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Stem cell therapies for neuropathic pain

JASON SEEWOODHARY, JOHN N HARVEY

Abstract

Neuropathic pain is a large-scale epidemiological
problem affecting 13-26% of the diabetic population.
The complex aetiology and pathophysiology coupled
with the lack of a diagnostic test for the underlying
cause renders the assessment of neuropathic pain
subjective and the treatment difficult, especially as
current licensed treatments are limited in their
application towards the attainment of palliation.

Cell therapies offer a novel curative therapeutic
dimension for neuropathic pain. This is based on
replacing damaged neuronal tissue, protecting against
progressive nerve damage, and releasing soluble factors
that act in a paracrine or endocrine manner, which
facilitate repair and reversal of the pathology that
underlies the genesis and propagation of damage within
the somatosensory system. Cell therapies with potential
utility for the treatment of neuropathic pain include
embryonic stem cells, adult stem cells and induced
pluripotent stem cells.
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Introduction

Current licensed therapies for the treatment of neuropathic pain
are limited in their application towards the attainment of pallia-
tion. They are not disease-modifying or neuroprotective, being
incapable of reversing or repairing the pathology that underlies
the genesis and propagation of damage within the somatosen-
sory system. Stem cells may offer a novel curative regenerative
therapeutic dimension. This review will discuss the potential
utility of stem cells for the treatment of neuropathic pain.

Neuropathic pain
Neuropathic pain is a subtype of pain defined by IASP as “pain
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Abbreviations and acronyms

BDNF brain derived neurotrophic factor
ES embryonic stem

GABA  gamma amino butyric acid
GAD-1  glutamate decarboxylase-1 gene
GAD-65 glutamate decarboxylase-65 gene
GAL galanin

GFP green fluorescent protein

GFP-NSC green fluorescent protein labelled neural stem cell

hMSC human mesenchymal stem cell

HSV herpes simplex virus

IASP International Association for the Study of Pain
IL interleukin

iPS induced pluripotent stem

MGE medial ganglionic eminence

mRNA  messenger ribonucleic acid

miRNA  micro ribonucleic acid

MSC mesenchymal stem cell

NGF nerve growth factor

NMDA  N-methyl-D-aspartate

NSC neural stem cell

piPSC protein induced pluripotent stem cell
Svz subventricular zone

arising as a direct consequence of a lesion or disease affecting the
somatosensory system” . The predominant symptom is paroxysmal
episodes of stabbing or shooting pain arising in an area of hyper-
excitability or numbness. Other symptoms include: spontaneous
pain, hyperalgesia and allodynia; dyaesthesias; abnormal thermal
sensations; and deep seated gnawing pain.

Epidemiology

Neuropathic pain is a large-scale problem; epidemiological data
estimate neuropathic pain affects 13-26% of diabetic patients.'
However, due to the complex aetiology of neuropathic pain
coupled with the lack of a diagnostic test and standardised
measurement methods, exact data are deficient, which renders
the overall prevalence difficult to quantify. Accordingly the health
economic costs of neuropathic pain to society are undetermined.

Aetiology and pathophysiology

The aetiology of neuropathic pain can be categorised morpho-
logically into four groups: peripheral nervous system and multi-
focal lesions e.g. diabetic mononeuropathy; peripheral nervous
system generalised polyneuropathies e.g. alcohol related neu-
ropathy; central nervous system lesions e.g. spinal cord injury;
and complex neuropathic disorders, such as complex regional
pain syndrome types | and 1.2 However, this classification system
is not universally accepted.
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Figure 1. An overview summary of the peripheral and sensory mechanisms leading to neuropathic pain.

Peripheral Mechanisms
Altered ion channel expression
triggering enhanced membrane
resonance, rhythmogenesis and
ectopic spiking with increased
cellular excitability

Central Mechanisms - Sprouting of
myelinated nerve fibres into lamina Il, increased
glutamate release, evoking fast excitatory synaptic
potentials, expression of BDNF and Substance P,
neuroplastic changes in central pain descending
regulatory systems, astrocytic and glial cell activation

Neuropathic
Pain

The pathophysiology of neuropathic pain is complex and re-
sults from several processes, which cumulatively lead to periph-
eral and central sensitisation associated with ectopic activity and
hyperexcitability in pain pathways.? This is associated with
histopathological changes within affected nerves characterised
by: Wallerian degeneration; sprouting; formation of end-neuro-
mas and neuromas-in-continuity; and compression induced at-
rophy.# Peripheral mechanisms act on nociceptors. The
hyperactivity in nociceptors induces hyperexcitability in the spinal
cord and brain, referred to as central sensitisation. A schematic
depicting the various alterations in nerve function leading to
neuropathic pain is illustrated in Figure 1.

Diagnosis and treatment
Neuropathic pain is diagnosed clinically. Screening methods are
based on questionnaires such as the Leeds Assessment of Neu-
ropathic Symptoms and Signs or the pain DETECT questionnaire.

The Neuropathic Pain Special Interest Group of the IASP has
developed evidence-based guidelines for the pharmacological
treatment of neuropathic pain.> Based on the results of ran-
domised controlled trials, first-line agents include: tricyclic anti-
depressants, selective serotonin and noradrenaline reuptake
inhibitors, voltage-gated Ca?* channel «2-0 ligands, and topical
local anaesthetics. Second-line medicines include opioid anal-
gesics and tramadol. Third-line drugs include valproate, topira-
mate, mexiletine, and topical capsaicin.®

Non-pharmacological treatments include: surgical and chem-
ical sympathectomy, which are limited in their application by a
sparse evidence base and considerable complications;” neurode-
structive procedures, which are hindered by a risk of exacerbat-
ing symptomatology; neurostimulation e.g. transcutaneous
electrical nerve stimulation, although this is not based on con-
clusive evidence;® spinal cord stimulation; acupuncture; and cog-
nitive behavioural therapy.

Limitations of current treatment

Therefore, the management of neuropathic pain is challenging
with a poor prognosis. Treatment is hindered for a number of
reasons: there is no definitive corroboration between published

VOLUME 14 ISSUE 1 « JANUARY/FEBRUARY/MARCH 2014

guidelines regarding the assessment of first-, second-, and third-
line pharmacotherapy; the evidence underlying published algo-
rithms is biased in favour of peripheral neuropathic pain
disorders as opposed to central neuropathic pain; evidence from
trials is biased in favour of monotherapy over combination ther-
apy; guidelines and algorithms are sourced from appraisals of
independent heterogeneous controlled trials rather than head-
to-head comparative studies; there is a high number of negative
clinical trials with equivocal data; and the short duration of most
trials provides limited data on chronic neuropathic pain. Addi-
tionally, the utility of current licensed drugs is further hindered
by dose-limiting side-effects. Emerging evidence suggests the
multifactorial challenges associated with the treatment of neu-
ropathic pain may be surmountable by regenerative approaches
based on the utility of cell therapies.

Stem cells

Stem cells are undifferentiated cells capable of unlimited prolifera-
tion and self-renewal whilst retaining the potential towards differ-
entiation into any cell type of endodermal, ectodermal or
mesodermal origin. There are three main types of stem cells:
ES cells, adult stem cells, and iPS cells.

The main advantages of stem cells hone in on their potential
use for regenerative therapies, with the overall aim of repairing
or replacing diseased tissues and organs. Stem cell technology
provides a potentially limitless purified population of patient- and
disease-specific cells, which confers a range of clinical benefits.
These include: understanding the pathogenesis of disease; facil-
itating drug discovery; and generating cells for transplantation.

Embryonic stem (ES) cells

ES cells are pluripotent cells derived from the inner cell mass of
the developing blastocyst.® ES cells confer the advantage of
being: renewable; accessible to genetic modifications; and ex-
pandable in vitro for lengthy periods. Thus ES cells can be yielded
in very high purified quantities for potential regenerative pur-
poses. Disadvantages of ES cells include: a relatively high tumori-
genic potential; transplant rejection; and ethical concerns
relating to disaggregating the developing blastocyst.'
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Adult stem cells
Adult stem cells are multipotent undifferentiated cells. They are
derived from specific tissues within the embryo, foetus or adult
e.g. the SVZ situated throughout the lateral walls of the lateral
ventricles, which contains NSCs, or the bone marrow, which con-
tains two types of adult stem cells, namely, MSCs and
haematopoietic stem cells. The amniotic membrane is also a
plentiful source of non-immunogenic MSCs, which are easily and
non-invasively harvested. Amniotic membrane MSCs have
demonstrable anti-inflammatory properties, which have been
used clinically in pain relief and wound healing.'"'2
Advantages of adult stem cells include: self-renewability;
fewer ethical issues relative to ES cells; and the potential to be
harvested from easily accessible organs and expanded. Further-
more, adult stem cells have a superior safety profile with a lower
tumorigenic potential relative to ES cells. Disadvantages include:
a lower degree of plasticity, expandability, and renewability, cou-
pled with a greater susceptibility to senescence compared to ES
cells; and invasive harvesting methods e.g. bone marrow
trephine and biopsy to obtain MSCs. Furthermore, in contrast to
ES cells, adult stem cells are rarer in number in mature tissues.
This is significant as large numbers of cells are needed for stem
cell replacement therapies.

Induced pluripotent stem (iPS) cells

iPS cells are derived from non-pluripotent somatic cells such as
dermal fibroblasts, which have been transformed and genetically
‘reprogrammed’ into a pluripotent state akin to ES cells. This is
achieved by transfection with transcription factors such as Oct-
3/4, Sox 2 and Nanog, which are core transcription factors that
repress the expression profile of differentiated cells and activate
an array of genes involved in pluripotency.’ Other key transcrip-
tion factors include Klf-4, Lin28 and c-Myc. Similarities to ES
cells include: the expression of certain stem cell genes and pro-
teins; viable chimera formation; chromatin methylation patterns;
doubling times; teratoma formation; embryoid body formation;
and potency and differentiability.

Four traditional strategies are available to reprogramme somatic
cells to an iPS cell state: viral transduction; nuclear transfer; cell fu-
sion; and cell explantation. Reprogramming is commonly achieved
with viral vectors, which can be either integrating e.g. retroviral or
lentiviral vectors, or non-integrating such as adenoviral vectors.

Limitations of the transcription factor approach to make iPS
cells include: a low throughput; mutations being inserted into
the target cells genome; tumours, especially with c-Myc; and in-
complete reprogramming. These limitations can be overcome by
novel techniques to make iPS cells, which include: ES cell specific
miRNA to prompt iPS cell reprogramming;'™ using biomimicry
with recombinant proteins injected into cells via polyarginine an-
chors, which has coined the nomenclature ‘piPSCs’ — protein-in-
duced pluripotent stem cells;'® and small compound mimicking,
which raises reprogramming efficiency."”

iPS cells offer the advantage of being: easily and non-inva-
sively harvested; useful tools for drug development; models for
disease processes in vitro; and a source of autologous cells for

transplantation due to a lower risk of immunorejection. Disad-
vantages include a propensity towards tumorigenesis and a lack
of long-term data on stability and safety.'®

Peripheral and central injury models

Progress on the utility of cell based therapies for neuropathic pain
research is dependent upon the application of appropriate experi-
mental animal models of peripheral and central nerve lesions.

There are two broad groups of experimental animal models
of neuropathic pain: those that localise the lesion e.g. dorsal root
ganglion lesion, peripheral nerve lesion, spinal cord lesion, and
dorsal and ventral root lesion; and those that describe the type
of lesion e.g. transection, tumour cell invasion or laser radiation,
cryoneurolysis, crush, stimulation of perineuronal inflammation,
and tight or loose ligature.”™ However, no single animal model
entirely recaptures the full range of neuropathic pain mecha-
nisms.

In animal models the assessment and quantification of neu-
ropathic pain by direct evaluation is not feasible. Rather subjec-
tively, most data obtained using animal models have relied on
the use of evoked pain-related behaviours such as withdrawal
responses as surrogate markers for neuropathic pain.?° Leading
on from this, complexities regarding assessing neuropathic pain
in animal models are further exemplified by attempts to extrap-
olate and identify relevant markers for spontaneous pain. This is
particularly problematic for patients with neuropathic pain but
rather difficult to measure in rodents. Surrogate indicators in-
clude: changes in general innate behaviours such as locomotion,
burrowing, digging, excessive grooming and nesting;?' and more
complicated paradigms using Pavlovian conditioning methods
such as conditioned place preference and aversion.?? Notwith-
standing these methods, laboratory tools for objectively assess-
ing neuropathic pain in animal models are available and utilise
two surrogate markers, namely: thermal hyperalgesia using the
acetone test; and mechano-allodynia using the von Frey test."

Evidence on the utility of ES cells for the treatment of
neuropathic pain

ES cells have been used to treat neuropathic pain by regenerating
GABAergic interneurons with restoration of the inhibitory tone in
the dorsal horn of the spinal cord - the lack of which would other-
wise contribute to the hyperexcitability that underlies allodynia and
hyperalgesia. Evidence in support of this used mouse ES cell-derived
MGE cortical inhibitory precursor cells, which were transplanted
into a mouse model of peripheral sciatic nerve injury.?®> Using ES
cell-derived MGE cells that expressed GFP under the control of the
Gad1 promoter, it was demonstrated that the ES cell-derived MGE
grafts adapted and thrived in the novel spinal cord environment
and migrated throughout the ipsilateral dorsal and ventral horns.
Within two weeks of transplantation the grafted cells showed im-
munocytochemical evidence of differentiation towards a neuronal
phenotype (NeuN+) and likewise demonstrated immunoreactivity
for markers of cortical GABAergic interneurons, namely GABA,
neuropeptide Y, parvalbumin and somatostatin. Furthermore, the
transplants structurally integrated into host spinal cord circuitry as
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evidenced by neurite outgrowth, sprouting, path-finding and
synapse formation with host primary afferent and post-synaptic
neurons.

The grafts targeted and influenced a range of spinal cord
neurons including projection neurons of lamina | that normally
receive nociceptive stimuli. There was a close temporal relation-
ship between the improvement in mechanical allodynia and in-
tegration of the grafted cells, which indicated the latter was
instrumental for recovery. There was no correlation between the
number of transplanted cells and observed anti-nociceptive ef-
fects, which suggests there may be a threshold above which the
number of grafted cells is of less significance in attaining anal-
gesia. There was a differential effect observed for ES cell-derived
MGE transplants with efficacy demonstrated specifically for neu-
ropathic pain, which was not matched in a model of inflamma-
tory pain in response to formalin-induced tissue injury. This
suggests MGE grafts are disease rather than symptom modify-
ing.

The strength of Braz et al’s study is based on the novel ob-
servation that ES cell-derived MGE grafts restored anti-nocicep-
tive inhibitory GABAergic neurotransmission by structural
integration into host spinal cord neuronal circuits. This contrasts
with previous simplistic mechanisms of achieving the same by
studies that merely focussed on releasing GABA using adenoviral
and HSV vectors expressing the GABA synthesising enzyme
GADG65 in neuropathic models of trigeminal neuralgia?* and
spinal nerve ligation.?®> Leading on from this, the conclusion of
Braz et al's study has been corroborated by other groups, which
increases its reliability.

Braz et al's study failed to account for the anti-nociceptive
summative effects of other co-existent endogenous inhibitory
pathways, which may have confounded the cause and effect
relationship between the independent and dependent variables.
It was presumed the anti-nociceptive effects observed post
ES cell-derived MGE transplantation was GABA mediated, as
evidenced by normalisation of GAD65 mRNA levels in the
peripheral nerve injury model, which is normally associated with
low GAD65 mRNA levels. However, the inhibitory neurotrans-
mitters glycine and serotonin, which co-exist in some spinal cord
GABAergic neurons, may have accounted for the inhibition and
anti-allodynic effects recorded.?” Additionally, evidence suggests
that following nerve injury, activation of microglia results in a
BDNF-mediated shift in the chloride gradient of projection
neurons in lamina | and deep in the dorsal horn, which leads to
GABAergic inputs becoming somewhat paradoxically excitatory
and pro-nociceptive.?82° The results from Mackie, De Koninck
and Price’s studies do not corroborate the functional integrative
mechanism postulated by Braz et al's study.

The findings of Braz et al's study are further limited in their
long-term application; they only provide data on the utility of ES
cell-derived MGE grafts for the treatment of neuropathic pain
for 28 days post-transplantation. Accordingly the study was un-
able to determine whether: the anti-nociceptive effects observed
were sustained; if tolerance developed; and if the experimental
models showed delayed anti-allodynic effects or developed an
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analgesic phenotype characterised by mechanical thresholds
greater than the baseline.

A separate study used a modified retinoic acid protocol to
induce differentiation of mouse ES cells into neural and glial pre-
cursors. These were used for transplantation into a mouse model
of central neuropathic pain induced secondary to excitotoxic
spinal cord injury.3 Following transplantation a significant atten-
uation in mechanical and thermal allodynia with associated pain-
induced behaviour, marked by excessive grooming, was
observed and reduced to pre-injury levels.

In contrast to Braz et al's study, which only assessed outcome
measures for 28 days post-transplantation, Hendricks et al's
study observed a sustained anti-nociceptive effect for up to 60
days post-transplantation with immunohistochemical evidence
of sustained graft viability. Furthermore, in contrast to Braz et
al's study, ES cell-derived neural and glial grafts exhibited, in ad-
dition to anti-neuropathic effects, significant analgesic effects in
a formalin-induced inflammatory hyperalgesia model suggesting
they may be symptom rather than disease specific.

In a follow-up study Hendricks et al's group in 2012 anecdo-
tally reported that predifferentiated ES cell grafts rescued a neu-
ropathic phenotype in a mouse model. The ES cell-derived grafts
exerted neuro-modulatory effects characterised by an increase
in neurotrophic factors and cAMP and decreased levels of proin-
flammatory cytokines. This contrasts with the functional inte-
grative mechanism in the Braz et al studly.

The discrepancies between Braz et al's study and Hendricks
et al's study may, in part, be explained by the different models
of neuropathic pain used; Braz et al used a peripheral model of
neuropathic pain (sciatic nerve injury) whereas Hendricks et al
used a central model.

A separate study reported that engraftment of predifferenti-
ated ES cells which tonically secrete serotonin and BDNF into the
lumbar region of rodent models of central neuropathic pain sig-
nificantly reduced mechanical allodynia and thermal hyperalgesia
for up to 4 weeks post-transplantation.?’ The anti-nociceptive
effects of serotonin were augmented by the administration of
the serotonin antagonist methysergide and the serotonin re-up-
take inhibitor fluvoxamine. In contrast to Braz and Hendricks et
al's studies, in this case the putative anti-nociceptive mechanism
was the regeneration of interrupted descending inhibitory sero-
tonin neuronal inputs.

In summary, the evidence on the utility of ES cells for the
treatment of neuropathic pain is in its infancy. Preclinical research
has focussed on the role of ES cells in restoring the inhibitory
effects of GABAergic and serotonergic neurotransmission and,
to a lesser extent, modulation of the hostile pro-inflammatory
environment in central neuropathic pain. The utility of ES cells
to regenerate or modulate other pathophysiological mechanisms
of neuropathic pain such as glutamate release, C-fibre hyperex-
citability, altered ion channel and NMDA receptor expression,
and astrocytic and glial cell activation remains unexplored.
Further research is required to determine the potential utility of
ES cells to treat neuropathic pain.
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Evidence on the utility of adult stem cells for the
treatment of neuropathic pain

There is a larger evidence base for the efficacy of adult stem cells
for the treatment of neuropathic pain relative to ES cells. Evidence
using an adult NSC line, sourced from the rodent SVZ, showed that
NSCs attenuated neuropathic pain and promoted nerve regenera-
tion in a rodent chronic constriction injury model.3? NSCs were ad-
ministered via intravenous injection and preferentially homed
towards the ipsilaterally lesioned nerve; evidence suggests this pat-
tern of homing may be related to myelin modifications induced by
nerve injury.* Analgesic effects measured by a reduction in me-
chanical allodynia and thermal hyperalgesia were observed within
three days following NSC administration, which correlated with his-
tological evidence of NSC presence at the nerve injury site. The per-
sistence of the analgesic effect between 7-14 days following
grafting correlated with perilesional migration of a high density of
fibroblasts, Schwann cells and macrophages, which facilitated re-
generation, neurite outgrowth, sprouting, and an improvement in
nerve morphology. Evidence suggests this is due to grafted NSCs
exhibiting trophic and reparative effects.* In support of this, the
correlation between NSC administration and anti-nociceptive ef-
fects were associated with: a rapid decrease in Fos expression in
laminae I-VI - high levels are normally associated with neuronal ac-
tivity following noxious stimulation;® a decrease in immunoreac-
tivity for substance P in the same region — substance P has been
associated with increased neuropathic pain in rodents;*® and a re-
duction in mRNA levels of the proinflammatory pro-algesic cy-
tokines IL-1 and IL-6, coupled with a rise in mRNA levels of the
anti-inflammatory cytokine IL-10. These findings suggest that NSCs
act as local modifying agents transforming the hostile proinflam-
matory neurochemical environment associated with nerve injury
into a more permissive milieu. This facilitates nerve regeneration
and analgesia. However, the proinflammatory microenvironment
may not be entirely harmful to regeneration (see later).

The strength of Franchi et al’s study is based on new first ev-
idence that intravenous administration of NSCs has bidirectional
effects on the immune response - decreasing the injurious proin-
flammatory cytokine cascade and activating the neuroprotective
anti-inflammatory cytokine response. Interestingly, the analgesic
effect of NSCs preceded the morphological signs of nerve repair
and was sustained after NSCs disappeared from the lesion site.

Franchi et al's findings are corroborated by a study that found
MSCs transplanted into neuronal tissue ameliorated peripheral
neuropathic pain.3” Similar to the immunomodulatory mecha-
nisms from Franchi et al's study, in this case the recorded anti-
nociceptive effects were secondary to the prevention of
injury-induced changes in galanin, neuropeptide Y, and neu-
ropeptide Y Y1-receptor expression in a single ligature nerve con-
striction rodent model. This may be explained by the
bi-directional effects of galanin on neuropathic pain. Galanin is
upregulated following nerve injury; however, the functional sig-
nificance of this is dependent on the type and location of the
GAL receptor stimulated. This may result in either: pro-nocicep-
tive effects via activation of pre-synaptic GAL2 receptors on pri-
mary afferents; or anti-nociceptive effects via stimulation of

GAL1 receptors on dorsal horn neurones.?® In Coronel et al's
study it is likely that the grafted MSCs exerted anti-nociceptive
effects by either preventing injury-induced galanin upregulation
with stimulation of pre-synaptic GAL2 receptors on primary af-
ferents, or alternatively, stimulating GAL1 receptors. Other evi-
dence supportive of the reparative immunological mechanisms
in Franchi et al's study have shown that: the efficacy of trans-
planted NSCs in the treatment of neuropathic pain is mediated
via neuroprotective and immunomodulatory mechanisms;3° and
that in a mouse model of spared nerve injury, intra-ventricular
injection of human MSCs decreased mRNA levels of the proin-
flammatory IL-1 gene and suppressed activation of astrocytes
and microglia, which was associated with a reduction in pain-
like behaviours.%

The utility of intravenous systemic NSC administration in the
treatment of neuropathic pain is further corroborated by evi-
dence on the physiological mechanisms underlying NSC migra-
tion, namely, that NSCs cross the blood-brain barrier and enter
the CNS where they modulate pain.*' Leading on from this, the
intravenous route of NSC administration has a more transferable
putative clinical application relative to other invasive methods of
delivery such as intrathecal or intraventricular injection.

However, Franchi et al’s results are hindered by a number of
limitations. For example, other studies have found contradictory
results, namely, that NSC transplantation does not affect neuro-
pathic pain® and may somewhat paradoxically exacerbate noci-
ceptive symptoms.*® Furthermore, the analgesic effects were only
demonstrated acutely for 28 days post-grafting, which provides
no information on: the utility of NSCs in the treatment of chronic
neuropathic pain; whether tolerance developed; and whether
the experimental models showed delayed anti-allodynic effects.
Leading on from this, during the study period repeated NSC in-
jections were required to sustain the analgesic effect, which
could be a potential hindrance to putative clinical translation in
relation to patient compliance with a multi-dose regime.

The proinflammatory milieu associated with neuropathic pain
may not be entirely harmful; in Franchi et al's study, anti-noci-
ceptive effects on pain-like behaviour were observed 3 days post-
NSC grafting. This coincides with the time to recruit
macrophages to the injury site to phagocytose myelin debris,
which would otherwise have contributed to neuropathic pain.

Franchi et al reported that NSCs specifically homed towards
neuronal lesions. However, this has not been supported by other
studies on the biodistribution of NSCs following intravenous ad-
ministration.*

Finally, Franchi et al's study results are restricted to the chronic
constriction injury model of peripheral neuropathic pain and can-
not be extrapolated to other neuropathic pain models.

In a separate study, NSCs were found to reduce allodynia in
a central neuropathic pain model of spinal cord injury if they
preferentially differentiated into oligodendrocytes rather than as-
trocytes.* Normally when NSCs are transplanted into the brain
or spinal cord they tend to differentiate into astrocytes.* How-
ever, NSCs derived from the spinal cord that were virally trans-
fected to co-express the transcription factor neurogenin-2 and
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the marker GFP, differentiated predominantly into oligodendro-
cytes post-transplantation. This was somewhat unexpected; in
vitro neurogenin-2 normally promotes neuronal differentiation.
In comparison, the naive GFP-NSCs predictably differentiated
into astrocytes.*’ In a spinal cord injury model, transplanted neu-
rogenin-2-NSCs generated more oligodendrocytes and signifi-
cantly reduced allodynia relative to the naive GFP-NSC group.
The neurogenin-2-NSC grafted animals showed significantly
greater white matter area relative to the naive GFP-NSC group,
which suggested the observed analgesic effects may be second-
ary to increased remyelination of injured axons. Interestingly, in
the naive GFP-NSC group an increased nociceptive effect was
recorded. This may be explained by a higher density of naive
GFP-NSC-derived astrocytes; astrocytes in neuropathic injury
models secrete trophic factors such as NGF, which promote neu-
rite outgrowth and cell survival that facilitates locomotor and
sensory recovery.*® However, the neurite outgrowth with associ-
ated nociceptive fibre sprouting into inappropriate regions of the
dorsal horn may account for the pro-algesic effects observed.?

The strengths of these findings are twofold, namely: the im-
portance of differentiating NSCs towards an oligodendrocytic
lineage prior to transplantation; and specifically targeting NSC
migration to precise regions of the spinal cord. This may reduce
pro-nociceptive effects associated with astrocyte-derived neu-
rotrophic factor induced neuronal sprouting into the dorsal horn.

However, in Klein et al's study no control group containing
animals without neuronal lesions that received astrocyte grafts
were used for comparison. This would have enabled the ob-
servers to assess whether ‘healthy’ control animals developed a
neuropathic phenotype. Therefore, the observation that NSC-
derived astrocytes exacerbate neuropathic pain cannot be reli-
ably concluded.

hMSCs have also demonstrated efficacy for the treatment of
neuropathic pain. Evidence suggests hMSCs may have the best
potential results for treating neuropathic pain®® and, in contrast
to NSCs isolated from the SVZ, hMSCs are more readily accessi-
ble and harvested. Evidence supporting this is derived from a
study that injected bone marrow derived hMSCs into the rodent
tail vein of the spared nerve injury model four days after sciatic
nerve surgery by which time neuropathic pain was firmly estab-
lished.>°

The strength of Siniscalco et al’s results is the novel observa-
tion that hMSCs attenuate neuropathic pain through an anti-in-
flammatory restorative mechanism based on two components,
namely: a cell-to-cell contact activation mechanism - hMSCs
drive macrophages towards an anti-inflammatory neuroprotec-
tive M2 phenotype; and through down-regulation of proinflam-
matory cytokines. These findings are supported by other
studies.”’

No safety concerns were associated with the use of hMSCs.
This coupled with the non-invasive intravenous route of admin-
istration provides for potentially favourable clinical translation.
Furthermore, the inherently strong anti-inflammatory im-
munomodulatory properties of hMSCs, which would negate the
need for pharmacological immunosuppression, adds weight to
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their clinical appeal. However, somewhat paradoxically, exploit-
ing proinflammatory chemotaxis may also facilitate clinical trans-
lation; the chemokine driven homing potential of hMSCs
towards pro-nociceptive lesions could be exploited as a bioactive
site-specific delivery system, which would avoid the dose-limiting
adverse effects associated with systemic administration of cur-
rent licensed drugs.

However, the effects of hMSCs in Siniscalco et al's study are
limited in their application by methodological flaws. For example,
during the progression of neuropathic pain, time-course tracking
of intravenous hMSCs was not performed, thus homing of
hMSCs towards areas involved in neuropathic pain modulation
cannot be reliably elucidated. Leading on from this, there is con-
tradictory evidence on the homing capabilities of hMSCs to-
wards sites of neuropathy, for example, evidence has shown that
hMSCs transplanted into the mouse tail vein are predominantly
sequestrated in the lung.> Furthermore, the utility of hMSCs for
the treatment of neuropathic pain was only assessed for 90 days,
thus providing no information in relation to attenuating chronic
neuropathic pain or reducing associated complications such as
deconditioning e.g. reduced mobility, muscle atrophy and con-
tractures.

In summary, there is an emerging body of preclinical data
based on exploiting the multipotency, self-renewing capacity,
high expansion potential and genetic stability of adult stem cells
that supports their utility for the treatment of neuropathic pain.
The mainstay of evidence has honed in on the immunomodula-
tory and trophic effects of adult stem cells. The progression onto
clinical trials would be the next stage in defining the potential
utility of adult stem cells for the treatment of neuropathic pain.

Evidence on the utility of iPS cells for the treatment of
neuropathic pain

There are no published data on the utility of iPS cells for the treat-
ment of neuropathic pain; however, there has been a lot of interest
in the potential utility of iPS cells in this regard. Potential uses of iPS
cells include: modelling neuropathic disease processes in vitro; de-
veloping and screening candidate drugs that selectively target dis-
eased neuronal cells with particular genetic profiles; and offering a
novel paradigm of cell replacement therapy to support neuronal re-
generation.

The enormous potential utility of iPS cells for the treatment
of neuropathic pain is in its infancy and remains unsupported by
an evidence base. In addition to the limitations of iPS cells al-
ready mentioned, a number of other problems would need to
be surmounted. For example, the retention of epigenetic profiles
from senescent cells may cause iPS cells, used for neuropathic
pain disease modelling or therapy, to lose their differentiated
properties.

Conclusions

The evidence on the potential utility of cell therapies for the treat-
ment of neuropathic pain is predominantly based on research in
animal models on their efficacy and safety. The evidence suggests
that prima facie cell therapies reduce neuropathic pain and may
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E@i Key messages
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e Cell therapies may offer palliative and curative
potential in diabetic neuropathy

e Stem cell treatments for neuropathic pain reverse and
repair the pathology that underlies the genesis and
propagation of damage within the somatosensory
system

e Stem cell therapies can replace damaged neuronal
tissue, protect against progressive nerve damage, and
release soluble factors to facilitate neuronal repair

modify some of the cellular and molecular neuropathic pain mech-
anisms. However, critical appraisal of the evidence thus far reveals
it to be far from conclusive and future research geared towards pro-
gression onto clinical trials would need to address a number of is-
sues. Firstly, the preclinical evidence reported to date suggests that
in vivo cell therapies have a relatively short survival, which limits
their clinical utility in the treatment of chronic neuropathic pain. In
this regard future research on long-term graft viability is required.
Furthermore, prior to grafting, stem cells require expansion in vitro
and with increasing passaging time the stability of the cells changes,
which decreases the probability of them differentiating into neu-
rons.>* Accordingly, future research on the stability of cell therapies
intended for transplantation is required. The need for future re-
search on the issue of long-term stability and safety of cell therapy
is brought into even sharper focus by the observation that following
transplantation stem cell-derived grafts maintain a high proliferative
potential, which carries a significant oncogenic risk.>* This was high-
lighted by the first case report of a donor-derived brain tumour fol-
lowing NSC transplantation.®®

The evidence thus far on the potential disease modifying re-
generative effects of cell therapies for the treatment of neuro-
pathic pain is limited to neuropathic conditions characterised by
focal nerve damage. Indeed, the mainstay of preclinical evidence
has used experimental animal models with limited focal nerve
damage. Future research would need to assess the potential util-
ity of cell therapies for more diffuse and widespread nerve dam-
age, for example in chemotherapy-induced polyneuropathy or
diabetic neuropathy, which are more common than focal neu-
ropathies.

There may be a fourth dimension on the potential utility of
cell therapies for the treatment of neuropathic pain based on
stem cell-derived microvesicles. Research on the utility of stem
cell-derived microvesicles that carry miRNA, chemoattractant-,
anti-apoptotic, and anti-scarring factors are under investigation
and early results have demonstrated non-inferiority relative to
cell therapies.”® However, the evidence on stem cell-derived
microvesicles is sparse; future research on the role of stem cell-
derived microvesicles is required.

In summary, cell therapies offer a novel curative therapeutic

dimension for the treatment of neuropathic pain. This is based
on replacing damaged neuronal tissue, protecting against
progressive nerve damage, and releasing paracrine and en-
docrine factors, which repair the pathology that underlies the
genesis and propagation of damage within the somatosensory
system.
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