitaxel-induced alteration of C5aR1 
expression 

In the spinal cord of paclitaxel-treated mice, C5aR1 gene expression 
was significantly increased compared to sham mice, and this upregula
tion was completely inhibited by treatment with DF3966A both if 
administered from day 4 and day 10 after paclitaxel (Fig. 5A). 

In the brain, C5aR1 mRNA levels were upregulated in mice treated 
with paclitaxel but were significantly reduced in DF3966A-treated mice 
starting from day 4 (Fig. 5B). In addition, NFκB mRNA levels were 
increased by paclitaxel and strongly reduced by DF3966A when given 
from day 4 after paclitaxel (Fig. 5C). 

3.5. C5aR1 inhibition modulates PIPN in sensory neurons 

To further dissect the underlying mechanisms of C5aR1 inhibition, 
an in vitro model of sensory neurons was developed, stimulated with PTX 
or C5a, and then treated with DF3966A. 

We first examined whether DF3966A was able to reduce C5aR1 also 
in this model and, remarkably, it was able to significantly counteract the 
induced expression of this receptor. Interestingly, PTX and C5a showed 
the same behavior (Fig. 6A). Some members of the transient receptor 
potential (TRP) family of channels, as the TRPV1 and TRPV4 (vanilloid), 
TRPA1 (ankyrin) and TRPM8 (melastatin) are expressed on the plasma 
membrane of primary sensory neurons, where they are activated by 
physical and chemical stimuli. Recent evidence suggests that TRPV1, 
TRPV4, and TRPA1 are main contributors of mechanical and thermal 
hypersensitivity in models of CIPN. In particular, in vitro and in vivo 
studies have pointed out the unique role of TRPA1 and oxidative stress 
in the mechanism responsible for cold and mechanical hyperalgesia in 
models of CIPN [34–36]. 

In our experimental conditions, both PTX and C5a significantly 
increased the expression of these receptors in sensory neurons, while the 
C5aR1 inhibitor was able to counteract these effects (Fig. 6 B-D). 

To investigate whether Nav1.7 and Nav1.9 were involved in PIPN, 
we measured mRNA expression of these voltage-gated sodium channels 
in sensory neurons upon treatments (Fig. 6 E-F). Expression of Nav1.7 
and Nav1.9 mRNA in sensory neurons was higher upon treatment with 
PTX and C5a, alone or in combination, compared to control. Notably, 
DF3966A was able to strongly reduce their expression, most signifi
cantly for Nav1.9 (Fig. 6 E-F). The data collected further demonstrate 
the crucial role of C5aR1 in the neuropathological mechanisms under
lying PIPN. 

4. Discussion 

Taxane-based chemotherapy is associated with frequent and severe 
CIPN syndrome [37], whose mechanisms are still poorly understood, 
hampering the development of new therapeutic treatments. Our recent 

Fig. 2. Real-time PCR analysis of TNF-α (A) (one-way ANOVA, effect of treatment F(3,36) = 7.237; p = 0.0006 followed by Tukey’s multiple comparisons test), IL-1β 
(B) (one-way ANOVA, effect of treatment F(3,36) = 6.134; p = 0.0018 followed by Tukey’s multiple comparisons test), and NLRP3 (C) (one-way ANOVA, effect of 
treatment F(3,36) = 5.727; p = 0.0026; followed by Tukey’s multiple comparisons test) expression levels in sciatic nerve collected at day 27 after the first PTX 
administration. Sham (PTX vehicle), PTX + Veh (PTX + DF3966A vehicle), PTX + DF4 (PTX + DF3966A starting from day 4 after PTX) and PTX + DF10 (PTX +
DF3966A starting from day 10 after PTX). **p < 0.01 and *p < 0.05 vs the respective vehicle group. Data are expressed as mean ± SEM; n = 10 per group. 
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findings have shown a specific affinity of taxanes for C5aR1, one the 
complement factor C5a receptor, suggesting that taxane-induced C5aR1 
activation may represent a key mechanism in the development of pe
ripheral neuropathy. Evidence of a role for C5aR1 in nociception 
sensitization was previously reported in several models of inflammatory 
pain [38], while the importance of C5aR1 as a mediator of neuropathic 
pain also involved in CIPN has been recently demonstrated [39]. In line 
with the hypothesis that paclitaxel binding to C5aR1 triggers neuro
sensitization, our results showed that blocking C5aR1during the in
duction phase of PIPN with a C5aR1 inhibitor, specifically DF3966A, 
prevented the development of neuropathy in vivo [27]. Here, we eval
uated the potential curative effect of C5aR1 inhibition testing the effi
cacy of DF3966A when administered to mice during the development 
phase of paclitaxel-induced neuropathy, and when neuropathy is well 
established. 

DF3966A strongly reduced cold and mechanical allodynia both when 
it is administered during the development of neuropathy and when the 
pain was well established, confirming that the inhibition of paclitaxel- 
induced C5aR1 activation may represent a valuable strategy not only 
to prevent but also to mitigate and reverse peripheral neuropathy when 
symptoms are already present. We also analyzed the inflammatory and 
neuroinflammatory status in the CNS and PNS, as well as the impact of 

paclitaxel-activated C5aR1 signal on the immune system, highlighting a 
new possible correlation between inflammasome and C5aR1 modula
tion. Inflammasomes are cytosolic multiprotein oligomers involved in 
the innate immune system and play a role in the activation of inflam
mation [40]; their activation and assembly promotes maturation and 
secretion of pro-inflammatory cytokines such as IL-1β and TNF-α 
[41,42]. The NLRP3 inflammasome is present primarily in immune and 
inflammatory cells, including mast cells, neutrophils, macrophages 
[43–45], and was recently identified in neurons of the sensory system 
[12]. In a chronic constriction injury (CCI) mouse pain model, it was 
recently shown that NLRP3 inflammasome activation and 
inflammasome-related factors, such as IL-1β, were significantly 
increased [46]. Furthermore, NLRP3-KO mice also exhibited better 
motor recovery after sciatic nerve injury compared to wild-type mice, 
confirming the crosstalk between neuropathy and inflammasome. 
NLRP3 inflammasome is enhanced by paclitaxel, triggering pro- 
inflammatory pathways and modulating pain in vivo [10,11]. Several 
reports demonstrated that C5a/C5aR1 axis was able to trigger inflam
masome activation [47,48]. The formation of inflammasome complexes 
is activated by several conditions such as infections and metabolic 
dysfunctions, and its full activation induces expression of NLRP3 and 
pro-inflammatory mediators including NF-κB and IL-1β [49]. Our results 

Fig. 3. Real-time PCR analysis of TNF-α (A) 
(one-way ANOVA, effect of treatment F(3,36) 
= 3.946; p = 0.0157 followed by Tukey’s 
multiple comparisons test), IL-1β (B) (one- 
way ANOVA, effect of treatment F(3,36) =
5.874; p = 0.0023 followed by Tukey’s mul
tiple comparisons test), CCL2 (C) (one-way 
ANOVA, effect of treatment F(3,36) = 5.280; 
p = 0.0040 followed by Tukey’s multiple 
comparisons test), and NLRP3 (D) (one-way 
ANOVA, effect of treatment F(3,36) = 5.708; 
p = 0.0027; followed by Tukey’s multiple 
comparisons test) expression levels in DRG 
neurons collected at day 27 after the first PTX 
administration. Sham (PTX vehicle), PTX +
Veh (PTX + DF3966A vehicle), PTX + DF4 
(PTX + DF3966A starting from day 4 after 
PTX) and PTX + DF10 (PTX + DF3966A 
starting from day 10 after PTX). **p < 0.01 
and *p < 0.05 vs the respective vehicle group. 
Data are expressed as mean ± SEM; n = 10 
per group.   
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confirm that paclitaxel-induced C5aR1 activation stimulates inflamma
some activation in the CIPN mouse model; in paclitaxel-vehicle mice, 
mRNA levels of NLRP3 were significantly increased compared to the 
vehicle group at peripheral level (DRG and sciatic nerve), and inflam
matory mediators (IL-1β, TNF-α) were also upregulated. DF3966A 
treatment restored this condition, reducing both inflammasome NRLP3 
activation and cytokine production confirming a key role of C5aR1 
activation. Paclitaxel is also reported to elicit pain by activating 
microglia and astrocytes, which in turn often release pro-inflammatory 
cytokines such as TNF-α, contributing to the maintenance of inflam
matory and neuropathic pain [50]. Spinal administration of TNF-α is in 
fact sufficient to induce mechanical allodynia [51,52], while systemic 
TNF-α inhibitor treatment reduced paclitaxel-established mechanical 
and cold allodynia on both PNS and CNS [53,54]. In neuropathic injury, 
in addition to cytokines (IL-6, IL-1β) [55] and neuropeptides (Iba-1, 
GFAP) [13] the expression of CCL2 in neurons and astroglia cells is also 
upregulated [56]. All these pathways are involved in paclitaxel-evoked 

cold hyperalgesia [57]. Our results show that C5aR1 inhibition restores 
physiological conditions, reducing the expression of inflammatory me
diators such as TNF-α, IL-1β, and CCL2, and modulating the NLRP3 
inflammasome signaling. Furthermore, DF3966A was able to modify 
GFAP and Iba-1 activation in the spinal cord, coherently with the 
observed efficacy on neuropathic pain development. Our work demon
strates the involvement of C5aR1 in pro-analgesic and neuro
inflammatory effects induced by paclitaxel at spinal and supraspinal 
levels. C5aR1 activation triggers multiple inflammatory pathways, such 
as stimulating cells to secrete inflammatory factors or recruiting and 
activating leukocytes [58]. Several studies show that C5aR1 activation 
triggers a cascade of events involved in the pathophysiology of PN and in 
the genesis of painful states of neuroinflammation [23,24] and we pre
viously demonstrated the role of C5aR antagonist in neuroinflammation 
[26]. Our CNS results confirm the key role of the complement system in 
neuroinflammation. DF3966A reduced C5aR1 and NFκB expression in 
paclitaxel-treated mice, highlighting the important role of this system in 

Fig. 4. Real-time PCR analysis of TNF-α (A) (one-way ANOVA, effect of treatment F(3,36) = 6.609; p = 0.0011 followed by Tukey’s multiple comparisons test), GFAP 
(B) (one-way ANOVA, effect of treatment F(3,36) = 6.777; p = 0.0010 followed by Tukey’s multiple comparisons test), and Iba-1 (one-way ANOVA, effect of 
treatment F(3,36) = 4.534; p = 0.0085; followed by Tukey’s multiple comparisons test) expression levels in the spinal cord collected at day 27 after the first PTX 
administration. Sham (PTX vehicle), PTX + Veh (PTX + DF3966A vehicle), PTX + DF4 (PTX + DF3966A starting from day 4 after PTX) and PTX + DF10 (PTX +
DF3966A starting from day 10 after PTX). **p < 0.01 and *p < 0.05 vs respective the vehicle group. Data are expressed as mean ± SEM; n = 10 per group. 

Fig. 5. Real-time PCR analysis of C5aR1 (A) (one-way ANOVA, effect of treatment F(3,36) = 5.423; p = 0.0035 followed by Tukey’s multiple comparisons test) 
expression levels in the spinal cord, C5aR1 (B) (one-way ANOVA, effect of treatment F(3,36) = 6.240; p = 0.0016 followed by Tukey’s multiple comparisons test), 
and (C) (one-way ANOVA, effect of treatment F(3,36) = 4.131; p = 0.0129; followed by Tukey’s multiple comparisons test) expression levels in the brain collected at 
day 28 after the first PTX administration. Sham (PTX vehicle), PTX + Veh (PTX + DF3966A vehicle), PTX + DF4 (PTX + DF3966A starting from day 4 after PTX) and 
PTX + DF10 (PTX + DF3966A starting from day 10 after PTX). **p < 0.01 and *p < 0.05 vs the respective vehicle group. Data are expressed as mean ± SEM; n = 10 
per group. 
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PNS and CNS. Of note, this pathway has been widely described as 
fundamental to sustain the production of pro-inflammatory cytokines 
underlying the development and progression of paclitaxel-induced 
neuropathic pain [59–63] and previous studies in which Avacopan 
and an anti-C5aR1 antibody were used, confirmed the specificity of 
DF3966A. [27] However, all the above discussed paves the way to new 
studies aimed at clarifying the link between the direct PTX-induced 
activation and pathways already described as associated with PIPN. 
Literature reports relevant correlations between mediators of homeo
stasis regulation that can help to clarify the cellular mechanisms un
derlying PIPN. TRPA1 ion channel has been shown to be involved in 
neuropathic pain induced by chemotherapy, in particular by paclitaxel, 
as demonstrated by studies on the effect of the drug on the increase of 
TRPA1 channel expression and activity in a cellular model [36] that 
suggests a role for the ion channel in the mechanism of PIPN, reinforced 
by the antinociceptive effect observed following administration of 
TRPA1 antagonists in animal models [64,65], even though specific 
molecular mechanisms are not yet known. 

Expression and activation of TRPV4 ion channel, a transducer of 
inflammatory and nociceptive responses, are also involved in paclitaxel- 

induced neuropathic pain mechanisms [66]. In particular, TRPV4, 
known to interact with NCS-1, a critical component of neuropathic pain 
induced by PTX, could be a key mediator of the signaling through which 
PTX induces cell damage and neuropathy [67], and could therefore be 
related to the regulation of NCS-1 described above. In this context, we 
evaluated in SH-SY5Y cells differentiated in sensory neurons, the 
expression of several mediators, including C5aR1, TRPV4, TRPV1 and 
TRPA1, Nav1.7 and Nav1.9 (Fig. 7) for both basal and paclitaxel- 
induced expression providing evidence that their expressions are 
increased by the chemotherapeutic agent, that this effect is induced by 
direct C5aR1 activation, as demonstrated by the comparison with C5a 
and by the effect of C5aR1 inhibitors, thus suggesting a link between 
C5aR1 activation and NCS-1. 

All together these results reinforce the concept that paclitaxel/C5aR 
direct interaction and consequent receptor activation may represent the 
key event triggering the cascade of downstream signals already 
described as hallmarks of taxane-induced peripheral neuropathy. 

In summary, the findings obtained using a pharmacological 
approach in this study validate the key role of C5aR1 activation, directly 
induced by paclitaxel binding to the receptor, in the induction and 

Fig. 6. Real-time PCR analysis of C5aR1 (A) TRPV1 (B) TRPV4 (C) TRPA1 (D) Nav1.7 (E) Nav1.9 (F) expression levels in sensory neurons treated for 12 h. ***p <
0.0001 vs CTR; §§§ p < 0.0001, §§ p < 0.001, § p < 0.05 vs Paclitaxel, ### p < 0.0001, # p < 0.05 vs C5a. Data are expressed as mean ± SEM; n = 3 per group. 
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maintenance of taxane-induced neuropathy, thus underscoring the 
therapeutic potential of targeting C5aR1 not only for the prevention but 
also for the treatment of patients with established symptoms of pe
ripheral neuropathy induced by taxanes. 
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