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Role of innate immunity in chemotherapy-induced peripheral neuropathy 
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A B S T R A C T   

It has become increasingly clear that the innate immune system plays an essential role in the generation of many 
types of neuropathic pain including that which accompanies cancer treatment. In this article we review current 
findings of the role of the innate immune system in contributing to cancer treatment pain at the distal endings of 
peripheral nerve, in the nerve trunk, in the dorsal root ganglion and in the spinal dorsal horn.   

1. Introduction 

Neurotoxicity is a primary concern for cancer treatments that rely on 
a range of chemotherapeutic agents, including taxanes (paclitaxel, 
docetaxel), platinum compounds (cisplatin, oxaliplatin, carboplatin), 
vinca alkaloids (vincristine), proteasome inhibitors (bortezomib, car
filzomib, ixazomib), angiogenesis inhibitors (thalidomide, lenalido
mide, pomalidomide), and others (ifosfamide, pemtrexed). Patients 
commonly report sensory disturbances in their extremities that range 
from numbness and tingling to painful burning and electrical sensations 
in the hands and feet, termed chemotherapy-induced peripheral neu
ropathy (CIPN) [1–8]. The time course of this syndrome varies based on 
the type of chemotherapy drug, but symptoms tend to worsen as the 
cumulative dose increases. Worse yet, these symptoms can be severe and 
persist long after chemotherapy administration has ceased [3,9]. Pain is 
still the number one dose-limiting side effect of chemotherapy, forcing 
patients to diminish the dose or discontinue treatment early [2,10,11]. 
Recent studies have focused on identifying methods to prevent or 
attenuate chemotherapy-induced neuropathy without impacting the 
cytotoxic activity of chemotherapy on cancer cells, since preserving 
peripheral nerve health during cancer treatment would ease patient 
burden and improve treatment outcomes. Investigations aimed at better 
understanding the mechanisms involved in the development and 
maintenance of CIPN have provided significant insight on this topic. One 
area that has come into focus is non-neuronal components of the nervous 

system that contribute to nociceptor sensitization and other aspects of 
CIPN, which may provide new targets for the development of adjuvant 
treatment for this syndrome [12–15]. In this paper, we review the innate 
immune mechanisms in the peripheral and central nervous system that 
contribute to CIPN. 

Communication among neurons, resident immune cells, and immune 
cells recruited from the periphery plays an important role in the 
response to pathogens or tissue injury and is vital in the process of re
covery, including tissue repair. Activation of immune cells promotes a 
state of neuroinflammation and can also trigger changes in the activity 
of nociceptors [16]. Persistence of these pathological changes can lead 
to debilitating chronic pain [16]. The complex interplay among neurons, 
glial cells and migratory immune cells has been examined extensively 
for its role in the development of neuropathy [17–21]. The immune 
system can be divided into two main aspects: innate and acquired im
munity. Innate immunity includes both physical barriers to prevent 
infection, such as the skin, and chemical barriers that are activated when 
physical barriers are breached. Signaling among different immune 
components relies on specialized signaling molecules (chemokines and 
cytokines) released in the presence of injury or pathogens to recruit and 
activate immune cells and trigger an inflammatory response. In addi
tion, antibody binding to antigens triggers the complement cascade, in 
which specialized plasma proteins assist in the identification and 
destruction of pathogens as well as recruitment of immune cells to the 
site. Inflammation triggers localized vasodilation, phagocytes (i.e., 
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neutrophils, macrophages) are drawn in, and when activated, begin to 
release cytokines and chemokines that recruit additional immune cells 
to the site of inflammation. Many signaling molecules released by acti
vated immune cells in an inflammatory state have been shown to 
directly sensitize nociceptors. Leukocytes that assist in the innate im
mune response includes mast cells, eosinophils, basophils, natural killer 
cells, phagocytes (neutrophils, macrophages, dendritic cells) and a 
subset of T cells (gamma/delta T cells). Innate immune activity connects 
to the acquired immune system when immune cells that express major 
histocompatibility complex (MHC) molecules (including activated 
macrophages) act as antigen-presenting cells (APCs) for lymphocytes 
responsible for the humoral (B cells) and cell-mediated (T cells) com
ponents of the acquired immune response (Fig. 1). 

2. Innate immune system in neuronal tissues 

In the peripheral nervous system (PNS), immune-competent glial 
cells include Schwann cells and satellite glial cells. Schwann cells 
perform both cellular and humoral immune functions, including APC 
activity, phagocytosis, and inflammatory cytokine release [22]. 
Schwann cells can release IL-1β, IL-6, IL-8, MCP-1, interferon-α (IFN- α), 
and TNF-α, and are capable of signaling the immune complement 
cascade in response to cytokine binding [22–24]. IFN-α and TNF-α can 
also induce Schwann cells to upregulate the production of 
cytokine-inducible nitric oxide synthase, which can lead to an increase 
in NO production [22,24]. Satellite glial cells, which are abundant in 
dorsal root ganglia (DRG), can also act as APCs and release 
pro-inflammatory cytokines [25,26]. Activated satellite glial cells pro
duce GFAP, release IL-1β, IL-6 and upregulate IL-6 receptor expression 

and pSTAT3 in lumbar DRG after chronic constriction injury (CCI) [27, 
28]. 

In addition to glial cells, there are also phagocytes (i.e., macrophages 
and neutrophils) and granulocytes (neutrophils, mast cells, basophils, 
eosinophils) present in the PNS [29]. Macrophages are resident immune 
cells, but can also be recruited to the site of an inflammatory response 
[29]. Like glial cells, they can act as APCs and release and respond to 
pro-inflammatory cytokines, including IL-1, IL-6, and TNF-α [22]. One 
example of resident macrophages are the Langerhans cells (LC) in the 
skin, and studies have shown an increase in their numbers in inflam
matory cutaneous diseases [30,31]. Granulocytes can also be activated 
to release immune mediators. Neutrophils, which act as both phagocytes 
and granulocytes, release inflammatory cytokines and chemokines to 
recruit additional immune cells, and have been shown to invade affected 
nerve tissue and lumbar DRG following sciatic nerve injury [32–34]. 
Mast cells recruit macrophages and neutrophils to the site of nerve 
injury after sciatic nerve ligation [35]. Granulocytes also play a funda
mental role in skin inflammation, especially during an allergic response 
[36]. Mast cells are found near peripheral nerves expressing substance P 
and CGRP in the skin and viscera and release a number of immune 
mediators, including histamine, serotonin, neuropeptides (i.e., sub
stance P and CGRP), proteases, cytokines, chemokines, leukotrienes, 
prostaglandins, and growth factors [36]. Receptors for many of these 
effectors can be expressed on immune cells, peripheral nerve fibers, and 
other cells of the epithelium, skin, and blood vessels, and several have 
been shown to directly sensitize nociceptors [36–39]. Eosinophils, 
which are found primarily in mucosal tissues, release pro-inflammatory 
mediators as well as neurotrophins (including NGF) [40]. The cytotoxic 
compounds released by eosinophils are neurotoxic, and high eosinophil 

Fig. 1. Chemotherapeutic agents directly act 
on peripheral nerves producing demyelination 
(1) and/or loss of intra epidermal nerve fibers 
(Skin). A cytotoxic or pro-inflammatory im
mune response is triggered due to direct actions 
of chemotherapeutics on leukocytes, or as a 
response of nerve fiber degeneration. Macro
phages in particular migrate to the DRG, but 
also to the periphery secreting pro- 
inflammatory and pro-algesic molecules (2) 
and phagocyting degraded nerve fibers (3) or 
myelin (4). Chemotherapeutics also act in the 
CNS, and particularly in the spinal cord where 
microglial cells are activated, release pro- 
inflammatory and pro-nociceptive factors, and 
acquire an ameboid morphology (6) or a less 
ramified structure (7). Astrocytes are also 
affected, but they acquire a more ramified and 
elongated architecture (8). Both, microglia and 
astrocytes-derived factors sensitize primary 
sensory terminals, that increase their activity 
and release of neurotransmitters, resulting in an 
amplified nociceptive information in second 
order neurons (9) that ultimately is interpreted 
as pain. Created with BioRender.com.   
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activity can lead to lesions of peripheral nerve tissue [40–43]. The im
mune complement system is also present in the PNS, and consists of 
proteins that, when triggered, form a complement activation cascade to 
stimulate phagocytosis, promote inflammation to recruit additional 
phagocytes, and activate cell-killing membrane attack complexes [44, 
45]. 

In the central nervous system (CNS), the immune response to injury 
or pathogens is governed by immune-competent glial cells, which are 
divided into microglia and macroglia. Microglia act as the main immune 
cells of the CNS, and activation of microglia in the spinal cord plays a 
significant role in the development of neuropathic pain states [46]. At 
rest, microglia are resident macrophage-like cells that remain in a 
quiescent-like state and continually monitor the surrounding environ
ment using branching projections that are capable of movement [47]. 
Microglia are highly sensitive to changes in the microenvironment of 
neurons, including potassium levels [48]. They express Ca2+-gated and 
inwardly rectifying K channels, which are increased under pathological 
conditions. Two-pore domain halothane-inhibited K+ channel type 1 
(THIK-1), Cl− channels, and transient receptor potential cation channels 
(TRPV1 and TRPM7) are also present in microglia [49]. These ion 
channels contribute to the maintenance of the resting potential and/or 
depolarization, and could promote cellular functions such as surveil
lance and ramification and likely contribute to pathological functional 
phenotypes [49]. Microglia express toll-like receptors (TLRs) and play a 
key role in the innate and adaptive immune response of the CNS [50]. 
When changes in the environment occur, inflammatory stimuli pro
duced by injury or disease are detected by receptors or other means 
(such as phagocytosis), and microglia undergo a number of changes. 
Upon activation, microglia shift to a rounded or ameboid shape and less 
ramified appearance, increase movement, and upregulate the expression 
of functional markers [51]. Activated microglia will begin to express 
surface molecules that are important for both innate and adaptive im
mune responses [52]. Activated microglia are capable of expressing 
signaling molecules, including pro-inflammatory cytokines and che
mokines, which contribute to the recruitment and activation of addi
tional immune cells [53]. Among the many signaling molecules released 
by activated microglia, including tumor necrosis factor-α (TNF-α), IL-6, 
IL-1β, nitric oxide (NO), bradykinins, prostaglandins, matrix metal
loproteases (MMPs), and cathepsin S, several are known to sensitize 
nociceptive neurons [36–39,50,54–56]. 

Macroglia are comprised of oligodendrocytes and astrocytes. Oligo
dendrocytes produce myelin sheathing, while astrocytes play a role in 
development, maintain the blood brain barrier (BBB), and regulate the 
ionic microenvironment and concentration of neurotransmitters [46]. 
Both oligodendrocytes and astrocytes are immune-competent [46]. As
trocytes express receptors for pro-inflammatory cytokines in a resting 
state, including IL-1β, and will release IL-1β, IL-6, TNF-α, nitric oxide 
(NO), and pyruvate carboxylase (involved in glutamate synthesis) upon 
activation [46]. Like microglia, astrocytes are capable of phagocytosis 
and will undergo physical changes upon activation [46]. Astrocyte 
activation leads to proliferation, and the cells become enlarged and 
upregulate glial fibrillary acidic protein (GFAP) expression [46]. Under 
healthy conditions, astrocytes are very territorial, and this circum
scribed area of action is lost in pathological states, in which their pro
cesses are enlarged and more ramified, making them overlap with 
adjacent and distant counterparts [51]. The expression of adhesion 
molecules is enhanced upon binding lipopolysaccharide (LPS), viral 
proteins, or inflammatory cytokines (including IL-1β, TNF-α, and 
interferon-γ), and activated astrocytes can act as antigen presenting cells 
(APCs) [52]. 

There are also meningeal, choroid plexus, and perivascular macro
phages which derive from the same developmental pathway as micro
glia and monitor cerebrospinal fluid (CSF) [57]. In addition, 
blood-derived monocytes and granulocytes (mast cells, basophils, neu
trophils), are able to infiltrate into the CNS in response to chemokine 
signals following tissue injury or pathogen detection [58]. Mast cells can 

be found in the meninges and release a number of pro-inflammatory 
immune mediators [59]. Mast cell recruitment has also been shown to 
be vital in the recovery from traumatic brain injury [60]. Basophils, like 
mast cells, are pro-inflammatory granulocytes, release immune media
tors, including histamine and heparin [60]. Nerve growth factor (NGF) 
upregulates the release of these immune mediators from basophils and 
enhances the activity of eosinophils [61–63]. Neutrophils are rare in the 
CNS under normal basal conditions, but are recruited in high numbers in 
response to tissue injury or pathogens, where they perform phagocy
tosis, release reactive oxygen species, and degranulate to disperse pro
teolytic enzymes [64,65]. 

3. Innate immune functions contributing to CIPN 

3.1. Recruitment of immune cells to the PNS in response to chemotherapy 
administration 

Along with resident immune cells, peripheral immune cells recruited 
to the PNS contribute to innate immune activation in response to 
chemotherapy administration. Naïve mouse DRGs have been shown to 
include a range of different immune cells representing less than 0.5 % of 
the total number of cells [66]. After a single injection of paclitaxel (6 
mg/kg, i.p.), large numbers of infiltrating innate immune cells, 
including macrophages, neutrophils, and monocytes, were found to 
have migrated into DRGs [66]. Transcriptomic analyses in mice have 
revealed upregulation of genes in DRG associated with inflammation 
and immune cell activation and recruitment following paclitaxel, 
vincristine and (to a lesser extent) cisplatin treatment [67,68]. Increased 
macrophage activity in the DRG has been shown to contribute to CIPN 
induced by paclitaxel, oxaliplatin, vincristine, and bortezomib, indi
cating that macrophages play a fundamental role in the pathophysiology 
of this condition [69–72]. Macrophage infiltration also targets periph
eral nerves after paclitaxel, vincristine, and bortezomib, but not oxali
platin treatment [71,73–75]. In rats, blocking the infiltration of 
macrophages into the DRG prevented the behavioral symptoms of CIPN 
and the loss of intraepidermal nerve fibers (IENFs) and DRG neurons 
associated with paclitaxel [72,76,77]. Likewise, intravenous immuno
globulin treatment that reduced peripheral nerve M1 macrophage 
infiltration also attenuated behavioral signs and IENF loss induced by 
bortezomib [74]. This pattern of DRG macrophage infiltration associ
ated with neuronal damage and ENF loss has also been identified in 
Macaques with SIV-induced peripheral neuropathy, indicating that this 
mechanism is not limited to CIPN [78]. Macrophage infiltration to DRG 
and sciatic nerve has also been shown after CCI in rats, intrapancreatic 
nerves in patients with neuropathic pain due to pancreatic cancer, and is 
found in the peripheral nerves of rats with experimental diabetic neu
ropathy (streptozotocin), but not in a murine model of Type 2 diabetic 
neuropathy (high fat diet) [35,79–81]. The relationship between 
macrophage infiltration, nociceptive behavior, and IENF loss may not 
hold for diabetic neuropathy since it also involves oxidative stress and 
cytokine release pathways that are triggered by hyperglycemia and 
features pathological changes to endothelial cells and capillaries in the 
endoneurium that do correlate with IENF loss in patients [82,83]. 

Rats treated with paclitaxel and vincristine also showed an increase 
in the number and activation of Langerhans cells (LC) as APC in the 
epidermis of the paw, and this was followed by loss of IENF [84]. 
Activated LC can induce neuropathic pain symptoms through different 
mechanisms, including the release of NO, neurotrophic factors, and 
pro-inflammatory cytokines and chemokines, as seen in rats with CCI, 
where ENF loss and an increase in Langerhans cells were found in the 
skin and correlated with increased nociceptive behaviors [85–89]. 
Oxaliplatin treatment has also been shown to enhance the number of 
cutaneous mast cells and mast cell degranulation in the hind paw skin of 
mice [90]. Notably, mast cell deficient mice failed to develop mechan
ical allodynia after oxaliplatin injection [90]. Behavioral signs of 
paclitaxel and vincristine CIPN are also attenuated by mast cell 
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stabilizers [91,92]. 

3.2. Changes in number and activity of PNS glial cells and neurons 

Nerve injury has been shown to induce a distinct pattern of neuro
immune activity, which initially triggers pro-inflammatory signaling 
associated with damage to the distal nerve and demyelination resulting 
in a state known as Wallerian degeneration (WD) [93]. The potent 
pro-inflammatory environment during WD persists during the nerve 
destruction and subsequent clean-up of debris as local immune cells 
activate, proliferate, and recruit additional immune cells to the site of 
injury [35,93–96]. These changes begin rapidly after the initial injury, 
and within days to weeks, pro-inflammatory signals decline and are 
replaced by activity that acts to suppress the innate immune system and 
promote tissue repair [96–98]. Some of these signals are triggered early 
in the WD process, such as the promotion of an M2 macrophage response 
[98]. Compared to nerve injury models, chemotherapy drugs alter PNS 
immune activity in distinct ways, and not all types result in the same 
changes. The normal time course for nerve injury/repair is also altered 
given the chronic nature of the treatment and pathological damage that 
can impact immune cell functions. 

Paclitaxel administration increased expression of activating tran
scription factor 3 (ATF3), a marker of nerve injury, and induced path
ological changes in lumbar DRG neurons and satellite cells as well as 
sciatic nerve Schwann cells [75]. In addition, paclitaxel exposure 
resulted in cultured Schwann cells de-differentiating to an immature 
state with upregulated expression of p75 and galectin-3 [99]. Evidence 
of these changes were also identified in the sciatic nerve after in vivo 
paclitaxel administration [99]. After cisplatin administration, lumbar 
DRG were found to have pathological changes in satellite glial cells and 
their structural connections to neurons [100,101]. In newborn rats, 
cisplatin administration was found to cause satellite glial and Schwann 
cell death in trigeminal ganglia [102]. Cisplatin and oxaliplatin expo
sure also led to dysfunction in cultured Schwann cell mitochondria [99]. 
Cultured satellite glial cells treated with oxaliplatin demonstrate 
changes in morphology and upregulate expression of the gap junc
tion/hemichannel protein connexin-43, glial fibrillary acidic protein 
(GFAP), a marker of glial activation, and reactive oxygen species (ROS) 
[103]. Oxaliplatin administration has also been shown to cause satellite 
cell activation in the DRG [104]. Post-mortem examination of patient 
DRG after cisplatin or carboplatin showed evidence of satellite cell 
proliferation (nodes of Nageotte) and neuronal necrosis, but no axonal 
degeneration was identified [105]. In rats, bortezomib induced patho
logical changes in DRG satellite cells stemming from damage to mito
chondria and the endoplasmic reticulum [106,107]. 

Chemotherapy exposure can impact myelin formation, which may 
lead to axonal degeneration and impact nerve conduction. In cultured 
Schwann cells, exposure to paclitaxel or platinum chemotherapy com
pounds (cisplatin and oxaliplatin) decreased the expression of myelin 
basic protein (MBP) [99]. Disturbances in myelin formation were also 
detected in co-cultures of DRG neurons and Schwann cells at concen
trations that were not neurotoxic [99]. Vincristine has been shown to 
damage DRG neurons and Schwann cells along with pathological 
changes to peripheral nerve axons [108,109]. Bortezomib was shown to 
cause similar pathological changes to Schwann cells in the sciatic nerve, 
along with damage to myelin, axonal degeneration, and reduction in 
sciatic nerve conduction velocity [106,107]. 

3.3. Changes in number and activity of CNS glial cells 

Activation of glial cells in the spinal cord has been shown to 
contribute to the development of CIPN following paclitaxel, oxaliplatin, 
vincristine, and bortezomib administration, indicating that these cells 
play a fundamental role in CNS pathophysiology. Spinal glial cell acti
vation has been identified in paclitaxel CIPN but reports of which cells 
types are affected have been inconsistent and may be related to 

differences in dose. In some studies, spinal microglia, but not astrocytes, 
were activated after paclitaxel treatment, and minocycline, an inhibitor 
of innate immune responses, blocked the development of hyperalgesia 
[15,110]. Other studies show activation of astrocytes, but not microglia, 
in the dorsal horn of the spinal cord [111,112]. Again, minocycline 
prevented the development of mechanical allodynia, but in this case it 
also reduced astrocyte activation [113]. In mice, paclitaxel treatment 
enhanced spinal microglia and astrocyte activity, though the extent of 
the response was greater in young mice (which had the highest 
response) and aged mice when compared to adult mice [114]. In addi
tion, astrocyte activation has been identified in the anterior cingulate 
cortex following paclitaxel treatment [115]. 

Spinal microglia increase in number and are activated in parallel 
with the onset of behavioral symptoms of CIPN following oxaliplatin 
treatment, but return to basal levels within days [104]. In comparison, 
the number of astrocytes was increased in the spinal cord at the onset of 
behavioral symptoms and remained elevated for weeks afterwards. 
Astrocyte activation following oxaliplatin administration has also been 
identified in several brain areas involved in the processing of pain 
stimuli, including the anterior cingulate cortex, somatosensory cortex, 
ventrolateral periaqueductal gray, nucleus raphe magnus, and neo
striatum [104]. The time course of these increases varied by brain re
gion, with some increasing steadily week by week and others remaining 
elevated throughout the measurement period. Cisplatin is also associ
ated with activation of spinal microglia through enhanced triggering 
receptor expressed on myeloid 2/DNAX-activating protein of 12 kDA 
(TREM2/DAP12) signaling, and intrathecal administration of minocy
cline or anti-TREM2 antibodies prevented microglia activation and 
attenuated the development of mechanical allodynia and loss of IENFs in 
mice [116]. In rat brain slices, cisplatin, applied in an ex vivo prepara
tion, primarily localized to ribosomes of the endoplasmic reticulum in 
astroglial cells and the myelin sheathing of oligodendrocytes [117]. 
Intrathecal administration of minocycline (which is capable of modu
lating microglia) or fluorocitrate (presumably an astrocyte modulator) 
mitigated the development of mechanical and cold hypersensitivity as 
well as deficits in motor coordination associated with oxaliplatin [118]. 
The effect of fluorocitrate was greater than minocycline, in line with the 
observations that platinum chemotherapeutic agents accumulate pri
marily in astrocytes [117]. Notably, minocycline failed to prevent 
pathological changes to nuclei and nucleoli of DRG neurons [118]. 
Supporting the notion that astrocytes play a prominent role in platinum 
compound-induced neurotoxicity, oxaliplatin has been shown to upre
gulate spinal dorsal horn expression of astrocyte connexin-43 (or GJ1, a 
component of gap junctions), which contributes to the development of 
mechanical hypersensitivity and has been implicated in the enhanced 
release of cytokines and chemokines from astrocytes following nerve 
injury [119,120]. Inhibition of connexin-43 prevented the development 
of hypersensitivity in oxaliplatin and bortezomib CIPN models [119, 
121]. Activated astrocytes and microglia in the spinal dorsal horn also 
contribute to vincristine-induced CIPN in mice [122,123]. In rats, 
vincristine robustly activated spinal astrocytes via oxidative stress (but 
not microglia), which induced the production of IL-1β and subsequent 
phosphorylation of NMDA receptors in spinal neurons [124]. Intrathecal 
administration of pentoxifylline (presumably astrocyte modulator) 
attenuated mechanical allodynia induced by vincristine, while mino
cycline was not effective [124]. 

Spinal and brain glial activation appear to follow distinct time 
courses and their contribution to CIPN development is influenced not 
only by the class of chemotherapy drug, but also on factors such as the 
dosing regimen and age of the subject. In addition, activated microglia, 
like macrophages, can take on both pro-inflammatory and anti- 
inflammatory roles depending on incoming signals [125]. Thus, the 
effectiveness of treatments aimed at the inhibition of microglia or as
trocytes to attenuate CIPN could be limited, particularly where glial 
activation occurs only during the initial phase of treatment or where the 
pattern of activation is not consistent in the literature. Treatment 
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efficacy would likely benefit from targeting specific mechanisms of glial 
activation (i.e., TREM2/DAP12 signaling, connexin-43) for drug classes 
where pro-inflammatory activation is consistent and remains elevated 
throughout the treatment period. 

3.4. Upregulation of pro-inflammatory cytokine and chemokine signaling 
in DRG and spinal cord 

Cytokines involved in innate immune signaling have also been 
identified as crucial participants in the pathophysiology driving CIPN 
[19]. Chemotherapeutic agents have been shown to promote the release 
of pro-inflammatory cytokines (such as IL-6 and TNF-α) and down
regulate expression of anti-inflammatory cytokines IL-4 and IL-10 in 
DRG and spinal cord [14,15,126–130]. The activity of pro-inflammatory 
cytokines (including IL-1β and TNF-α) in DRG tissue appears to be of 
particular importance for paclitaxel CIPN. While blocking inflammatory 
cytokines in lumbar DRG attenuated paclitaxel-induced CIPN, no effect 
was seen when inflammatory cytokines were blocked in the spinal cord, 
sciatic nerve, or skin [127]. Paclitaxel also upregulates 
pro-inflammatory cytokines and chemokines in the spinal cord, 
including TNF-α, IFN-γ, IL-1β, IL-6, IL-12p70, CCL3 (along with CCR5 
and P2Y7), CCL4, CCL11, and GM-CSF [15,111,131]. Upregulated 
cytokine expression in the DRG persisted for more than 5 weeks after 
paclitaxel administration, while spinal cord cytokine upregulation was 
present during (day 4) and after completion (day 8) of a 7d dosing 
period, but not at day 29 [111,129]. Elevated plasma levels of several 
cytokines, including IL-1α, IL-1β, IL-6, TNF-α, IFN-γ, and CCL2, have 
also been found in paclitaxel-treated rats [132]. 

In mice, cisplatin treatment enhanced the release of both pro- 
inflammatory (IL-1β, IL-6, CCL2, TNF-α, LIF, PGE2, ATP) and anti- 
inflammatory (IL-10, erythropoietin) cytokines from Schwann cells 
[133]. Oxaliplatin was shown to increase the expression of IL-1β in the 
lumbar DRG of mice after a single dose [70]. In cultured satellite glial 
cells, oxaliplatin exposure increased pro-inflammatory cytokines IL-6 
and TNF-α, while IL-1β release was decreased [103]. The functional 
consequences of the inflammatory effects induced by chemotherapeutics 
has been also demonstrated in vitro. For example, media conditioned by 
oxaliplatin-treated satellite glial cells was able to sensitize cultured DRG 
neurons [103]. 

Contrasting other chemotherapeutics, thalidomide and its analogues 
have been shown to induce changes in cytokine expression that produce 
an anti-inflammatory effect, including a decrease in TNF-α produced by 
macrophages and monocytes, although this is not always consistent 
[134–137]. Thalidomide reduced TNF-α production when PBMC were 
stimulated with LPS, an effect which was shown to be triggered by 
increased degradation of TNF-α mRNA [134]. Decreased TNF-α pro
duction associated with thalidomide treatment had beneficial clinical 
effects in patients with leprosy and tuberculosis [138,139]. Thalidomide 
also modifies IL-12 production, though the direction of the change de
pends on the cell type and manner of cytokine stimulation. LPS-induced 
production of IL-12 is inhibited by thalidomide treatment in vitro, while 
thalidomide treatment in patients with HIV or tuberculosis increased 
circulating IL-12 levels [136,140,141]. In a mouse model of ische
mia/reperfusion injury, thalidomide treatment decreased the area of 
infarct, reduced oxidative stress and pro-inflammatory cytokine release, 
and attenuated neurological deficits after cerebral middle artery occlu
sion [142]. Thalidomide also decreased the expression of adhesion 
molecules and phagocytosis by leukocytes [143]. Lenalidomide, which 
exhibits less neurotoxicity than its analogue thalidomide, increased 
expression of the anti-inflammatory cytokine IL-10 and decreased IL-1β, 
IL-6, IL-12, and the expression of adhesion molecules [144]. Conversely, 
thalidomide has been shown to increase production of cytokines in 
response to antigen or mitogen stimulation, and primarily those 
involved in adaptive immune system responses (T cell and B cell activ
ity). Thalidomide enhanced production of pro-inflammatory cytokine 
IL-2 in human mononuclear cells, but only when stimulated with 

mitogens [145]. In antigen-stimulated PBMC, thalidomide upregulated 
IL-4 and IL-5 production, but also inhibited IFN-γ [146]. Taken together, 
these studies suggest that thalidomide and its analogues exhibit more of 
an anti-inflammatory profile with cytokines involved in innate immu
nity, which contrasts strongly with other chemotherapy drugs. 

Multiple chemotherapeutic compounds induce the production of 
major pro-inflammatory cytokines, such as TNF-α, a molecule that plays 
a major role in the pathogenesis of multiple neuropathies and chronic 
pain. For example, TNF-α has been shown to upregulate the expression 
of voltage-gated sodium channels Nav1.3 and Nav1.8 in DRG neurons, 
increase the frequency of spontaneous EPSCs in spinal neurons, and 
inhibit spontaneous activity in GABAergic neurons [147,148]. Notably, 
paclitaxel, when given in a regime that induces CIPN related behaviors, 
increases TNF-α expression in the DRG of rats [72]. In 
oxaliplatin-treated mice, increased expression of TNF-α and IL-1β led to 
upregulation of STAT3 in the DRG [149], a signaling pathway involved 
in the development of allodynia induced by nerve injury through the 
upregulation of DRG neuronal Nav1.6 [150]. Interestingly, a major 
source of TNF-α are cells of monocytic origin. In fact, monocytes treated 
with cisplatin rapidly increase the release of TNF-α in vitro [151]. In the 
CNS, TNF-α from activated microglia and astrocytes from the dorsal 
horn of the spinal cord increases in tandem with mechanical allodynia 
that arises from chronic vincristine treatment, a hypersensitive state that 
is reduced by intrathecal treatments that block TNF-α [108,122]. Bor
tezomib also upregulates TNF-α expression in the DRG, leading to an 
increase in phosphorylated JNK1/2 mediated by TNF-α receptors 1 and 
2 [152]. Knockout of these receptors attenuated the development of 
mechanical allodynia due to bortezomib administration [152]. 

Another major cytokine that plays important roles in cancer, neu
ropathies, and pain is IL-6, which possesses dual pro- and anti- 
nociceptive/inflammatory properties. Multiple experimental pain 
models display an upregulation of IL-6 and/or its receptor, and when 
administered together IL-6 and soluble IL-6 receptors (IL-6Rs) are 
capable of sensitizing nociceptors in the skin [153–155]. IL-6, along 
with NGF, has been shown to increase translation in sensory neurons 
through the eIF4F complex, leading to increased protein synthesis that 
contributes to nociceptive plasticity [156]. Increased IL-6 expression has 
also been observed in ovarian, breast, and colorectal cancer patients and 
was a predictor for poorer prognosis [157–159]. Higher levels of IL-6 
and soluble IL-6Rs were also identified post-chemotherapeutic treat
ment in breast cancer patients with painful CIPN compared to those who 
did not develop painful CIPN [160]. After paclitaxel administration, IL-6 
was upregulated in both DRG neurons and astrocytes, and there is evi
dence that satellite glial cells also contribute to IL-6 release [161]. 
Similarly, the release of IL-6 from peripheral macrophages that are 
recruited to nerve and DRG tissue plays an important role in the 
development of vincristine-induced mechanical allodynia [71]. It 
should be noted that concomitant treatment with IL-6 blocked devel
opment of behavioral signs and changes in sciatic nerve conduction 
velocity in rodents treated with cisplatin, paclitaxel, or vincristine, 
suggesting that systemic IL-6 has a neuroprotective effect in these 
models [162]. 

3.4.1. Changes in TLR signaling 
Toll-like receptors are expressed by immune cells and are important 

regulators of cytokine and chemokine production in innate immunity 
through activation of the myeloid differentiation factor 88 (MyD88) 
signaling pathway [163,164]. Several TLRs are also expressed by pri
mary sensory neurons, including TLRs 3, 4, 7, and 9 [66,163,165–169]. 
TLRs in DRG and trigeminal ganglia are predominantly expressed by 
nociceptive neurons and contribute to pain and itch signaling [66,163, 
165–168,170–172]. Administration of ligands for TLRs 3, 7, and 9 
induced the expression of pro-inflammatory chemokines and cytokines 
from cultured mouse DRGs, including IL-1α, IL-1β, PGE2, CCL5, and 
CXCL10 [169]. 

TLR4 signaling plays a role in neuropathic pain that differs 
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depending on sex [173]. In males, TLR4 activity in peripheral macro
phages (but not nociceptors) contributes to mechanical hypersensitivity, 
while TLR4 activity in nociceptors (but not macrophages) is responsible 
for this effect in females [174]. TLR4 activates the MyD88 signaling 
pathway, which causes early activation of NF-κB, and TRIF, which 
causes late NF-κB activation and interferon-β production [66,167, 
175–179]. In addition, TLR4 activates MAPK signaling cascades, 
including ERK1/2, P38, and JNK [171]. Changes in the activation of 
various MAPKs in the DRG or spinal cord have previously been identi
fied following oxaliplatin, cisplatin, paclitaxel, vincristine, and borte
zomib. Increased levels of phosphorylated ERK (pERK) 1/2 have been 
reported in the lumbar DRG of rats with mechanical allodynia following 
oxaliplatin treatment [180]. Cisplatin and oxaliplatin were found to 
activate ERK 1/2 and p38 and reduce the activation of JNK/Sapk in 
cultured DRG neurons harvested from rat embryos [181,182]. Paclitaxel 
treatment increased activation of ERK 1/2 and P38 as well as the 
expression of pERK 1/2, phosphorylated p38 (pP38), and NF-κB in the 
DRG [171]. Paclitaxel induced activation of MAPK and JNK as well as 
NF-κB nuclear translocation in mouse macrophages, an effect that was 
lost in TLR4-deficient macrophages but remained in MyD88-deficient 
macrophages [175]. Macrophages from MyD88-deficient mice also fail 
to produce TNF or NO in response to paclitaxel [175] Vincristine was 
shown to induce phosphorylation of ERK, p38, and JNK in the spinal 
cord [123]. Upregulation of phosphorylated JNK (pJNK) 1/2 was found 
in the DRG of bortezomib-treated rats [152]. 

Together, these pathways lead to phosphorylation and activation of 
multiple transcription factors, leading to the synthesis and release of 
pro-inflammatory cytokines and chemokines, including IFNα/γ, TNF-α, 
CCL-2, IL-1, and IL-6 [66,167,171,175,176]. TLR4 signaling is upregu
lated in the DRG following cisplatin or paclitaxel treatment [171,172]. 
Paclitaxel also sensitized TRPV1 on DRG neurons through TLR4 
signaling; in addition, the number of DRG neurons expressing TRPV1 
increased after paclitaxel treatment and the expression of TRPV1 protein 
in DRG neurons increased after vincristine treatment [170,183]. TLR4 
activity was also found to be upregulated in dorsal horn astrocytes 
following paclitaxel treatment [168]. Like TLR4, the activation of TLRs 
3, 7, and 9 also upregulate expression of TRPV1 and sensitize 
TRPV1-expressing DRG neurons [169]. Macrophage TLR9 activity con
tributes to paclitaxel-induced CIPN in male mice only, suggesting that 
the effect of this receptor is also sex-dependent [184]. Blockade or 
knockout of TLR9 prevents paclitaxel-induced increases in TNF and 
CXCL1 in cultured macrophages and DRG of male mice only [184]. In 
contrast, bortezomib was shown to downregulate TLR4 signaling 
through MyD88 and block lipopolysaccharide (LPS) activation of 
MAPKs, NF-κB, and interferon regulatory transcription factor (IRF) 3 
and 8 in dendritic cells [185]. 

3.4.2. Enhanced chemokine signaling 
The chemokine CCL-2 and its receptor CCR2 play an important role 

in immune cell recruitment and activation in neuropathic pain. 
Increased spinal CCL2 signaling after nerve injury leads to the activation 
of spinal microglia, and blocking CCL2 prevents both microglial acti
vation and nociceptive behavior after peripheral nerve injury [186]. 
Increased expression of CCL2 also occurs on nerve fibers following 
injury (CCI), attracting monocytes/macrophages to the injury site [187]. 
The development of neuropathic pain following CCI was dependent on 
this recruitment of monocytes/macrophages due to enhanced expres
sion of CCL2 in sciatic nerve cells, as demonstrated when CCL2 knockout 
or CCR2 inhibition blocked both of these events [187]. Further, intra
neural administration of CCL2 was sufficient to induce nociceptive 
behavior in mice, an effect also associated with monocyte/macrophage 
recruitment to the site of injection [187]. Upregulation of CCL-2/CCR-2 
signaling in DRG neurons has also been shown to contribute to the 
development of CIPN following oxaliplatin, paclitaxel, and bortezomib 
treatment, and blocking CCL2/CCR2 signaling attenuated behavioral 
signs of CIPN [69,110,126,132,168,188]. CCL2 upregulation in the DRG 

of rats treated with bortezomib was shown to be dependent on enhanced 
expression of the transcription factor c-Jun and activation transcription 
factor 3 (ATF3), where ATF3 increases recruitment of c-Jun to the ccl2 
promotor [69]. CCL2/CCR2 signaling has previously been shown to alter 
the function of TTX-resistant sodium channel Nav1.8 in DRG neurons of 
naïve rats, and CCL2 administration led to depolarization and action 
potential generation in neurons [126,189]. In DRG neurons from 
paclitaxel-treated rats, CCL-2 administration evoked calcium influx and 
generated action potentials in neurons that were previously not spon
taneously active [161,188]. CCL2 upregulation in the lumbar spinal 
cord also contributes to cold hyperalgesia in paclitaxel CIPN, since 
blocking spinal CCL2 prevents cold hyperalgesia and spinal microglial 
activation [110]. Likewise, vincristine treatment increases CCL2 
expression; furthermore, interactions between CCR2 and CX3CR1 
signaling in monocytes recruited to the sciatic nerve have been shown to 
contribute to vincristine-induced CIPN [190]. CX3CL1 also resulted in 
the activation of CX3CR1-expressing monocytes, inducing the release of 
ROS and sensitization of TRPA1 on sensory neurons in 
vincristine-treated mice [191]. CXCL1 is upregulated in primary sensory 
neurons (A fibers) after paclitaxel treatment, and blocking CXCL1 during 
paclitaxel administration inhibited the infiltration of macrophages into 
the DRG [76]. CXCL1 also appears to increase the activity of p38 
mitogen-activated protein kinase (MAPK) in macrophages, and blocking 
this p38 MAPK activity inhibited macrophage recruitment to the DRG 
and prevented neuronal damage and mechanical allodynia during 
paclitaxel treatment [76]. Upregulation of CX3CL1 via NF-κB signaling 
in the DRG was also found to contribute to neuronal sensitization and 
thermal hyperalgesia in oxaliplatin-treated rats [192]. Similarly, in
creases in CXCL12 were found in the DRG of oxaliplatin-treated mice 
were inhibited by blocking STAT3, a transcription factor that is 
enhanced after nerve injury [149,155]. 

3.5. Translational evidence of innate immunity in chemotherapy-induced 
peripheral neuropathy 

Chemotherapeutic drugs might also induce systemic immunomodu
latory effects. During early treatment, there is often a temporary 
immunosuppressive effect due to cytotoxic activity on immune cells, 
though evidence suggests that different chemotherapeutics can stimu
late the human immune system in other ways as well [14,193]. 
Currently, there are very few studies showing changes in plasma content 
of cytokines and chemokines in patients under chemotherapy. As 
mention elsewhere in this review, one study associated high levels of 
IL-6 and soluble receptors (sIL-6R) in women with breast cancer with 
CIPN symptoms induced by different chemotherapeutic agents [160]. 
Similarly, in advanced breast cancer patients, paclitaxel or docetaxel 
increased serum levels of pro-inflammatory factors such as IFN-γ, IL-2, 
IL-6, GM-CSF and augmented peripheral blood mononuclear natural 
killer cell activity. Interestingly, while both treatments led to a decrease 
of acute phase serum IL-1 and TNF-α levels, the effects of docetaxel are 
more pronounced than those of paclitaxel [194]. Oxaliplatin also is 
capable of inducing an acute immune response in colorectal cancer 
patients that displayed an increase in TNF-α and IL-6 [195]. Despite 
these studies showing the possible immunomodulatory effect of 
chemotherapy itself, the immune response induced by this type of drug 
varies greatly. Also, it is difficult to dissociate the effects of the cancer 
and the effect of chemotherapeutic agent used. However, an in vitro 
study suggests that docetaxel promotes the differentiation of primary 
human monocytes into pro-inflammatory macrophages with a M1 
phenotype that displayed an elevated secretion of IL-8 and IL-1β, as well 
as the ability to present antigens to T cells [196]. Similarly, 
tumor-specific cytotoxic T cells or dendritic cells acquire a tolerogenic 
phenotype that allows tumor cells to thrive. However, it has been shown 
in vitro that low doses of paclitaxel can reverse this phenotype to a more 
reactive immune activity [197]. The immunomodulatory effects of 
chemotherapy could differ in combined therapy, for example it has been 
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shown that metastatic breast cancer patients display immune cells with 
higher M2 (anti-inflammatory) markers (CD163, ARG1, and IL-10), and 
that the combination of bevacizumab and paclitaxel induced a reduction 
in IL-10, something that did not occur with paclitaxel alone [198]. 
Similar reductions in immunosuppressive monocytes in B-cell acute 
lymphoblastic leukemia pediatric patients has been documented 
following chemotherapeutic treatment [199]. 

In humans, there are limitations to evaluate the immune response 
under chemotherapy treatment as measurements of inflammatory me
diators are mostly restricted to serum or plasma. Nonetheless, systemic 
changes in cytokines might be associated with tissue changes, as seen in 
a study with patients that received thalidomide who showed a dose- 
dependent sensorimotor length-dependent axonal peripheral neuropa
thy that was linked to Wallerian degeneration detected in sural nerve 
biopsy [200]. Similarly, in other conditions, higher expression of IL-6 
and IL-8 was found in skin biopsies from patients with painful periph
eral neuropathy [201], indicating that pro-inflammatory mediators are 
likely involved in the pathogenesis of clinical and pathological mani
festations of CIPN. These findings are in line with the discussed obser
vations in pre-clinical models of CIPN. 

4. Conclusions 

The interplay between the nervous system and components of the 
innate immune system adds to the complex nature of neurotoxicity 
during chemotherapeutic cancer treatments. While some mecha
nisms—macrophage infiltration, spinal glia activation—appear to play 
fundamental roles in the development of CIPN and can be observed after 
treatment with most neurotoxic chemotherapies, others are specific to 
each drug class, and some even differ between drugs of the same type. 
Patients, especially those with advanced cancer undergoing chemo
therapy of multiple types (for example, combination therapy with 
platinum compounds and taxanes) together or consecutively, may have 
multiple distinct mechanisms contributing to CIPN that change based on 
the current regimen [202–204]. While prevention is the ultimate goal 
for adjuvant drug development, therapies providing neuroprotection 
may also confer greater resistance to chemotherapy in cancer cells or 
cause additional undesirable side effects [205,206]. Thus, there is an 
imminent need for targeted therapies that bypass these shortcomings, 
and specific mechanisms of innate immune activity may provide inno
vative targets for drug development that will alleviate CIPN symptoms 
and allow patients to continue life-saving chemotherapy treatments. In 
addition to more targeted treatments for pain, greater understanding of 
the innate immune pathophysiology of CIPN could also help identify 
which patient populations are at a greater risk of developing symptoms. 
DNA analysis of blood samples from patients undergoing bortezomib 
treatment identified variations in genes associated with neuron and 
immune function, including Schwann cells, that were associated with a 
greater risk of developing peripheral neuropathy [207]. Distinct genes 
and single nucleotide polymorphisms (SNPs) in the gene expression 
profiles of myeloma plasma cells taken before treatment were found to 
contribute to the risk of developing early vs late onset peripheral neu
ropathy during bortezomib or vincristine treatments [208]. Among 
these were genes involved in the cell cycle and apoptosis, mitochondria 
dysfunction, and peripheral nervous system development and function. 
Similar analysis of DNA from peripheral blood samples in multiple 
myeloma patients identified distinct SNPs in genes associated with pe
ripheral nervous system inflammation, growth, and repair that were 
associated with increased risk for developing peripheral neuropathy 
from vincristine or thalidomide treatment, including some that had been 
previously linked to peripheral neuropathy, such as SLC12A6 
(rs7614902), which encodes the protein for a K-Cl cotransporter [209]. 
As the development of personalized cancer therapies progresses, treat
ments for the prevention or mitigation of chemotherapy neuropathy 
based on an individual’s genetic risk factors and specific innate immune 
targets could become customary in cancer treatment plans. 
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