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FORUM REVIEW ARTICLE

Targeting Neuroimmune Interactions in Diabetic
Neuropathy with Nanomedicine

Mihály Balogh,1 Jelena M. Janjic,2,i and Andrew J. Shepherd1,ii

Abstract

Significance: Diabetes is a major source of neuropathy and neuropathic pain that is set to continue growing in
prevalence. Diabetic peripheral neuropathy (DPN) and pain associated with diabetes are not adequately man-
aged by current treatment regimens. Perhaps the greatest difficulty in treating DPN is the complex patho-
physiology, which involves aspects of metabolic disruption and neurotrophic deficits, along with neuroimmune
interactions. There is, therefore, an urgent need to pursue novel therapeutic options targeting the key cellular
and molecular players.
Recent Advances: To that end, cellular targeting becomes an increasingly compelling drug delivery option as
our knowledge of neuroimmune interactions continues to mount. These nanomedicine-based approaches afford
a potentially unparalleled specificity and longevity of drug targeting, using novel or established compounds, all
while minimizing off-target effects.
Critical Issues: The DPN therapeutics directly targeted at the nervous system make up the bulk of currently
available treatment options. However, there are significant opportunities based on the targeting of non-neuronal
cells and neuroimmune interactions in DPN.
Future Directions: Nanomedicine-based agents represent an exciting opportunity for the treatment of DPN
with the goals of improving the efficacy and safety profile of analgesia, as well as restoring peripheral neu-
roregenerative capacity. Antioxid. Redox Signal. 36, 122–143.

Keywords: diabetic neuropathy, neuropathy, nanomedicine, neuroimmune interaction, diabetes, pain

Background

Diabetic neuropathic pain:
the scale of the therapeutic challenge

D iabetic peripheral neuropathy (DPN) is a major and
irreversible complication of diabetes and the most

common form of neuropathy worldwide, affecting 30%–50%
of patients with diabetes (71, 166, 175). In a recent report, the
National Center for Chronic Disease Prevention and Health
Promotion estimated that 30.3 million people in the United
States live with diabetes (9.4% of the population) and as
many as 84.1 million adults (33.9% of U.S. adults) are pre-

diabetic (17). This means that approximately two of every
five U.S. adults have diabetes or prediabetes, with the po-
tential for this prevalence to continue increasing.

The pain, impaired nerve regeneration, and sensorimotor
deficits associated with DPN represent a significant source
of disability, ulceration, and infection, which can neces-
sitate amputation (57, 76, 80, 133). Further, currently
available treatments achieve significant pain relief in only
half of the patients (160). The high incidence of diabetes
poses an additional threat to overall health through in-
creased complications post-peripheral nerve injury, a
common occurrence due to trauma and/or surgery. Further,
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the axonal regeneration is significantly impaired by hyper-
glycemia in diabetes. Several animal models have demon-
strated that nerve regeneration is impacted through multiple
intersecting mechanisms (146). An additional challenge in
the treatment of DPN is that current therapies do not nec-
essarily support nerve regeneration, which is associated
with the restoration of function and the alleviation of pain
symptoms. The complex neuro-immune interactions driving
impaired neuroregeneration in diabetes represents a source
of new cellular targets that could both help reverse this trend
and treat DPN pain.

A major cause of DPN is hyperglycemia, which increases
oxidative stress (7). The distal nerve endings in the hands
and feet are especially vulnerable to such damage, resulting
in the typical ‘‘stocking and glove’’ distribution of sensory
loss and pain (Fig. 1). Loss of intraepidermal nerve fibers in
patients and rodent models of pre-diabetes, metabolic syn-
drome, and overt diabetes has been widely reported (16,
122, 163), and it reflects the impaired nerved regeneration
capacity (80). Along with impaired nerve regeneration and
wound healing in general, persistent pain and other sensory
disturbances are common complications of diabetes (157,
176, 179, 182). Approximately 15%–20% of patients with
DPN report the most common and early symptom of DPN:
pain in the feet, often described as a stabbing or burning
sensation, a symptom of small myelinated fiber involve-
ment. Although the symptoms can spontaneously resolve
within a year of onset in about half of the patients with
proper glycemic control, others suffer from persistent
symptoms, resulting in a significant detrimental impact on

their quality of life (www.uptodate.com) (32, 192). In the
present review, we will summarize current targets and ex-
plore the utility of immune cell targeting as a possible future
method for the alleviation of pain symptoms of DPN, which
might be commonly ineffective for the treatment of non-
painful symptoms, such as numbness or other ‘‘negative
symptoms’’ (193).

First-line pharmacotherapies for DPN overlap signifi-
cantly with those used to treat other types of neuropathic
conditions, since neuropathy-specific medications are cur-
rently lacking (119). The first-line therapy of DPN includes
antidepressants (e.g., duloxetine, venlafaxine, amitriptyline,
and other tricyclic drugs) and gabapentinoid antiepileptic
drugs (e.g., pregabalin, gabapentin) (58). In other words, the
most utilized pharmacological targets in DPN are mono-
amine transporters (inhibition of norepinephrine and seroto-
nin reuptake) and voltage-dependent ion channels (typically
Ca2+ channels), respectively. Currently, the clinical practice
tends to target the central nervous system (CNS) and lacks
medications that directly treat peripheral nerve damage,
leading to an emphasis on prevention as a key component in
diabetes care (58, 119, 135).

The need for new DPN diagnostics and therapeutics

It is evident that no single treatment for DPN can be re-
garded as comprehensively effective and completely safe,
and no currently used therapeutics treat or influence the
main underlying cause of DPN: neuronal damage, which is
at least partly driven by complex interplay between the

FIG. 1. Stocking-and-
glove distribution of DPN
(red) and current mecha-
nisms underlying pain and
sensory loss associated with
DPN. DPN, diabetic periph-
eral neuropathy. Created
with Biorender.com Color
images are available online.
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nervous and immune system [in addition to metabolic dis-
ruption, vascular damage, and other non-neuronal cells or
processes, which are discussed in detail in other reviews
such as (150, 159)]. Therefore, the introduction of novel
agents or therapeutic delivery approaches are needed to
advance into the clinical practice with the goal of improv-
ing analgesic efficacy and/or enhance the regenerative pro-
cesses of nerves in DPN. There is tremendous potential for
cellular and targeted therapies, including tissue/cell tar-
geted, nanotechnology-based treatments that could not only
treat but also reverse underlying pathologies driving DPN.
All currently used treatments for DPN, both systemic and
local, do not seem to be disease-modifying; they do not
cause any long-term changes that could potentially reverse
cellular dysfunction, reduce pain, and improve regenera-
tion. In addition, these chronic treatments often lead to the
development of tolerance and reduced responses, which
then require increases in dosing and elevate the risk of side
effects. Finally, current treatments, both single-agent and
combinations, are very difficult to personalize, leaving the
clinician to make indirect judgments based on potential
improvement in symptoms as the gauge of therapeutic suc-
cess. This is why in this article we propose two specific
roles for targeted nanotechnologies in DPN, namely thera-
peutic and diagnostic. We will survey accessible targets
for these developments and propose adapting or tailoring
some of the existing nanotechnologies applied to other dis-
eases such as cancer, autoimmune and inflammatory dis-

eases (e.g., rheumatoid arthritis, or inflammatory bowel
disease). In this article, we lay out the specific cellular tar-
gets that we believe are the most well understood (with
particular regard to neuro-immune interactions) and exhibit
the greatest potential for novel DPN therapeutics and diag-
nostic nanotechnology development.

‘‘Nanomedicine’’, or the use of nanotechnology in med-
icine, has been extensively researched for decades, from
therapeutic drug delivery technologies to diagnostics and
sensors of biological changes during the course of disease.
Our purpose here is to highlight the potential of nanome-
dicine as applied to the treatment and diagnosis in DPN and
propose how nanomedicine can further advance our un-
derstanding of this complex problem. In upcoming sections,
we lay out molecular and cellular targets, starting from
current first-line therapeutic targets in DPN to novel targets
recently uncovered in preclinical research. The focus will be
the key cellular and molecular players in the peripheral
nervous system (PNS) and PNS-immune system interac-
tions. The CNS-targeted nanotechnologies currently de-
veloped to treat neurodegenerative diseases are extensively
reviewed elsewhere (2, 129, 158), and only those applicable
for peripheral targeting will be included here. We present
examples of applicable nanotechnologies that could engage
these targets to both treat DPN pain and potentially support
healing persistent neuronal damage in patients with diabe-
tes. The current proposed novel mechanistic strategies are
summarized in Figure 2.

FIG. 2. Current and proposed mechanistic strategies to target pain and neuropathy in diabetes. Created with
Biorender.com Color images are available online.
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Nervous System Targets as Current First-Line
Therapy of Pain in DPN

Monoamine transporter inhibitors

The only monoamine transporter inhibitor that is approved
by the U.S. Food and Drug Administration (FDA) and the
European Medicines Agency (EMA) for the management of
DPN is duloxetine (135). Duloxetine is a serotonin and nor-
adrenaline reuptake inhibitor (SNRI). Serotonergic and nor-
adrenergic neurons in the superficial dorsal/posterior horns
of the spinal cord are a key point in pain transmission (177).
These descending inhibitory pain pathways inhibit ascend-
ing input from the periphery, a process that is augmented by
inhibiting the reuptake of serotonin and noradrenaline (21,
177). Tricyclic antidepressants (TCAs, e.g., amitriptyline,
desipramine, nortriptyline) can be also utilized for the
management of DPN. The TCAs work on the same principle
as SNRIs, but they exert a more complex mechanism of
action: Besides inhibiting 5-HT and NA uptake, they also
antagonize (among others) the muscarinic acetylcholine-,
histamine- (H1), a1 adreno-, and 5-HT2A receptors (54).
These medications bring pain relief for a number of patients,
but unfortunately, they do not show neuroprotective, or
neuroregenerative properties.

Ca2+ channel subunit modulators

Beside duloxetine, the other FDA and EMA approved drug
for the treatment of DPN is the anticonvulsant pregabalin, an
inhibitor of the voltage-gated calcium channel a2–d subunit
(135). Several clinical studies proved its effectiveness in
DPN (50, 51, 141), though there are discrepancies reported in
terms of its effectiveness (137). Nevertheless, pregabalin is
prescribed on a routine basis for the treatment of DPN. The
important role of a2–d1 in pain transmission is also supported
by knockout animal studies in several different models
(100, 125). In contrast, elevated expression of a2–d1 leads to
prolonged Ca2+ responses, that is, a2–d1 shows a strong ef-
fect on depolarization-induced intracellular Ca2+ signaling in
dorsal root ganglia (DRG) neurons (31, 42). Of note, the a2–
d1 subunit consists of different splice variants with varying
affinity for gabapentinoid drugs, and based on a recent study,
a low-affinity variant is upregulated in damaged DRG neu-
rons in rats (95). This could be a significant feature behind the
inconsistent efficacy of the a2d ligand drugs in DPN, but
further future studies are needed to address this issue.

Combinatorial/opioid-based approaches

In case of inadequate response to first-line therapies, a few
other approaches to treat DPN are available. The American
Diabetes Association (ADA) and other internationally ap-
plied guidelines suggest the use of drug combinations se-
lected from the first-line treatments (www.uptodate.com)
(135, 173). With this, pain can be targeted by two different
mechanisms at the same time: for example, the blockade of
monoamine reuptake (an SNRI, or in some cases a TCA
compound), alongside the blockade of Ca2+ channels by
pregabalin or gabapentin. This combinatorial approach
proves to be effective for a subset of patients, with the oc-
currence of mild to severe unwanted adverse effects being
significantly more common. Another alternative are opioids,
although the scientific literature is contradictory about their

use in DPN (or in neuropathic pain [NP] in general), as the
risk of opioid addiction and overdose has become a serious
concern (9, 38, 47, 69, 173, 185). Based on the recent state-
ment of the ADA, if the combination of first-line drugs failed
to achieve proper analgesia, the opioids tramadol or ta-
pentadol may be added to the therapy (135). In general, the
opioids’ mechanism of effect is the central activation of l
opioid receptors, although based on some studies peripheral
activation of these receptors could also elicit analgesia in
certain pain states (11, 93, 185). Some argue that the ineffi-
ciency of opioids in NP is due to a decrease in the number of
opioid receptors, and therefore high-efficacy compounds
with proper dose titration might be a preferable choice in
patients with NP, but this needs further investigation (9, 38).

First-line therapy targets and nanotechnology

Monoamine transporter inhibitors, TCAs, and opioids
have demonstrated pain relief effectiveness when adminis-
tered to peripheral targets in preclinical studies. This is due
to the presence of their respective targets in the periphery.
A limited number of examples where first-line treatments
have been formulated into nanoparticles exist in the literature
at varied, typically early stages of development. Pham and
Kim (132) recently summarized selected examples of
poly(lactic-co-glycolic acid) nanoparticles packaged with
small-molecule analgesics (e.g., morphine), natural products
(curcumin), siRNA, and proteins, designed for both systemic
and parenteral administration for treatment of NP (Table 1).
Most of these formulations provided extended pain relief that
lasted from 2 days to several weeks. However, some of the
examples utilized rather invasive routes of administration
(intrathecal and intra-hippocampal injection), which may
present a significant barrier to further clinical development.

As mentioned, opioids present unique challenges for
DPN pain treatment due to dangers of overdose, dependence,
and addiction. To overcome these challenges, an elegant syn-
thetic strategy was recently employed where fentanyl-bearing
poly(l-lactide) and poly(lactic-co-glycolic acid) (Fen-PLA/
PLGA) nanoparticles were synthesized (89). These biocom-
patible Fen-PLA/PLGA nanoparticles were synthesized as
polymeric products by using fentanyl-based initiators to pro-
vide controlled opioid release. Further, the researchers used
biodegradable microneedles to provide precise and noninva-
sive administration, avoid potentially toxic drug burst release,
setting the stage for much improved patient compliance once
technology advances to clinical use. Figure 3 shows the key
design features of this innovative nanotechnology.

Based on studies showing peripheral opioid analgesia (10,
93), inhibiting the passage of opioids across the blood–brain
barrier and making them exert analgesic effects in the pe-
riphery was the motivation for another example of opioid-
based nanoparticle design. In this study (55), morphine was
conjugated to a hyper-branched polyglycerol via a cleavable
linker, which released the drug only in inflamed tissues due to
elevated leukocyte esterase activity. The large molecular size
and hydrophilicity of this construct prevents the drug passing
through the blood–brain barrier, and hence it avoids central
side effects. This is one of several examples where chemical
modification of existing clinically used opioids was used to
suppress side effects and achieve more targeted delivery to
the periphery (111).
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Duloxetine was also formulated into nanoparticles for
improving its pharmacokinetic profile, stability, and safety.
In one example, duloxetine chloride was loaded into solid
lipid nanoparticles (SLNs) prepared by sonication with size
less than 100 nm (124). Particles were tested in an animal
model of depression, where treatment reduced depressive

symptoms in the forced swim test. In a more recent study
in rats, duloxetine-loaded solid nanoparticles improved
depression-induced changes in forced swim and tail suspen-
sion tests after an intraperitoneal injection (139). Solid self-
nanoemulsifying drug delivery system (S-SNEDDS) has also
been used to improve the pharmacokinetic profile of

Table 1. Nanomedicine Examples for Neuropathic Pain Treatment [Adapted from Pham and Kim (132)]

Pain model Active ingredient Carrier Administration method
Pain-reduction

time

Rat
SNL-induced NP p38 siRNAs PLGA nanoparticles Intrathecal injection 7 days
Thermal hyperalgesia

and capsaicin-induced pain
TRP siRNAs Solid lipid nanoparticles Topical and intradermal

application
Enhanced

Mouse
MIA-induced osteoarthritis p47phox siRNAs PLGA nanoparticles Intra-articular injection >2 weeks
MIA-induced osteoarthritis p66shc siRNAs PLGA nanoparticles Intra-articular injection >2 weeks

Rat
SNL-induced NP miRNA 146a-5p PLGA nanoparticles Intrathecal injection 11 days
CCI-induced NP TNF siRNAs Gold nanoparticles Intra-hippocampal injection 6 days
CCI-induced NP IL-10 plasmids PLGA microparticles Intrathecal injection >2 weeks

CCI, chronic constriction injury; IL, interleukin; MIA, mono-iodoacetate; NP, neuropathic pain; PLGA, poly(lactic-co-glycolic acid);
SNL, spinal nerve ligation; STZ, streptozotocin; TNF, tumor necrosis factor.

FIG. 3. Schematic repre-
sentation of synthesis, for-
mation, and controlled
release of fentanyl deriva-
tives from Fen-PLA/PLGA
nanoparticles. Fen-PLA/
PLGA, fentanyl-bearing
poly(L-lactide) and poly
(lactic-co-glycolic acid). Re-
produced with permission
from Gonzalez-Rodriguez
et al. (55). Color images are
available online.
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duloxetine in a rat NP model. In this instance, duloxetine was
loaded in combination with the anti-inflammatory and neu-
roprotective natural product curcumin (91). Self-emulsifying
systems, including S-SNEDDS, have unique structural fea-
tures that allow for self-assembly on oral delivery. Typically,
a drug is incorporated into an oil/surfactant/co-solvent
mixture and the nanosystem forms in situ in the stomach
after disintegration of the capsule carrying the mixed ma-
terials (22). Figure 4 shows the typical process for drug
delivery in this class of nanomedicines. The advantage of
such an approach is that it can provide protection from the
harsh stomach environment (low pH, proteases), even for
macromolecules such as protein and DNA (1). Currently
there are no examples where this technology was applied to
NP and DPN, but we posit that this approach could open
doors for effective oral delivery of biologics for DPN
treatment, using a delivery route that is highly preferred by
the majority of patients.

These promising developments offer hope that re-
packaging known first-line drugs into nanomedicines could
become viable treatment options for DPN pain. Although
these examples demonstrate improved drug stability and
pharmacokinetic profiles, leading to improved efficacy, they
do not utilize nanomedicine to its full potential, since there is
no cell-specific targeting. We propose that cell-specific tar-
geting approaches may offer further improvements in the
overall efficacy and safety of first-line drug treatments, ad-
ministered either systemically or locally.

Topical treatments

As an alternative to systemic treatments, other non-first
line therapeutic options include topical therapeutics and
electrical nerve stimulation (not a subject of the present re-
view). Local analgesia is highly preferred over systemic
therapies as it can avoid serious side effects, including the
development of dependence and addiction. Capsaicin is a
commonly used local agent in different NP states and several
studies show significant pain relief after its application, alone
or in combination with other therapeutics. Finnerup et al.
found that the use of high concentration capsaicin patches is

supported by high quality of evidence, although the balance
between desirable and undesirable effect is low; conse-
quently, they recommended its use as second-line therapy
(48). Some studies also suggest the use of lower concentra-
tion capsaicin products (creams or patches), but the literature
is not yet conclusive, and further studies would be needed
for strong recommendation (48, 61, 170). Capsaicin is a po-
tent agonist of the transient receptor potential vanilloid 1
(TRPV1). TRPV1 is predominantly expressed on unmy-
elinated C nerve fibers, and it is highly involved in the acti-
vation and sensitization of peripheral nociceptors (21).
Prolonged use of capsaicin results in desensitization, and
therefore the inhibition of pain transmission. TRPV1 (and
other TRP channel) ligands might be a novel future group in
the treatment of NP (19, 149, 180). Others have reviewed in
detail the role of TRP channels in NP (15). Lidocaine (5%
strength) patches are also available for the treatment of NP, as
a second-line topical strategy. There are studies suggesting
significant improvement in DPN (13, 40), yet Finnerup et al.
showed in their meta-analysis that the evidence supporting its
use in NP is low quality, but with high tolerability and a
preferable safety profile (48). Further studies are needed to
determine the appropriate place of topically applied local
anesthetics in the therapy of peripheral NP diseases (39).
Lidocaine, similar to other local anesthetics, is an inhibitor of
voltage-gated sodium channels. Therefore, it is an inhibitor
of pain transmission via blockade of depolarization and ac-
tion potential propagation. Subtype-selective sodium channel
inhibitors are an area of active research, and they might be a
future tool to provide more specificity in the management of
NP. The roles of sodium and other ion channels in different
NP conditions have been reviewed elsewhere (35, 136).

Nanotechnology for PNS targeting

Though locally targeted therapies are considered safer than
systemic therapies, they still lack specificity and targeting,
both of which would be critical for effective and personalized
DPN treatment. Locally acting nanotechnology-based anal-
gesics have been demonstrated as viable options for the
treatment of pain related to PNS injury.

FIG. 4. SEDDS strategy
for oral delivery of macro-
molecules. SEDDS, self-
emulsifying drug delivery
systems. Image reproduced
from AboulFotouh et al. (1).
Color images are available
online.
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de Araujo et al. recently summarized the current state-of-
the-art for lipid-based nanocarriers, such as lipid nano-
particles, nanocrystals, and liposomes developed for local
analgesia (34). We present here a few examples that either
locally deliver well-known analgesics or engage targets in-
volved in controlling DPN pain and have been evaluated in
nerve injury or DPN animal models.

Local anesthetic delivery with lipid-based nanosystems
(liposomes, microemulsions, lipid nanoparticles) has been
pursued with the goal of prolonged analgesia and improved
local efficacy (34). Bupivacaine lipid-polymer hybrid
nanoparticles were synthesized by self-assembly and nano-
precipitation. These nanoparticles showed extended anal-
gesic effects in mice, up to 20 h, compared with 1 h with free
drug delivered subcutaneously. This extended efficacy was
attributed to both improved drug stability and delayed drug
release (108). A similar formulation of ropivacaine dem-
onstrated the same improvements in analgesia in both mice
and rats (24). A recent study compared tetracaine-loaded
poly(l-lactide) (PLA) nanoparticles, SLNs, and nanos-
tructured lipid carriers (NLCs) and evaluated them in vitro
for serum stability, drug release, and skin penetration, and
in vivo for analgesic efficacy (105). Interestingly, though
PLA nanoparticles delivered the best tissue penetration of
tetracaine, NLCs achieved superior analgesia in two sepa-
rate tests in mice. This study highlights that local analgesia
achieved with nanosystems requires careful in vitro and
in vivo evaluation, and analgesic efficacy is profoundly af-
fected by both the drug of choice and the nanosystem
composition. Specifically, the drug crystallinity, solubility,
and nature of interactions with the components of the de-
livery nanosystem (e.g., polymers, surfactants, lipids, etc.)
will determine release profile, whether extracellular or in-
tracellular. Nanosystem surface properties are directly
influencing the interactions with biological fluids and
membranes and drive the drug biodistribution and, ulti-
mately, clearance (106, 117). The nanosystems offer precise
control of drug delivery, efficacy, and clearance, which is, in
our opinion, yet to be fully realized for DPN.

In addition to local anesthetics, natural products have
been investigated as local analgesics packaged as nanome-
dicines. Capsaicin magnetic nanoparticles designed for local
pain relief demonstrated much improved efficacy at TRPV1
in vitro and longer analgesic effects in vivo in inflammatory
pain rodent models (14). Kopach et al. found persistent an-
algesia improvements with combining the Na+-channel
blocker QX-314 and capsaicin delivered locally by using
biodegradable microcapsules (87). The drug combination
showed long-lasting analgesic effects and was more effective
than capsaicin alone when tested in the complete Freund’s
adjuvant (CFA) inflammatory pain mouse model.

Although these microcapsules are not nanosystems per se,
nor is the CFA pain model directly relevant to DPN, this
study is important as it highlights huge untapped potential for
local analgesia where a combinatorial approach engaging
multiple targets provides long-lasting analgesia. Taken
together, these examples indicate that currently well-
established molecular targets for local analgesia hold po-
tential for treatment developments using locally delivered
nanotechnology. Nanotechnology can improve both efficacy
and safety and ultimately provide the long-lasting analgesia
needed in patients with DPN.

Non-Neuronal Cell Targets and Their Role in DPN

Targeting Schwann cell dysfunction in DPN

Schwann cells are essential in the maintenance of normal
physiological functions of peripheral neuronal cells. The
complex functions of Schwann cells include being an insu-
lating barrier to ion movement, hence allowing fast con-
duction, and physiological response to nerve injury (e.g.,
phagocytosis of debris) (44). In the event of nerve damage,
Schwann cells are able to transition from a myelinating to a
regenerating phenotype, while also undergoing proliferation.
It was shown in rats that after neuronal injury (sciatic nerve
lesion), there is a marked increase in neurotrophic factor
expression (such as NGF, BDNF, NT-4, p57NTR, IGF) in
Schwann cells distal to the damaged nerve (44, 45). Several
studies suggest that Schwann cells support axonal outgrowth
by not just physical support (production of basal lamina
proteins), but also by producing a wild variety of growth
factors. It has been also postulated that neurotrophin binding
on the cell surface of Schwann cells (possibly mainly via
p57NTR, the low affinity receptor of NGF) might provide
neurons with trophic support and chemotactic guidance for
regenerating neurons (172).

Hypoxia, hyperglycemia, and increased oxidative stress—
the typical attributes of DPN—can contribute both directly
and indirectly to Schwann cell dysfunction (44). It is not yet
clear whether the necessary transition of Schwann cells from
a myelinating to a regenerating phenotype is compromised in
diabetes, but it could potentially explain the deficits observed
in regeneration. Ekstrom and Tomlinson showed that neu-
ronal regeneration is improved by treatment with ganglioside
(glycosphingolipids, which are particularly abundant in the
neuronal membrane), presumably via an effect on Schwann
cells (46, 178). The study of Jolivalt also suggests the pos-
sibility that influencing the function of Schwann cells might
improve NP symptoms and nerve regeneration. They inves-
tigated the effects of prosaposin, a secreted neurotrophic and
myelinotrophic factor (75). Among the several described
functions of prosaposin (e.g., inducing neuritogenesis, pro-
moting maturation of muscle), it was previously shown that it
promotes the myelinating phenotype of Schwann cells (68).
Jolivalt et al. found that prosaposin secretion is reduced after
nerve injury, which may contribute to impaired neuror-
egeneration in diabetic animals (75). The supplementation of
a peptide fragment of prosaposin improved regeneration in
diabetic rats (improved NP symptoms and nerve regeneration
distance and mean axonal diameter of regenerated axons).
The mechanism of action of prosaposin is not yet fully un-
derstood, but its effect on Schwann cells might be a signifi-
cant contributor in the improvement of neuronal functions,
though further studies are needed to clear this question.

Schwann cells targeting with nanotechnology

The extent to which influencing the function of Schwann
cells in DPN will be a future clinical tool is yet unclear, but
several recent literature reports demonstrate potential for
nanotechnology in modulating Schwann cell behavior to
promote nerve regeneration. In a recent study, Razavi et al.
(140) applied NGF-loaded chitosan nanoparticles and tested
them in vitro for their effects on the differentiation of
adipose-derived stem cells into Schwann-like cells. Though
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limited in scope, this study demonstrates promise for further
development where NGF could be delivered specifically to
Schwann cells, leading to their modulation in DPN. In an-
other study, liposomes were used to transfect Schwann cells
to express neurotrophin-3 (194). The resultant modified
Schwann cells were found to promote repair of sciatic nerve
defects. In a recent study, a natural product, syringic acid,
delivered with mPEG-PLGA-PLLSA-PEAL nanoparticles
was found to enhance the proliferative and migratory ability
of Schwann cells and contribute to the functional recovery of
injured sciatic nerves (102).

It is yet to be confirmed whether these specific ap-
proaches would be beneficial for DPN; however, these
studies show that Schwann cells are amenable to cellular
modulation using nanotechnology. Further, Schwann cells
belong to a complex dynamic multicellular vascular
structure, the blood–nerve barrier with endoneurial endo-
thelial cells, perineurial cells, pericytes, basement mem-
brane, and axons found to play a significant role in
neuropathies (165). This structure is critical defense
against chemical and biological insults at the peripheral
nerves, which can be utilized for nanotechnology modu-
lation with a single or multi-target approach. As discussed
in the following chapters, Schwann cells play a critical role
in neuro-immune interactions in DPN, which further
strengthens the argument that these cells should be con-
sidered as nanotherapeutic targets.

Neuroimmune Interactions in DPN

A rapidly developing area of pain research is the investi-
gation of interactions between neuronal processes and
immunological pathways. It has become clear that these in-
teractions are crucial in the development and maintenance of
a majority of pain states (12, 148). A plethora of inflamma-
tory mediators are known to sensitize nociceptors and are,
therefore, associated with pain and the pathophysiology of
DPN (18, 27, 163). In the following subsections, we describe
the inflammatory processes and immune cells involved in the
development of DPN, and how they could potentially be
targeted by novel therapies and diagnostics.

Macrophage infiltration is a well-known phenomenon in
different NP conditions (traumatic, metabolic, toxic, degen-
erative, etc.), as macrophages are the most prominent leu-
kocytes involved in nerve injury and regeneration (29, 59).
Tissue-resident macrophages initiate an inflammatory cas-
cade in response to the site of injury and mediate the re-
cruitment of neutrophils and monocytes to the injured area.
Monocytes recruited to sites of nerve injury differentiate into
additional macrophages that secrete pro-inflammatory me-
diators, including prostaglandin E2 and cytokines such as
tumor necrosis factor-a (TNF-a), interleukin (IL)-1, and IL-6
(99, 186). These inflammatory mediators further amplify the
inflammatory response and contribute to the maintenance of
neuropathy, pain, and sensory loss (4). Consequently, DPN is
associated with macrophage accumulation at site(s) of nerve
terminal degeneration (153), at nerve terminals (i.e., in the
skin), and in the more proximal nerve (29, 143). In the case of
neuropathy, inflammatory-polarized macrophages accumu-
late in the vicinity of injured nerves to play a role in the
regulation of neuroinflammation and function as a common
peripheral regulator of NP.

As there is a strong interplay between neurotrophic factors
and processes and the immune system, directly aiming at
immunological targets might be an interesting novel thera-
peutic approach in the management of DPN. Kennedy and
Zochodne investigated the abnormal macrophage participa-
tion in nerve repair in diabetic animals (79). They concluded
that impaired macrophage recruitment and impaired macro-
phage function in diabetes may underlie impaired clearance
of debris and therefore sub-optimal regeneration. The ques-
tion that inevitably rises is whether normalizing macrophage
functions could lead to improvement of DPN, and which
targets are most likely to achieve this outcome. Here, we will
focus on those targets that are currently most accessible for
nanomedicine development and targeted drug delivery ap-
proaches as potential new DPN treatments.

Macrophage targeting in DPN

Macrophages make appealing nanomedicine targets, due
to their early and ongoing roles in the pro-inflammatory
process. Based on the tissue environment at the site of injury,
macrophages assume one of two heavily studied phenotypes:
pro-inflammatory (M1) or anti-inflammatory/pro-healing
(M2), though it is likely that these are two extremes on a
continuum of potential phenotypes. Classically activated M1
macrophages accumulate in the area of inflammation in the
early stage and participate in pro-inflammatory phase where
debris clearance is facilitated. These macrophages later po-
larize into alternatively activated M2 macrophages, relieving
inflammation and improving repair by playing a neuropro-
tective role.

It is critical that M1 macrophages, as well as monocytes
and T helper cells (Th), undergo activation at the appropriate
times after injury to orchestrate the clearing of damaged
tissue or apoptotic cells, stimulation of angiogenesis, and
promotion of cell proliferation (37). Targeting macrophages
after experimentally induced NP with a macrophage-
targeting toxin or blocking macrophage-derived inflamma-
tory cytokines and chemokines with selective inhibitors of-
fers promise by preventing continued NP in rodent models
(73, 82, 83, 86). Direct delivery of macrophages as cellular
therapy has been shown in experimental studies to enhance
cellular repair, but there is a lack of clinical translation as-
sociated with the difficulty and potential hazards of admin-
istering live cells. As a result, there is a benefit in recruiting
endogenous macrophages through target drug delivery over
delivering exogenous macrophages (52). Experimentally, the
benefit of recruiting macrophages in tissue healing has been
demonstrated with multiple methods. One such approach
implanted biodegradable vascular grafts seeded with human
bone marrow cells, expediting the recruitment of host
monocytes and macrophages with the secretion of monocyte
chemoattractant protein-1 (142). In addition, encapsulated
gelatin/lactic acid-based micelles containing the macrophage
recruitment agent SEW2871 in gelatin hydrogels promoted
tissue healing in a rat model (84).

The key macrophage receptor regulating M1–M2 con-
version is CD163. CD163 scavenges hemoglobin:haptoglo-
bin complexes, which leads to the nuclear translocation of the
transcription factor Nrf2 (NF-E2-related factor 2), upregu-
lation of heme oxygenase (HO)-1 cytoprotective protein, and
release of the anti-inflammatory cytokine IL-10 (96). Data
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suggest that a range of natural and synthetic anti-oxidants
may drive M1 to M2 switching through Nrf2/HO-1, leading
to improved kidney function in diabetes (74, 96, 121).
Therefore, Nrf2, which is the transcriptional regulator up-
stream of HO-1, might be a novel target in diabetes man-
agement and DPN. Although Nrf2 activation has been mainly
investigated in kidney and heart diseases during diabetes,
Nrf2 agonists showed mixed results in clinical trials (with
adverse events including heart failure and fluid overload (26,
36, 130). Further study is needed to establish whether M1–
M2 transition induced by the Nrf2 pathway could be bene-
ficial in DPN management.

Toll-like receptor (TLR) signaling is also crucial for ap-
propriate activation of macrophages. Through the stimulation
of TLRs, macrophages produce pro-inflammatory cytokines
and chemokines. Co-stimulatory molecules that are critical
for adaptive immune responses are also induced, and they
regulate their own transcription (169). Mohammad et al. re-
ported that TLR expression/signaling is disrupted in diabetes
(e.g., expression of TLR3 and TLR5 was significantly higher
in diabetic animals), which may contribute to the impaired
macrophage function (118). The exact role of these changes
in the future therapy of diabetes and DPN needs to be further
investigated. Given that the hyperglycemic diabetic milieu is
known to drive pro-inflammatory polarization of macro-
phages (60, 174), it is plausible to suggest that measures
designed to reduce this pro-inflammatory polarization will
have a positive impact on nerve regeneration in diabetes.
Macrophages are an important source of cytokines (IL-1, IL-
6, IL-12, TNF-a), which are necessary for driving regenera-
tion (80). Kamijo et al. investigated the process of Wallerian
degeneration in spontaneously diabetic biobreeding
Worcester rats (78). They showed a marked delay in Wal-
lerian degeneration and decreased endoneurial macrophage
activity in diabetic nerves, indicating their interrelation. This
study gives evidence that macrophage influx and clearance
activity is impaired in diabetes (decreased phagocytic activ-
ity by macrophages). Interestingly, these changes were not
demonstrated in aldose reductase inhibitor (ARI) treated di-
abetic rats. How exactly ARI treatment improves macro-
phage function is not clear, but it seems that activation of the
polyol pathway may influence both intrinsic and extrinsic
mechanisms governing nerve fiber regeneration. Other arti-
cles provide further details about ARI treatment and how it
might be utilized for the treatment of DPN (56, 77, 178).

Targeting macrophages with nanotechnology
for the management of NP

Considering the earlier findings together, it is becoming
clearer and clearer that macrophages play a highly significant
role in the development of NP. Therefore, agents aiming at
influencing their activity represent promising therapeutic
candidates in the management of NP diseases, including
DPN. The rapidly developing nanotechnologies available to
target macrophages also offer a promising novel approach to
specifically influence macrophages, hence alleviating DPN.
The ability of macrophage-targeted nanomedicine to selec-
tively and specifically influence macrophage behavior in vivo
lies in their ability to uptake nanoparticles by endocytosis
and/or phagocytosis (52). Nanoparticle uptake can be facili-
tated by a variety of targeting and surface modification

strategies. Two basic strategies exist for targeting macro-
phages in the treatment of inflammation, with nanoparticles
revolving around the existence of macrophages in two dis-
tinctive phenotypes. One such method involves macrophage
depletion by nanoparticle-loaded drugs, whereas the other
employs re-education by nanoparticles carrying specific cy-
tokines to the relevant microenvironment to skew M1-
polarized macrophages to M2 (70). Although achievable by
using nanoparticle-based approaches, macrophage depletion
is not an ideal strategy due to potential immunosuppressive
effects and creating defects in infection defense. For that
reason, macrophage-directed drug delivery aimed at sup-
pression of intracellular pro-inflammatory pathways using
small molecules or siRNA is a safer and more effective al-
ternative. Modulation of macrophage phenotype with nano-
particles is an attractive therapeutic strategy, and a recent
review highlights the new developments in macrophage-
targeted polymeric nanoparticles (5). These theranostic na-
noemulsions (NEs) allow visualization of macrophage infil-
tration as a surrogate measure of inflammation by multimodal
imaging strategies, combining both fluorescence and mag-
netic resonance imaging.

Recently, we have developed and evaluated theranostic
NEs for targeting macrophages via an intravenous injection
in a rodent NP model with the goal of suppressing injury-
induced neuroinflammation (144, 181). The NEs are widely
used colloidal dispersions in pharmaceutical applications as a
biocompatible strategy to increase bioavailability of poorly
soluble or lipophilic drugs (88, 115, 138, 147, 151). The NEs
can be designed to have multimodal imaging capability, as
well as exceptional colloidal and photo stability allowing
incorporation into gels and can be produced on an industrial
scale (103). We have established a robust multimodal ther-
anostic perfluorocarbon nanoemulsion (PFC-NE) platform
that simultaneously delivers a therapeutic agent and monitors
responsiveness to therapy, integrating therapeutic and diag-
nostic functionalities (66, 67, 72, 103, 123, 126–128). The
novel colloidal nanosystems, PFC-NEs are triphasic because
they consist of: perfluoropolyether (fluorous phase), hydro-
carbon oil (synthetic or natural/organic phase), and water
(aqueous) phase. These small-sized (100–140 nm) PFC-NEs
are ideally suited for theranostics, due to their surface-area-
to-volume ratio that allows for effective loading of drugs and
multiple imaging agents, and can provide sustained release,
and the ability to functionalize the surface with cell targeting
ligands (macrophage targeting ligands) (67, 72, 126).

Macrophages at sites of injury, whether hematogenous or
resident, produce numerous pro-inflammatory mediators
(e.g., chemokines, cytokines, cyclooxygenase-2 [COX-2]
induced prostaglandins) (134). COX-2 levels are upregulated
after neuronal injury (43, 168), and persistent overexpression
of COX-2 in infiltrating macrophages has been strongly
linked to chronic (late phase) neuroinflammation and NP in
both rats and humans (43, 109, 110, 168). Our prior and
ongoing work confirms that COX-2 inhibition in monocyte-
derived (hematogenous) macrophages by targeted delivery
of COX-2 inhibitors (e.g., celecoxib) can reduce tactile
allodynia to baseline levels in a rat model of NP (72). To
effectively suppress COX-2 in nerve injury infiltrating
macrophages, we used nanoemulsions designed for selective
targeting of macrophages with an extended and prolonged
drug release profile. COX-2 inhibitor (celecoxib [CXB])

130 BALOGH ET AL.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

G
ro

ni
ng

en
 N

et
he

rl
an

ds
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

5/
11

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



loaded nanoemulsions (CXB-NEs) are designed to delay in-
tracellular drug release by 3–5 days. This delay in COX-2
inhibition is critical to allow M1 macrophages to support
initial injury debris clearance and prepare the area for neu-
ronal regeneration (20). Muzamil Saleem et al. have shown
that targeted macrophage COX-2 inhibition with celecoxib
loaded nanomedicine (CXB-NE) leads to a phenotype shift
from M1 to M2 at the site of neuronal injury in an NP model
in rats, whereas there was no response to drug-free control
(drug free NE), Figure 5 (120). In a related study in an in-
flammatory pain mouse model, we have also demonstrated
that a single dose of macrophage-specific COX-2 inhibiting
nanomedicine provides extended reversal of mechanical
hypersensitivity—over 30 days in males and 10 days in
females (104).

In an in vitro study (3), human macrophages were trans-
fected to overexpress CD163 by using polyamine nano-
particles. The CD163-overexpressing cells exhibited reduced
levels of pro-inflammatory cytokines and increased levels of
anti-inflammatory cytokines after stimulation with lipo-
polysaccharide (LPS), further suggesting the critical role of
CD163 in macrophage polarization. A more recent study by
the same group showed differences between macrophages
obtained from patients with DPN and healthy donors. Briefly,
they transfected macrophages with CD163 by using poly-
amine nanoparticles and then studied their response in vitro
to LPS challenge. They found that DPN patient-derived
macrophages showed a pro-inflammatory phenotype in an
unstimulated state, which was reversed by CD163 transfec-
tion (4). Whether any of these macrophage-targeted nano-
technology approaches may be applicable to DPN is currently
unknown and subject to further investigation.

Angiotensin II signaling in neuroimmune interactions

We have recently reviewed the complex role of the renin–
angiotensin system in NP development (8). Consistent with
a pro-inflammatory role for angiotensin II (Ang II) signal-
ing, it has been suggested that angiotensin converting en-
zyme (ACE) inhibitors or angiotensin receptor blockers can
be anti-inflammatory (145). It has also been demonstrated
that nerve injury is associated with increased Ang II pro-
duction. This ‘‘local’’ (i.e., non-circulatory) production of
Ang II represents a novel component of inflammation,
neuropathy, and pain (153, 155, 156). Importantly, clinical
trials of Ang II receptor blockers for pain relief have shown
promising results (62). Importantly, the AT2R signaling
within the immune system is involved in NP, and Ang II
receptor positive (AT2R+) macrophages at the site of nerve
injury are required in the process. (152, 153, 155, 156).
These effects are consistent with the hypothesis that Ang II
stimulates the production of growth factors, cytokines, and
chemokines (184), an observation consistent with the in-
duction of inflammation-related genes seen in transcript
analysis in other disease models (162).

From a nanomedicine design perspective, it is important
to emphasize the finding that Ang II exerts a chemotactic
effect on macrophages when injected into hindpaw skin (23,
85). Further, data suggest that Ang II production at sites of
nerve injury influences macrophage infiltration. We re-
cently demonstrated the expression of Ang II receptor genes
in tissue biopsies and functional expression in primary

mouse macrophages, and mouse and human cell lines
in vitro (153, 155). At the same time, it was shown that
exogenous Ang II (at sub-nanomole quantities) is sufficient
to induce pain hypersensitivity.

These data support the hypothesis that macrophages re-
spond to pain-promoting Ang II released by injured nerves in
DPN. We have shown that Ang II can drive macrophage
infiltration, and macrophage density is elevated in the vicinity
of injured nerves in mice and humans (Fig. 6) (153). Ac-
cordingly, the inhibition of Ang II receptor signaling reduces
mechanical and cold hypersensitivity by targeting infiltrating
macrophages. We have also shown that Ang II acts via the
type-2 Ang II receptor (AT2R) on macrophages to produce
reactive oxygen species (ROS), which sensitize adjacent
sensory nerves. Key experimental findings were recapitulated
in human neuron cultures and patient samples (153, 155).
Antioxidant-based nanomedicines are therefore an attractive
target, as detailed in previous sections for activators of the
antioxidant regulator gene Nrf2. In addition, cerium oxide
nanoparticles exhibit antioxidant properties and have dem-
onstrated a reduction in ROS-induced neuronal loss in
models of Alzheimer’s and multiple sclerosis. However, their
efficacy in peripheral neuropathies has not been tested (92).
Nevertheless, they may offer ancillary benefits for DPN in the
form of accelerated wound healing (25).

Systemic or local injection of an AT2R antagonist strongly
attenuated mechanical and cold hypersensitivity in a mouse
model of traumatic neuropathy (153, 155). These results
suggest that long-term inhibition of local Ang II signaling
could reverse sensorimotor disruption in DPN. High-fat diet
feeding to wild-type mice is used as a model of the early
stages of type 2 diabetes (28). The resultant diet-induced
obese mice show an increase in tactile hypersensitivity sim-
ilar to that seen in type 2 diabetes, a finding that has been
independently verified (143, 164). Prior reports have sug-
gested a beneficial role for ACE inhibitors in diabetic neu-
ropathy, but the beneficial effect of such an approach was
ascribed to improvements in endoneurial blood flow rather
than neuroimmune crosstalk (113). These data indicate that
Ang II generated in the vicinity of neuronal injury potentially
contributes to pain sensitivity in diabetic neuropathy and
similar disease states.

Other (Non-Macrophage) Immune Cell
Types Involvement in DPN

Our understanding of the complex machinery of neu-
roimmune interactions in the development of NP continues to
grow and is still far from being fully understood. Besides the
tremendous changes caused by prominent macrophage in-
filtration, there are now clear signs of the contribution of
other immune cells to the development of pain. Although
macrophages seem to be the most promising targets for the
future treatment of DPN (112), other immune cell types are
also involved.

Yao et al. showed that in patients with trigeminal neural-
gia, neutrophils, lymphocytes, monocytes, platelets, albumin,
as well as the neutrophil/lymphocyte ratio and monocyte/
lymphocyte ratio were all elevated (188). In the study of
Sutherland, CD4+ and CD8+ T cells and CD20+ B cells were
localized in human ganglia of patients suffering from post-
herpetic neuralgia, years after the viral infection (167). In this
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FIG. 5. Macrophage M1–M2 phenotype shift induced by COX-2 inhibition. Macrophage polarity shifts from the pro-
inflammatory M1 to the anti-inflammatory M2 phenotype in the day-12 nanomedicine treated (CXB-NE) group. (Day 12 refers to
12 days after CCI surgery.) There is a 27.5% reduction ( p < 0.0001) in M1 pro-inflammatory macrophages in the day-12 CXB-NE
group (B, F) compared with the day-12 DF-NE group (A, E). At day 18, the percentage of M1 macrophages increases by 56.7 to
85.7% in the nanomedicine-treated (CXB-NE) rats, compared with day 12 (D, H). At day 18, levels of M1-positive macrophages rise
to 91.4% per ROI in the DF-NE group (C, G). There are no significant differences in nanomedicine colocalization with M1
macrophages. The percentage of anti-inflammatory M2 macrophages increases significantly ( p < 0.0001) by 69.0% in the day-12
CXB-NE group (J, N) compared with the DF-NE animals (I, M). At day 18, the proportion of M2 macrophages in the CXB-NE
group (L, P) drops significantly ( p < 0.0001) by 41.8%, whereas there is no significant difference in the DF-NE group at day 18
(K, O), compared with day 12 (I, M). M2 macrophages in the day 18 conditions show a significantly lower nanomedicine NIRF
colocalization compared with both the DF-NE (Fisher’s exact test, p < 0.0001) and CXB-NE (Fisher’s exact test, p < 0.0001) day 12
groups. At day 18, the percentage of M2 macrophages that are positive for nanomedicine NIRF signal is significantly lower in the
CXB-NE group (Fisher’s exact test, p = 0.000376) compared with the DF-NE group. All scale bars are 15lm. The significance of
M1- and M2-positive macrophage percent difference between conditions is represented as a Fisher’s exact test p-value; 95%
confidence interval. n = 3 animals, 21–33 ROI). CCI, chronic constriction injury; COX-2, cyclooxygenase-2; CXB-NE, celecoxib
nanoemulsion; DF-NE, drug-free nanoemulsion; NIRF, near-infrared fluorescence; ROI, region of interest. Data, images and figure
legends reproduced from Saleem et al. (144). Color images are available online.
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section, we describe findings suggesting a role of different
immune cells in the development and maybe the future
management of NP.

During the complex process of Wallerian degeneration
induced by nerve damage, Schwann cells release numerous
proinflammatory cytokines and chemokines (e.g., IL-1a,
IL-1b, IL-6, TNF-a, LIF, MCP-1) (191). The release of these
inflammatory mediators results in phospholipase A2 upre-
gulation by Schwann cells, which, in turn, generates lyso-
phosphatidylcholine (LPC) (53). The LPC acts as an ‘‘eat
me’’ signal for macrophages and triggers the classical com-
plement pathway, hence the influx of neutrophils. Neu-
trophils are the earliest inflammatory cells that infiltrate
damaged nerves and tissues, with a peak usually after 3 days
of injury. Neutrophils release different inflammatory medi-
ators as well (such as TNF-a, IL-1b, IL-2, IL-6, bradykinin,
etc.), leading to hyperalgesia and the recruitment of other
immune cells, such as macrophages (101). About a decade
ago in the study of Perkins and Tracey, it was shown that
neutrophils play an essential role in the early development of
hyperalgesia after peripheral nerve injury (131). The ad-
ministration of neutralizing antibodies against neutrophils
alleviated the pain symptoms within the first 48 h after injury
but proved to be ineffective after this period. There are recent
studies showing the contribution of neutrophils in the de-
velopment of mechanical allodynia in an experimental model
of multiple sclerosis, but their exact role in the development
of different neuropathies and the emergence of pain symp-
toms needs further investigation (63, 189).

Current findings shed light on the role of different T cell
subtypes in the development of autoimmunological neurop-
athies, rather than DPN (191). As an example, CD8+ T cells
seem to be the main contributors to the development of
Guillain–Barre syndrome (GBS) and chronic inflammatory
demyelinating polyneuropathy (CIDP) and Schwann cells
seem to be involved in these complex mechanisms as well
(187, 191). This indicates that besides macrophages,
Schwann cells are capable of interacting with these cell types.
Indeed, Tang et al. investigated the interactions under dia-
betic conditions. They found that Schwann cells under high
glucose level upregulate the expression of different C–X–C
motif chemokine ligands, which leads to the attraction and
activation of cytotoxic CD8+ T cells, resulting in the release
of different inflammatory modulators (171). There are addi-
tional studies showing that Schwann cells interact with nat-

ural killer T cells: In patients suffering from CIDP and GBS,
markers of antigen-presenting cells, as well as co-stimulatory
molecules were detected on Schwann cells, indicating the
capability of antigen presentation by these cells (114, 116).
On the other hand, Krukowski et al. found that CD8+ T cells
increase DRG IL-10 receptor expression, and consequently
they are required for the resolution of chemotherapy-induced
NP in mice (90). These somewhat contradictory results might
be explained based on the variation in the damaging insult
and subsequent nerve injury response. This evidence further
strengthens the strong interplay between immune and neuronal
cells and should be further investigated in DPN models. Har-
tlehnert et al. showed how Th cells promote the development
post-traumatic nerve inflammation and NP (64). They proved
the capability of Schwann cells to express class II major his-
tocompatibility complexes (MHC-II); hence, they might act as
antigen presenting cells (APCs), that is, they described them as
potentially conditional APCs. They found that the deletion of
MHC-II in myelinating Schwann cells reduces both mechan-
ical and thermal hyperalgesia. These beneficial changes were
accompanied by a reduction of intraneural CD4+ T cells. These
results indicate that Schwann cells modulate local immune
responses in the peripheral nerves, as well as the involvement
of T cells in neuroimmune interactions accompanying the
development of pain.

Davoli-Ferreira et al. investigated the role of regulatory
T cells (Treg) in NP by using a partial sciatic nerve ligation
model in mice (33). They showed that these cells infiltrate
and proliferate in the site of peripheral nerve injury. Inter-
estingly, they found that Treg counteracts NP development,
possibly via IL-10 signaling and the inhibition of the CD4
response. There are several other studies showing the bene-
ficial role of Treg in the attenuation of NP as well (6, 97).
Most recently, Ding et al. showed that the depletion of Treg
counteracts the protection of NP mediated by gut microbiota
changes, and it results in an increase of IFN-c-producing Th1
cell infiltration in the spinal cord (41). Based on these results,
boosting Treg functions and the inhibition of CD4 response
might be beneficially utilized in the treatment of NP diseases.

Neutrophil and T cell targeted nanomedicine

Biomaterials and nanosystems designed specifically to
engage immune cells beyond macrophages have been ex-
tensively investigated in recent years, and they are

‰

FIG. 6. Ang II induced macrophage density changes in mouse hind paw, and human skin. Ang II induces peripheral
macrophage infiltration in mouse hind paw skin and increased macrophage density in skin biopsies from human patients
with diabetic and chemotherapy-induced peripheral neuropathy. (A) Representative confocal microscopy images of mouse
hind paw plantar punch tissue sections showing hind paw Ang II injection (100 pmol, ipl) enhances macrophage (green;
Iba1) and neutrophil (red, Ly6g; blue, DAPI) infiltration both 1 and 5 h after injection compared with saline injection. Scale
bar, 100 lm. Magnified views of area indicated as red dotted rectangular boxes are shown on the right top corner in each
image group. (B) Representative confocal microscopy images of human plantar punch tissue sections showing increased
macrophage density (Iba1) in human leg/ankle skin biopsies from diabetic neuropathy and chemotherapy-induced pe-
ripheral neuropathy patients compared with age-matched healthy controls. This is accompanied by a decrease in the density
of nociceptive nerve fibers (PGP9.5) in the skin (bottom row images). Green dotted rectangular boxes on the top left corners
in top row images represent magnified views of individual macrophages in indicated areas. Scale bar, 100 lm. (C) Density
of both macrophages and nociceptive fibers in human skin biopsies that are quantified and presented as individual ex-
perimental replicates, with mean – SEM marked therein (n = 2 sections each from n = 8 human subjects per group). *p < 0.05,
###p < 0.001, and ns versus healthy control groups, one-way ANOVA with Tukey’s multiple-comparisons post hoc test. Ang
II, angiotensin II; DAPI, 4¢,6-diamidino-2-phenylindole; ns, not significant. Data, images and figure legend reproduced from
Shepherd et al. (153). Color images are available online.
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thoroughly reviewed elsewhere (98). Here, we will highlight
a few examples of nanomedicines targeted to T cells and
neutrophils. As expected, most neutrophil targeting examples
have been evaluated in tumor immunology contexts and for
the purpose of improving cancer therapy. Polypoly(sialic

acid) decorated liposomes were shown to be specifically ta-
ken up by neutrophils in vivo due to the presence of sialic acid
receptors on the neutrophil cell membrane (107). Wang et al.
successfully inactivated the pro-inflammatory functions of
neutrophils with albumin-based nanoparticles loaded with
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the tyrosine kinase inhibitor piceatannol, resulting in reduced
vascular inflammation (183). Another study employed a
different approach, wherein instead of targeting neutrophils,
the nanoparticles were formulated with neutrophil membrane
surrounding the polymeric core. These unique neutrophil-
nanoparticles showed remarkable anti-inflammatory effects
in an arthritis model (190).

T cells are, by far, the most challenging cells to effectively
target in vivo with specific nanoparticles for both therapeutic
intervention and diagnostics. However, successful examples
of modulating T cell behavior in living subjects by T cell
targeted nanosystems have been reported (161). Briefly, to
achieve gene delivery into T cells, T cell-targeting anti-
CD3e f(ab¢)2 fragments were coupled to the surface of
biodegradable poly(b-amino ester)-based nanoparticles.
This is a typical approach for targeting T cells where anti-
bodies or antibody fragments are used to achieve target
specificity, as opposed to macrophages where simpler sur-
face modifications (e.g., size, charge, PEG-ylation, etc.) and
small-molecule or peptide incorporation is sufficient to se-
cure targeting and intracellular uptake. Maleimide-thiol
chemistry was recently used to conjugate anti-CD4 f(ab¢)
antibody fragments to the surface of PEG-ylated PLGA
nanoparticles to target CD4+ T cells and deliver eggmanone,
a specific Hh inhibitor, as a T cell directed immuno-
modulation approach (65). The use of these technologies in
DPN may currently seem like a distant prospect. However,
as our knowledge of the role of T cells in DPN increases and
new intracellular targets are discovered, having access to
already established T cell targeted nanoparticles is useful for
two reasons: (i) We can utilize nanosystems to achieve very
specific T cell modulation with pathway inhibitors or other
types of probes that can lead to new mechanistic insights;
and (ii) targeting T cells may open new therapeutic oppor-
tunities for DPN.

Conclusions

Though the pathophysiological complexity of DPN rep-
resents a formidable therapeutic challenge, the recent in-
crease in our knowledge and appreciation of neuro-immune
interactions offers a suite of new potential targets to modulate
pain and neuropathy. These advances have been accompa-
nied by the development of multiple novel nanomedicine-
based agents, offering new capabilities and specificity of drug
delivery. Uniting these two rapidly progressing fields of re-
search raises the possibility that new treatment options to
relieve pain and perhaps promote nerve regeneration will be
generated, in DPN and other NP states. This is particularly
true for cell-specific targeting approaches, which appear to
offer the greatest potential.
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Abbreviations Used

ACE¼ angiotensin converting enzyme
ADA¼American Diabetes Association

Ang II¼ angiotensin II
APC¼ antigen presenting cell
ARI¼ aldose reductase inhibitor

AT2R¼ angiotensin II type-2 receptor
BDNF¼ brain-derived neurotrophic factor

CCI¼ chronic constriction injury
CFA¼ complete Freund’s adjuvant

CIDP¼ chronic inflammatory demyelinating
polyneuropathy

CNS¼ central nervous system
COX-2¼ cyclooxygenase-2

CXB-NE¼ celecoxib nanoemulsion
DAPI¼ 4¢,6-diamidino-2-phenylindole

DF-NE¼ drug free nanoemulsion
DPN¼ diabetic peripheral neuropathy
DRG¼ dorsal root ganglia
EMA¼European Medicines Agency
FDA¼ U.S. Food and Drug Administration
Fen¼ fentanyl

GBS¼Guillain–Barre syndrome
HO-1¼ heme oxygenase-1

IGF¼ insulin-like growth factor
IL¼ interleukin

LIF¼ leukemia inhibitory factor
LPC¼ lysophosphatidylcholine
LPS¼ lipopolysaccharide

MHC-II¼ class II major histocompatibility complex
MIA¼mono-iodoacetate

NE¼ nanoemulsion
NGF¼ nerve growth factor

NIRF¼ near-infrared fluorescence
NLC¼ nanostructured lipid carrier
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Abbreviations Used (Cont.)

NP¼ neuropathic pain
Nrf2¼NF-E2-related factor 2

NT-4¼ neurotrophin-4
p57NTR¼ p57 neurotrophin receptor

PFC¼ perfluorocarbon
PLA¼ poly(L-lactide)

PLGA¼ poly(lactic-co-glycolic acid)
PNS¼ peripheral nervous system
ROI¼ region of interest
ROS¼ reactive oxygen species
SLN¼ solid lipid nanoparticle

SNL¼ spinal nerve ligation
SNRI¼ serotonin and noradrenaline reuptake

inhibitor
S-SNEDDS¼ solid self-nanoemulsifying drug

delivery system
STZ¼ streptozotocin
TCA¼ tricyclic antidepressant

Th¼ helper T cells
TLR¼Toll-like receptor

TNF-a¼ tumor necrosis factor-a
Treg¼ regulatory T cells

TRPV1¼ transient receptor potential vanilloid 1
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