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A B S T R A C T   

Neuropathic pain is amongst the most common non-communicable disorders and the poor effectiveness of 
current treatment is an unmet need. Although pain is a universal experience, there are significant inter-individual 
phenotypic differences. Developing models that can accurately recapitulate the clinical pain features is crucial to 
better understand underlying pathophysiological mechanisms and find innovative treatments. Current data from 
heterologous expression systems that investigate properties of specific molecules involved in pain signaling, and 
from animal models, show limited success with their translation into the development of novel treatments for 
pain. This is in part because they do not recapitulate the native environment in which a particular molecule 
functions, and due to species-specific differences in the properties of several key molecules that are involved in 
pain signaling. The limited availability of post-mortem tissue, in particular dorsal root ganglia (DRG), has 
hampered research using human cells in pre-clinical studies. Human induced-pluripotent stem cells (iPSCs) have 
emerged as an exciting alternative platform to study patient-specific diseases. Sensory neurons that are derived 
from iPSCs (iPSC-SNs) have provided new avenues towards elucidating peripheral pathophysiological mecha-
nisms, the potential for development of personalized treatments, and as a cell-based system for high-throughput 
screening for discovering novel analgesics. Nevertheless, reprogramming and differentiation protocols to obtain 
nociceptors have mostly yielded immature homogenous cell populations that do not recapitulate the heteroge-
neity of native sensory neurons. To close the gap between native human tissue and iPSCs, alternative strategies 
have been developed. We will review here recent developments in differentiating iPSC-SNs and their use in pre- 
clinical translational studies. Direct conversion of stem cells into the cells of interest has provided a more cost- 
and time-saving method to improve reproducibility and diversity of sensory cell types. Furthermore, multi- 
cellular strategies that mimic in vivo microenvironments for cell maturation, by improving cell contact and 
communication (co-cultures), reproducing the organ complexity and architecture (three-dimensional organoid), 
and providing iPSCs with the full spatiotemporal context and nutrients needed for acquiring a mature phenotype 
(xenotransplantation), have led to functional sensory neuron-like systems. Finally, this review touches on novel 
prospective strategies, including fluorescent-tracking to select the differentiated neurons of relevance, and dy-
namic clamp, an electrophysiological method that allows direct manipulation of ionic conductances that are 
missing in iPSC-SNs.   
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1. Introduction 

Neuropathic pain represents a major clinical burden, affecting 7–8% 
of the global population(Bouhassira, 2019), with clinical presentation 
varying across a wide spectrum, even in related individuals(Mis et al., 
2019). Available treatments are largely ineffective and can induce se-
vere side effects(Sopacua et al., 2019). Therefore, there is urgency in 
better understanding patient-specific differences in pain pathophysi-
ology and treatment responsiveness. However, current models have 
failed to accurately recapitulate the full phenotypic complexity of 
neuropathic pain, which further hinders development of novel and more 
effective analgesics. 

The study of voltage-gated sodium channels (VGSC) that are 
expressed in dorsal root ganglion (DRG) neurons, in the context of 
painful neuropathies, has been a hot topic for several decades. VGSCs 
are key determinants of cellular excitability and action potential gen-
eration and propagation, which makes them essential for noxious stimuli 
transduction. Gain-of-function (GoF) mutations in SCN9A (NaV1.7), 
SCN10A (NaV1.8) and SCN11A (NaV1.9) have been associated with a 
plethora of pain pathologies ranging from extreme painful disorders to 
the complete loss of pain sensation (Bennett et al., 2019; Dib-Hajj and 
Waxman, 2019; Huang et al., 2019; Huang et al., 2014; Huang et al., 
2017). Although it is intuitively obvious why a GoF in sodium channels 
can lead to pain, these studies also showed that GoF mutations that 
cause a very large depolarization of the resting potential in DRG neurons 
lead to resting inhibition of VGSCs, which suppresses the excitability of 
these neurons. The development of transfecting methods of human 
channels into heterologous cell systems has been a major step forward in 
ion channel research(Dib-Hajj et al., 2009), allowing the identification 
of functional properties, downstream pathways, and characterization of 
VGSC mutations(Dib-Hajj et al., 2005; Geha et al., 2016; Yang et al., 
2016). However, the human embryonic kidney 293 cell lines (HEK293) 
heterologous expression system, which is widely used in drug discovery, 
is limited to the sole expression of the channel of interest in a non-native 
cell background. While advantageous to study intrinsic channel prop-
erties, gating and pharmacological responses may not accurately reflect 
the behavior of the channel in its native cell background, reducing the 
model’s validity. Ex vivo nucleofection of mutant channels into rodent 
DRG provides a more appropriate cell type for electrophysiological and 
pharmacological assessment; however, recordings of human DRG have 
highlighted important inter-species differences in these channel prop-
erties which alters neuronal firing(Han et al., 2015; Zhang et al., 2017). 
Additionally, expression of pain-related genes differs between humans 
and rodents, resulting in distinct pathophysiology and pharmacological 
response. Comparative transcriptome analyses have reported only 
50–70% of DRG genes expressed in mice(Parisien et al., 2017; Ray et al., 
2018; Shiers et al., 2020a; Tavares-Ferreira et al., 2022) and 80% in rats 
to overlap with those expressed in humans, with variations noted in 
pain-regulating proteins(Schwaid et al., 2018) which could impact the 
translation of animal data into successful human clinical trials. Thus, a 
human sensory neuronal model is critically needed. However, limited 
access to human DRG especially from pain patients has reduced their 
extensive use and highlights the need for a surrogate model that mimics 
human DRG neuronal properties(Middleton et al., 2021; Renthal et al., 
2021). 

The conversion of adult somatic cells into induced pluripotent stem 
cells (iPSCs) and their derivation into any desired cell type has revolu-
tionized the study of patient-specific cells for mechanistic and pre- 
clinical studies(Takahashi et al., 2007; Takahashi and Yamanaka, 
2006). Specifically, minimally invasive collection of tissues from sub-
jects has enabled studying molecular mechanisms and signaling path-
ways in vitro from both patients and healthy individuals, offsetting 
challenges of procuring post-mortem human neuronal tissues. Human 
iPSCs harbor and preserve the donor’s full genetic background and 
transcriptional machinery throughout differentiation(Inoue et al., 
2014). The differentiation of sensory neurons from iPSCs(Chambers 

et al., 2012) has led to studies of disease susceptibility(Chrysostomidou 
et al., 2021; Mis et al., 2019; Yuan et al., 2021). The markers that have 
been used to confirm a sensory neuron-like phenotype include RUNX1, 
BRN3A, ISL1, TRPV1, pRDM12. A recent paper posted on BioRxiv (Deng 
et al., 2022) reports a comprehensive transcriptomic analysis of iPSC- 
SNs, which confirms the sensory neuron-like nature of these cells, in 
addition to morphological evidence suggesting a pseudo-unipolar 
structure of these neurons. Additionally, being patient-specific, the 
cells already selectively express variants of interest driven by their 
endogenous promoters and retain intact endogenous signaling cascades. 
Their amenability to genome engineering has made them particularly 
appealing for studying rare mutations that can be introduced or cor-
rected(Hockemeyer and Jaenisch, 2016; Lampert et al., 2020; McDer-
mott et al., 2019a; Pettingill et al., 2019; Viventi and Dottori, 2018). 
Finally, differentiation of sensory neurons from iPSCs may provide in-
sights into disease progression, bringing us a step closer to the bed side. 

This review will cover the recent advances in using iPSCs in pain 
research, as well as the current limitations and prospective solutions to 
improve iPSC-based disease modeling. 

2. Current state of iPSCs in pain research 

The use of iPSC-nociceptors derived from chronic pain patients has 
been invaluable to the study of ion channels and human nociception, as 
well as to providing new avenues in personalized medicine and devel-
opment of novel therapeutics. Demonstrative of their ability to reca-
pitulate the clinical phenotype, iPSC-derived sensory neurons (iPSC- 
SNs) have been generated from patients with NaV1.7-related inherited 
erythromelalgia (IEM), who exhibit severe pain episodes that are exac-
erbated by heat. Electrophysiological assessment showed aberrant 
ectopic activity and hyperexcitability in response to increasing tem-
peratures, which correlated with different individual levels of pain 
severity(Cao et al., 2016; Meents et al., 2019; Mis et al., 2019; Yuan 
et al., 2021). Similar findings were reported in small fiber neuropathy 
(SFN)(Namer et al., 2019) and congenital insensitivity to pain (CIP) 
(McDermott et al., 2019a), where iPSC-SNs manifested increased 
spontaneous activity and reduced nociceptor excitability to depolarizing 
stimuli, respectively. Human iPSC-SNs from patients with hereditary 
sensory neuropathy type 1 (HSN1) revealed altered ganglioside 
biosynthesis as a major contributor to reduced axonal outgrowth and 
myelin stability(Clark et al., 2021). Finally, as stem cell-derived noci-
ceptors are assumed to be naïve and uninjured(Chrysostomidou et al., 
2021; Jones et al., 2018), they offer the possibility to study de novo 
injury-induced pain mechanisms compared to naïve counterparts. In a 
model of chemotherapy-induced peripheral neuropathy, healthy iPSC- 
SNs exposed to chemotherapeutics replicated the different responses 
observed in donors(Schinke et al., 2021). 

The iPSC-SN model allowed the identification of two novel pain 
resilience genes. Utilizing whole-exome sequencing, patch-clamp and 
dynamic clamp recordings, in vitro analysis of iPSC-SNs from two fam-
ilies of IEM patients with NaV1.7 GOF mutations, demonstrated 
neuronal firing behavior that paralleled the parent-child differences in 
pain phenotypes (less excitability of iPSC-SNs from the patient with less 
pain), but also pinpointed variants in potassium channels KCNQ2 (Mis 
et al., 2019) and KCNQ3 (Yuan et al., 2021), that explained at least some 
of the inter-individual differences in pain sensitivity within these fam-
ilies (Mis et al., 2019; Yuan et al., 2021). 

Harvesting somatic cells from neuropathic pain patients with 
disease-causing mutations has also allowed the development of 
personalized treatment strategies. With recent advances in pharmaco-
genomics focusing on NaV1.7-selective blockers, iPSC-SNs provide an 
ideal humanized in vitro platform to assay drug interventions and their 
application in specific patients (Cao et al., 2016; Capurro et al., 2020). 
Effective drug-induced VGSC blockade of iPSCs-SNs has been docu-
mented in both IEM and SFN patient-specific cells exposed to PF- 
05089771(Cao et al., 2016; Capurro et al., 2020) and lacosamide(Namer 
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et al., 2019), respectively. Follow-up clinical trials using PF-05089771 
reported substantial reduction in several patients’ pain scores(Cao 
et al., 2016; McDonnell et al., 2018) albeit without meeting the primary 
endpoint for the whole group. Treatment of one patient with lacosamide 
resulted in a reduction in C-fiber hyperexcitability(Namer et al., 2019) 
and amelioration of pain, demonstrating that patient-derived iPSCs can 
guide effective therapeutic design, bringing us a step closer to individ-
ualized treatments. 

Moreover, the amenability to genome engineering of iPSC-SNs has 
facilitated the generation of isogenic lines, providing insights into ge-
netic defects and new drug selectivity. Notably, CRISPR/Cas9-induced 
NaV1.7 knock-out (KO) lines derived from healthy individuals paral-
leled the electrophysiological properties of CIP iPSC-SNs, while cor-
recting one deleterious allele in CIP cells rescued the physiological 
phenotype(McDermott et al., 2019a). KO lines also offer the opportunity 
to assay the selectivity of clinically-relevant compounds(McDermott 
et al., 2019a). The NaV1.7 blocker BIIB074, for example, while effica-
cious in trigeminal neuralgia patients(Zakrzewska et al., 2017), was 
confirmed to be non-selective to NaV1.7 after reducing excitability in 
NaV1.7 KO iPSC-SNs(Deuis et al., 2016), raising new prospects for using 

engineered iPSC-SNs in drug discovery(McDermott et al., 2019a). 
Importantly, new treatments that have shown promising results in 

rodent models often do not successfully translate to the clinic (Mogil, 
2009; Yezierski and Hansson, 2018); iPSC-SNs allow us to interrogate 
neurotoxicity and inter-species differences in a humanized system. The 
high scalability of iPSC-SNs enables high-throughput screening against 
large library of neurotoxic agents and chemotherapeutic drugs(Hoelting 
et al., 2016; Schinke et al., 2021), which has led to the identification of 
novel disease-modulating therapeutics and target-based mechanisms 
against relevant phenotypes(Elitt et al., 2018). Hence, drug-induced 
changes in iPSC excitability might become a useful tool to predict po-
tential clinical outcomes in future trials(Cao et al., 2016; Namer et al., 
2019). 

3. Challenges 

This exciting new cell-based “pain-in-a-dish” model faces its own set 
of challenges. First and foremost, the culture and maintenance of iPSCs 
is costly, highly technical and labor-intensive. Current protocols consist 
of multiple induction steps and necessitate weeks to months to reach 

Fig. 1. Schematic representation of alternative protocols for deriving human somatic cells into sensory neurons (SN). (A) The conventional approach 
(Chambers et al., 2012) converts patient fibroblasts and blood cells into induced-pluripotent stem cells (iPSCs), which are then differentiated, using five small- 
molecule pathway inhibitors, into non-peptidergic nociceptors expressing sodium channels SCN9A (NaV1.7, TTX-S), SCN10A (NaV1.8, TTX-R) and SCN11A 
(NaV1.9, TTX-R). Derived-nociceptors were reported to express functional NaV1.8 channels and to produce TTX-S and TTX-R currents, as measured by current-clamp. 
However, the expression of NaV1.8 channels has not been reproduced in subsequent studies using this protocol, and the TTX-R currents, when detected, have been 
argued to be produced by NaV1.5 channels(Eberhardt et al., 2015). (B) Wainger et al. have implemented a direct reprogramming strategy, which bypasses the iPSC 
stage, via exposure to five alternative inhibitory molecules, and converts fibroblasts into diverse sensory neuronal subtypes that generate persistent sodium currents, 
typical of NaV1.8 and NaV1.9 sodium channels (Wainger et al., 2015). The limitation of this technique lays in its low conversion rate of nociceptors. On the other 
hand, (C-D) indirect (Hulme et al., 2020; Nickolls et al., 2020; Schrenk-Siemens et al., 2015) and (E) direct (or hybrid; (Blanchard et al., 2015)) transgene expression 
of lineage-specific transcription factors have led to factor- and time-dependent mixed neuronal population. (C) iPSC-derived neural precursor cells (NPC)-expressing 
NGN2 alone led to sensory and CNS-like neurons, expressing higher mRNA levels of SCN1A and SCN6A than other sodium channels (Hulme et al., 2020; Schrenk- 
Siemens et al., 2015). (D) Additionally, length of reprogramming period affected the nature of the differentiated neurons, where short reprogramming (24 h) induced 
proprioceptors, based on their response to mechanical pressure but not cold stimuli (menthol, low temperature); and long reprogramming (14 days) induced me-
chanical- and cold-sensitive (menthol, low temperature) mechanoreceptors (Nickolls et al., 2020). (E) However, iPSC-NPCs co-expressing NGN2 with BRN3A 
differentiated into proprioceptor and mechanoreceptor neurons (Blanchard et al., 2015). Direct virally-induced expression of BRN3A, NGN1 and NGN2 in fibroblasts 
yielded Trka+CGRP+ capsaicin-sensitive and Trpm8 + − mediated menthol-sensitive thermoreceptors, indicative of peptidergic C-fibers. Created with BioRender.com. 
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their nociceptive state, forming random, unorganized neuronal clusters 
that failed to recapitulate DRG cellular diversity and spatial architecture 
(Mazzara et al., 2020). The most commonly used method (Fig. 1A) 
(Chambers et al., 2012), adapted with minor modifications(Eberhardt 
et al., 2015; McDermott et al., 2019a; Mis et al., 2019; Pettingill et al., 
2019; Schwartzentruber et al., 2018), exposes iPSCs to a cocktail of 
small inhibitory molecules that trigger signaling cascades responsible 
for cell fate determination. While very successful in producing neurons 
depicting a functional profile and markers of nociceptors, which is a 
promising start, this method has also been criticized for its inability to 
yield the diverse subtypes of mature sensory neurons that recapitulate 
most features described in native neurons. 

3.1. Model validity 

Although homogenous cultures allow us to perform phenotypic and 
functional analyses of specific cell cohorts, the generation of diverse 
iPSC-SN populations are important to effectively mimic DRG neuronal- 
neuronal and neuronal-glial interactions in the context of disease. Also, 
various cell types are involved in the etiology and mechanisms under-
lying chronic pain, which are lacking in the Chambers protocol; thus, we 
are unable to paint a complete picture of the pathology and the contri-
bution of the complex cellular interactions that affect neuronal excit-
ability(Wiegand and Banerjee, 2019). 

Notably, differentiation of iPSC-SNs is assessed through their 
expression of canonical markers identified in rodents. Differential 
transcriptomic and proteomic make up of human and rodent DRG 
neurons impact the classification of iPSC-SNs based on rodent markers. 
For example, inter-species differences in the distribution and co- 
expression of sensory neuronal markers, including Nf-200, CGRP, 
P2x3r, Trpm8 and Piezo2(Chambers et al., 2012; Nickolls et al., 2020; 
Rostock et al., 2018; Saito-Diaz et al., 2021; Shiers et al., 2020b; 
Wainger et al., 2015) emphasize the need to define markers in specific 
subsets of nociceptors in human cells first to determine the identity of 
the iPSC-derived neuronal populations. 

Differences between human DRGs and iPSC-SNs remain a challenge 
for their effective use as human cell surrogates. Current-clamp re-
cordings showed similar distribution of rheobase (threshold current 
stimulus for firing action potentials) between DRG neurons and iPSC- 
SNs. However, there was substantial variation in the rheobase 
amongst donors, which may reflect differential expression levels of the 
underlying ionic conductances (Schwartzentruber et al., 2018). Also, the 
majority of Trpv1-expressing sensory neurons derived from the Cham-
bers protocol are functionally unresponsive to capsaicin(Chrys-
ostomidou et al., 2021; Eberhardt et al., 2015; Guimaraes et al., 2018), 
indicating that the presence of mRNA transcripts does not necessarily 
reflect the presence of functional channels at the cell surface to interact 
with the ligand. Furthermore, while substantial expression of the 
tetrodotoxin-sensitive (TTX-S) NaV1.7 threshold channel, encoded by 
the SCN9A gene, is well-established in iPSC-SNs from many donors (Cao 
et al., 2016; McDermott et al., 2019b; Meents et al., 2019; Mis et al., 
2019; Schwartzentruber et al., 2018; Yuan et al., 2021), functional 
expression of TTX-resistant (TTX-R) NaV1.8 and NaV1.9 channels in 
iPSC-SNs has long been debated. Previous studies have reported NaV1.8 
mRNA expression, and recorded TTX-R currents in iPSC-SNs(Meents 
et al., 2019). However, Eberhardt et al. have recently demonstrated that 
most of the TTX-R current is in fact produced by NaV1.5 channels, which 
have previously been shown to be more highly expressed in rodent DRG 
neurons during the embryonic stages (Renganathan et al., 2002). These 
findings suggest an immature differentiation of these iPSC-SNs (Eber-
hardt et al., 2015), which is predicted to alter the cellular electro- 
responsiveness, compared to a mature DRG neurons(Middleton et al., 
2021). These caveats underline the need for considering the presence of 
different cell types and maturity stages of the differentiated neurons in 
iPSC cultures when comparing them to human DRG neurons. 

3.2. Experimental challenges 

In addition, experimental challenges have arisen from currently used 
protocols, including poor replating efficiency and impracticality for 
multi-well systems(Hoelting et al., 2016; Stacey et al., 2018). Further-
more, iPSC-SNs are more uniform and smaller than human DRG neurons 
(McDermott et al., 2019a; Zhang et al., 2017), and thus, do not reca-
pitulate the diversity of native sensory neurons. The long time in culture 
lead to longer neurites, causing space clamp artifacts in the recordings of 
ionic currents, which confound the interpretation of data regarding the 
functional properties of the channels that produce these currents (Hulme 
et al., 2020; Lampert et al., 2020; Meents et al., 2019). However, there 
are reports showing well-clamped sodium currents in iPSC-SNs(Alsa-
loum et al., 2021). Although space-clamp artifacts in the voltage-clamp 
recordings of iPSC-SNs can be a challenge, specific recording protocols 
which isolate somatic currents from those emanating in distal axons can 
mitigate this technical problem(Akin et al., 2021; Milescu et al., 2010). 

3.3. Genetic and epigenetic challenges 

3.3.1. Donor-based variability 
Variability in genetic, epigenetic or environmental factors might 

account for reduced sample-to-sample reproducibility in iPSC-SN 
models, which could be mitigated by using samples from multiple do-
nors (Popp et al., 2018; Volpato and Webber, 2020; Young et al., 2014). 
It is notable that iPSC-SNs from different healthy individuals have 
shown substantial differences in their electrogenic properties(Cao et al., 
2016). Furthermore, the age of the donor has been shown to increase the 
likelihood of de novo mitochondrial DNA mutations, leading to meta-
bolic loss effects(Kang et al., 2016). Nonetheless, these donor-specific 
differences in the properties of iPSC-SNs still provide an invaluable 
substrate for understanding inter-individual differences in nociceptive 
signaling, and will be essential for implementing a personalized medi-
cine approach to treat pain. 

3.3.1.1. Culture-induced variability. Heterogeneity has been reported 
between and within different iPSC lines(Viventi and Dottori, 2018; 
Young et al., 2014), arising from clonal selection and cell culture envi-
ronment during reprogramming and differentiation(Schwartzentruber 
et al., 2018; Young et al., 2014). Small changes in cell media composi-
tion, environmental conditions and/or cell density have been associated 
with higher gene expression variability(Schwartzentruber et al., 2018) 
and can affect the neuronal content and SCN9A expression of iPSC-SNs 
(Young et al., 2014). Minor modifications of the coating (recombinant 
laminin-511 E8 fragments or matrigel instead of co-cultures with mouse 
embryonic fibroblasts), differentiation medium, and incubation time of 
the same Chambers protocol have yielded iPSC-SNs resembling pruri-
ceptors(Umehara et al., 2020), proprioceptors (Dionisi et al., 2020) and 
C-low threshold mechanoreceptors(Chrysostomidou et al., 2021; Gui-
maraes et al., 2018). These technical issues necessitate careful head-to- 
head comparison between published studies, as well as the harmoniza-
tion of these assays by the community, which might provide a future 
potential solution. 

3.3.1.2. Differentiation-induced variability. Differentiation-induced 
variability has been shown to affect the neuronal composition of cul-
tures(Schwartzentruber et al., 2018) and to contribute to stem cell ge-
netic instability, whereby it increases the risk of de novo mutations 
(Young et al., 2014). Furthermore, cell reprograming has been suggested 
to induce epigenetic changes, which constitute another important bias in 
pain studies(Thanuthanakhun et al., 2021). Specifically, differentiation 
has been shown to reduce DNA methylation(Ankam et al., 2019; Efrat, 
2020). Our current inability to distinguish between differentiation- 
induced epigenetic modifications and the donor epigenome suggests 
that caution is needed in interpreting results of subject-specific iPSC- 
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derived models. 

4. Alternative strategies to generate patient-specific sensory 
neurons 

Human iPSCs are highly advantageous to study rare genetic diseases; 
however, the study of common regulatory variants remains limited. In 
order to achieve significance in ‘recall-by-genotype’ studies, Schwart-
zentruber et al. (2018) reported that over 40 samples from 20 to 80 
different donors are required. However, it should be noted that the 
differentiation protocol that was implemented in this study yielded 
roughly 50% of the cells with fibroblast markers (Schwartzentruber 
et al., 2018). Whether the same number of samples will be needed if the 
cultures had more homogeneous sensory neuronal characteristics re-
mains to be investigated. 

Culture- and differentiation-induced variability may hamper the 
ability to distinguish between natural inter-individual variability and 
those resulting from the experimental conditions. Therefore, better 
reprogramming and differentiation methods are necessary for a more 
accurate disease modeling. The development of a cell-based system that 
overcomes the limitations described above and better replicates human 
endogenous cellular pathways driving differentiation can markedly 
advance the field (Fig. 1; Table 1). 

4.1. Direct reprogramming 

There are two main approaches to in vitro differentiation of sensory 
neurons. The first and most extensively used attempts to recapitulate the 
different stages of DRG embryonic development by enriching the culture 
media with growth factors and morphogens that replicate the neural 
tube environment and trigger signaling cascades responsible for cell 
determination (Fig. 1A) (Chambers et al., 2012). A second approach, 
which bypasses the progenitor stage and directly reprograms somatic 
cells into neurons, has yielded mixed populations in fewer steps than 
indirect reprogramming, providing a faster and more cost-effective 
differentiation strategy. For instance, direct neuronal differentiation of 
mouse fibroblasts into nociceptors was achieved by using only five key 
transcription factors: ASCL1, MYTLl, NGN1, ISL2, and KFL7 (Fig. 1B) 
(Wainger et al., 2015). These transdifferentiated sensory neurons were 
functionally responsive to noxious agonists and showed different com-
binations of TTX-R slow and persistent sodium currents, consistent with 
NaV1.8 and NaV1.9 electrophysiological signatures. The sensory neurons 
generated from familial dysautonomia patients showed reduced neurite 
outgrowth compared to healthy controls, showcasing this study as a 
proof-of-concept that direct reprogramming can be used to model pe-
ripheral neuropathies. However, this approach remains limited by its 
low neuronal conversion efficacy and by its reduced capacity to main-
tain neurons in culture(Wainger et al., 2015) (Iyer et al., 2017). 

Direct conversion of blood cells and hair follicles has shed light on 
the relevance of the cell type of origin to derive selective sensory 
neuronal subtypes, specifically capsaicin-sensitive peptidergic noci-
ceptors, which current protocols have failed to produce consistently(Lee 
et al., 2015; Vojnits et al., 2019; Wilson et al., 2018). Importantly, fi-
broblasts are primed for neuronal potential, whereby their cell fate is 
restricted, while blood cells require de novo acquisition of neural crest 
development gene expression(Lee et al., 2015; Vojnits et al., 2019), 
hence reducing the risk of differentiation-induced variability(Schwart-
zentruber et al., 2018). Blood cell-converted nociceptors were functional 
and responsive to chemical irritants. Furthermore, the production from 
initial reprogramming to mature neurons was over three times faster 
than the conventional route and yielded high numbers of cells available 
for high-throughput screening of chemotherapeutic compounds (Vojnits 
et al., 2019). Taken together, these findings set the stage for using 
diverse somatic cells for direct conversion into specific sensory neuron 
lineages. 

Several neural induction strategies have adopted protocols to trigger 

sensory neurogenesis, which occurs in two migratory waves. Large 
diameter neurons, including proprioceptors and mechanoreceptors, are 
first generated from neurogenin-2 (Ngn2)+ cells, followed by small and 
medium diameter nociceptors during the second wave, stimulated by 
neurogenin-1 (Ngn1)(Marmigere and Ernfors, 2007). Peptidergic and 
non-peptidergic nociceptors emerge later following alternative expres-
sion of Trka and Ruxn1(Marmigere and Ernfors, 2007). Mimicking this 
phenomenon has been suggested to promote selective differentiation of 
nociceptor-like cells(Boisvert et al., 2015). Direct reprogramming of 
human fibroblasts through inducible lentiviral co-expression of Brn3a 
with Ngn1 or Ngn2 has achieved evenly mixed sensory neuron subtypes, 
belonging to the three primary DRG sensory neuronal groupings, namely 
mechanoreceptors, proprioceptors, and nociceptors (Fig. 1E) (Blanchard 
et al., 2015). The differentiated neurons showed electrophysiological 
activity, and were responsive to pruritic and noxious agonists and 
temperatures. Specifically, induced expression of BRN3A/NGN1/NGN2 
yielded Trka+CGRP+ capsaicin-sensitive and Trpm8+-mediated 
menthol-sensitive thermoreceptors, indicative of peptidergic C-fibers 
(Fig. 1B, E) (Blanchard et al., 2015; Wainger et al., 2015). 

The overall low conversion rates from direct induction of somatic 
cells to sensory neurons hinders adoption of this approach as an alter-
native to the iPSC model. A possible solution to circumvent this chal-
lenge is to expand fibroblasts in culture prior to induction, although this 
will add to the expense and labor and thus defeats its main purpose(Iyer 
et al., 2017). Previous studies have suggested that forced conversion of 
transcription factors greatly reduces differentiation efficiency(Nickolls 
et al., 2020; Schrenk-Siemens et al., 2015), which may be resolved by 
using other somatic cell types or by using additional differentiation 
steps, such as by converting iPSCs into neural precursor cells (NPCs) first 
(Lee et al., 2015; Vojnits et al., 2019; Wilson et al., 2018). 

4.2. Transgene expression of lineage-specific transcription factors in 
iPSCs 

Transducing iPSC-NPCs with NGN2 has been shown to result in low 
SCN9A, SCN10A and TRKA gene expression and high levels of SCN1A 
and SCN6A, suggesting an upregulation of proprioceptor and mecha-
noreceptor differentiation (Fig. 1C) (Hulme et al., 2020). Furthermore, 
the NaV1.8 immunoreactivity that was observed may be attributed to the 
presence of Aβ low threshold mechanoreceptors (Aβ-LTMR), some of 
which are known to express this channel in vivo(Hulme et al., 2020; 
Shields et al., 2012). However, the electrophysiology data in Hulme 
et al. is not definitive to make an unequivocal conclusion that functional 
NaV1.8 channels are expressed in these neurons(Hulme et al., 2020). 
Selective Aβ-LTMR identity was reproduced in a separate study, where 
viral NGN2, combined with retinoic acid and neurotrophic factors, 
promoted the differentiation of neurons inducing rapidly adapting cur-
rents from mechanical stimuli (Fig. 1C). These findings underscore the 
capacity of NGN2 to preferentially induce mechanoreceptors and sug-
gest that overexpressing NGN1 instead may drive cells to more 
nociceptor-like populations(Schrenk-Siemens et al., 2015). However, it 
has been argued that successful conversion requires addition of BRN3A, 
as neurons expressing Ngn2 alone have been suggested to more closely 
resemble CNS neurons(Nickolls et al., 2020). These divergent results 
may have resulted from the use of viral induction(Hulme et al., 2020; 
Schrenk-Siemens et al., 2015) over genetic engineering(Nickolls et al., 
2020), and highlight the magnitude of protocol changes on the outcome 
of cellular differentiation. 

Temporal regulation of the expression of NGN2 and BRN3A also 
influence the identity of the cells that are differentiated by this 
approach. Stable transgene expression of NGN2 and BRN3A generated 
uniform cultures of cold-mechanoreceptors sensitive to both 4 ◦C and 
menthol stimuli, while resistant to capsaicin and heat (Fig. 1D) (Nickolls 
et al., 2020). Interestingly, cell fate determination was time-dependent, 
whereby briefly induced (24 h) cells acquired a phenotype and gene 
expression profile consistent with LTMR, while those that underwent 
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Table 1 
Novel induction strategies for obtaining sensory neuronal lineage derived from human cells. Summary of the publications that described alternative differentiation strategies, diverging from Chambers et al. (2012), 
to obtain mature, selective DRG neuronal subtypes from human somatic and induced pluripotent stem cells (iPSCs). The methodology used along with their advantages and limitations are listed accordingly. The table was 
adapted and expanded from Viventi and Dottori (2018).  

Cell type of 
origin 

Differentiation 
strategy/ Structure 

Factors used DRG subtypes Characterization Advantages Disadvantages Publication 

Human 
fibroblast- 
derived iPSC 

Small molecule 
pathway inhibitors  

2D linear culture 

SB431542, LDN-193189, 
SU5402, CHIR99021, DAPT, 
NGF, BDNF, GDNF 

Non-peptidergic nociceptors Immunostainings, 
Flow cytometry, Microarray 
Analysis, 
Electrophysiology (Current-clamp), 
Calcium Imaging 

-Gold-standard (most used 
protocol) 
-High sensory neuron 
conversion efficiency 

-Lack peptidergic 
nociceptors 
-Lack maturity 
-Lack neuronal diversity 
-<2% capsaicin- 
responsive cells 

Chambers 
et al. (2012) Ɨ  

Direct reprogramming 
Mouse and 

human 
fibroblasts 

Genetic 
manipulation of 
viral constructs  

2D linear culture 

ASCL1, MYT1L, NGN1, ISL2, 
KFL7, FGF, BDNF, CNTF, 
GDNF, NGF 

Nociceptors Immunohistochemistry, qPCR, 
Single cell RT-qPCR, Calcium 
imaging, 
CGRP ELISA, 
Electrophysiology (MEA, Current- 
clamp, Voltage-clamp), Morphology 

-More cost- and time- 
effective 
-TTX-R neurons expressing 
NaV1.8 and NaV1.9 
electrophysiological 
signatures 
-Bypass iPSC stage 

-Limited neuronal 
conversion efficiency 
-Difficult culture 
maintenance 
–No progenitor stage, 
risk of heterogeneity 

Wainger et al. 
(2015) 

Mouse and 
human 
fibroblasts 

Transient 
doxycycline- 
inducible 
lentiviral 
transduction  

2D linear culture 

Brn3A/NGN1 (BN1) 
Brn3A/NGN2 (BN2) 
NGF, BDNF, GDNF 

MechanoreceptorsProprioceptors, 
Nociceptors 

Immunohistochemistry, RT-qPCR, 
Electrophysiology (Current-clamp), 
Calcium Imaging 

-Sensory neuronal diversity 
-Rapid and cost-effective 
-Functionally responsive to 
noxious stimuli 
-Peptidergic C-fibers 
-Capsaicin- and menthol- 
sensitive 

-Low sensory neuronal 
(SN) conversion rates 
(5–10%) 

Blanchard 
et al. (2015) 

Human 
epidermal 
neural crest 
stem cells 
(hEPI-NCSC; 
hair follicles) 

Small molecule 
pathway inhibitors  

2D linear culture 

SHH, CHIR99021, 
LDN193189, DAPT, NT-3, 
HGF 

Peptidergic nociceptors Indirect immunocytochemistry, RT- 
qPCR, 
Calcium imaging 

-Fast, selective 
differentiation into 
capsaicin-responsive 
peptidergic neurons 
–No genetic manipulation 
–No cell purification 

-Only 1/3 of cells 
obtained were capsaicin- 
responsive 

Wilson et al. 
(2018)  

Pre-conversion into neural precursor cells (NPC) from somatic cells 
Human CD34+

cord blood cells 
Lentiviral 
transduction into 
NPC using OCT4 
and SMAD+
GSK-3 Inhibition 

NPC: SCF, Flt-3 L, IL3, TPO 
cytokines, SB431542, LDN- 
193189, Noggin, CHIR99021, 
bFGF, EGF  

SN: SU5402, DAPT, 
CHIR99021, BDNF, GDNF, 
NGF, NT3 

(Peptidergic) nociceptors Flow cytometry, 
Immunocytochemistry, RT-qPCR, 
Calcium imaging, 
Current-clamp, 
Comparative genomic hybridization 
array 

- Reduced risk of 
differentiation-induced 
variability (De novo 
acquisition of neural crest 
genes) 
-Peptidergic sensory neurons 
-Bypass iPSC stage 

-Slower and more steps 
than direct conversion 

Lee et al. 
(2015) 

CD34+
mononuclear 
cells 

Lentiviral 
transduction  

2D linear culture 

NPC: OCT-4, SB431542, LDN- 
193189, 
CHIR99021, bFGF, EGF  

SN: DAPT, SU5402, 
CHIR99021, BDNF, GDNF, 
NGF, NT-3, ascorbic acid, 
forskolin 

Nociceptors Immunofluorescence, Flow 
cytometry, Calcium imaging 

-Up to 3× faster (Less genetic 
drift) 
-Better for high-throughput 
compound screening (ability 
to expand cells prior) 

-No major morphological 
or functional differences 
between CD34 + -SN and 
iPSC-SN 

Vojnits et al. 
(2019)  

Pre-conversion into NPC from iPSCs 
Skin fibroblast- 

derived iPSCs 
Lentiviral 
transduction  

lentivirus NGN2  Mechanoreceptors (LTMR) Immunocytochemistry, 
In situ hybridization, 
RT-PCR, 

-Selective differentiation 
into DRG subtype 
-Ability to differentiate hES 

–No nociceptor Schrenk- 
Siemens et al. 
(2015) 

(continued on next page) 
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Table 1 (continued ) 

Cell type of 
origin 

Differentiation 
strategy/ Structure 

Factors used DRG subtypes Characterization Advantages Disadvantages Publication 

and embryonic 
stem cells (hES) 

Neuro- 
ectodermal spheres 

FGF, EGF, 
NGF, NT-3, BDNF, GDNF, RA 

Deep-sequencing analysis, 
Electrophysiology 
(Current-clamp), 
Calcium Imaging 

or hiPSC interchangeably 
with the same protocol 

hiPSCs Lentiviral 
transduction  

Caudal neural 
progenitors (CNP) 
into neurospheres 

lentivirus NGN2  

CHIR99021, SB431524, FGF2, 
BMP2, BDNF, GDNF, NT-3 ß- 
NGF 

Pan-sensory neurons (mostly 
mechanoreceptors, proprioceptors) 

Immunocyochemistry, RT-qPCR, 
Electrophysiology (Current- and 
Voltage-clamp), 
Pharmacology 

-Heterogenous sensory 
neuron populations and 
electrophysiological profiles 
-High conversion rates 
(80–90%) 
-C-fiber electrophysiological 
properties (30% neurons) 
-NaV1.7 and NaV1.8 currents 
-Functional expression of 
KV, CaV and ASIC channels 

-Low levels of SCN10A, 
but high SCN1A, SCN6A 
-Left-shifted INa steady- 
state inactivation 
-Low proportions of 
nociceptors 
-Low TRPV1 signal 

Hulme et al. 
(2020) 

hiPSCs Transgene 
expression  

Neural crest 
spheroids 

NGN2-BRN3A plasmid  

bFGF, EGF, 
SB431542, BDNF, GDNF, 
β-NGF, NT-3, RA 

Cold- 
mechanoreceptor, proprioceptors 

Immunocytochemistry, RNA in situ 
hybridization, 
RT-PCR, 
Bulk RNA sequencing, Single-nuclei 
RNAseq, 
Calcium imaging, Electrophysiology 
(Current- and Voltage-clamp) 

-Time-dependent induction 
into divergent, yet specific 
subtypes 
-High sensory neuron 
conversion 
-Detects cold and mechanical 
stimuli 

-No nociceptor 
–No NaV1.8 or NaV1.9 
expression 
-Devoid of most pain- 
related genes 

Nickolls et al. 
(2020) 

hiPSCs Pathway inhibitors  

Neurospheres 
(‘nocispheres’)  

CompacT SelecT 
platform (Robotic 
cell culture) 

A83–01, CHIR98014, CEPT, 
DBZ, PD173074, PD0332991, 
BDNF, GDNF, NGF, NT-3 

Nociceptors Immunocychemistry, electron 
microscopy, Bulk RNAseq, 
Electrophysiology (MEA, manual 
and automated patch-clamp), 
Calcium imaging, RNAscope, FAAH 
inhibition assay 

-Morphology of peptidergic 
and non-peptidergic 
nociceptors 
-Pseudo-unipolar anatomy 
-Express relevant pain genes 
(including NaV1.7, NaV1.8 
and NaV1.9 transcripts) 
-Robotic cell culture: 
Fast production of large 
quantities of sensory neurons 
(over 150 million nociceptor 
per workflow, scalable up 
30-fold) 
-Functionality of CaV, TRP, 
KV and NaV channels 

-Transcriptomcally still 
distinct from hDRGs 
-Limited NaV1.7 
functional availability 
compared to native DRGs 

Deng, et al. 
(2022)  

Multicellular strategies: 
hiPSCs Linear 2D co-culture  

iPSC-SN + Rat bone 
marrow 
stromal cells- 
derived Schwann 
cells (SC) or Rat SCs 

LDN-193189, A83–01, 
CHIR99021, RO4929097, 
SU5402, RA, 
NT-3, NGF, BDNF, GDNF 

Myelinated sensory neurons Immunofluorescence, 
Flow cytometry, 
Western Blot, 
RT-PCR, Electrophysiology (Current- 
clamp) 

-Co-culture reciprocally 
influence cell fate of BMSC 
and iPSC-SN via contact- 
dependent cues 

-Not fully human 
-Long process 
-Immature myelin 

Cai et al. 
(2017)         

Human 
fibroblasts- 
iPSCs 

Linear 2D co-culture  

iPSC-SN +
Rat SCs 

SB431542, LDN-193189, 
CHIR99021, SU5402, DAPT, 
NGF, GDNF, BDNF, NT-3 

Myelinated sensory neurons Immunocytochemistry, Western 
blot, Transmission electron 
microscopy 

- Functional VGSCs and 
KV1.2 similar to human 
DRGs 
-Nodes of Ranvier formation 
-Mature myelin sheath 
-Reproducible and stable 
myelination levels across 
cultures 

-Non-human SC 
-Few nociceptive neurons 

Clark et al. 
(2017) Ɨ 

(continued on next page) 
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Table 1 (continued ) 

Cell type of 
origin 

Differentiation 
strategy/ Structure 

Factors used DRG subtypes Characterization Advantages Disadvantages Publication 

-Longer culture longevity 
(>9 months) 

Human 
fibroblast- and 
PBMC- iPSC 

3D collagen sponge 
structure and co- 
culture  

Fibroblast and/or 
endothelial cells +
hiPSC-SN +
hiPSC-SCs (tissue- 
3D skin model) 

SB431542, LDN193189, 
CHIR99021, DAPT, BDNF, 
GDNF, NGF, hydrocortisone, 
insulin, hEGF, cholera toxin 

Sensory neurons, 
Schwann cells 

ELISA, Immunofluorescence -Fully human model 
-Almost 100% successful 
conversion 
-Over 2× prolonged 
neuronal culture compared 
to 2D 
-Higher maturity 
-Longer neurites extending 
to epidermal layers (nerve 
network) 
-Responsive to capsaicin 

-Absence of non- 
peptidergic neurons 
- TRP receptors-induced 
SP and CGRP release was 
more limited in 3D 
cultures than in 2D iPSC- 
SN 

Muller et al. 
(2018) 

Human 
fibroblast- 
derived iPSCs 

3D structure and co- 
culture  

iPSC-DRG organoids 
(DRGO) + human 
intrafusal muscle 
fibers 

SB431542, LDN193189, 
CHIR99021, SU5402, DAPT, 
BDNF, GDNF, NGF, NT-3 

Sensory neurons (mechanoreceptors, 
proprioceptors, and nociceptors),  

Glial cells (S100+ Satellite cells, SCs) 

Repeat-primed PCR, 
Bulk and Single-cell RNA seq, 
CHIP-qPCR, 
meDIP-qPCR, 
Immunocytochemistry, Electron 
microscopy, Western Blot, 
Electrophysiology (Current- and 
Voltage-clamp), 
Single-cell RT-PCR, 
ROS FACS 

-Reconstitute muscle 
spindles of proprioceptors 
-Better cell survival, 
expression of mature 
neuronal genes, and active 
neurotransmitter trafficking 
-Higher maturity and 
diversity 
- Express higher SCN10A 
mRNA levels 
-Similar transcription 
profile, morphological 
structure, and cellular 
diversity to native hDRGs 
-Long-term culture (>80 
days) 

-Nociceptors are the least 
represented cell type 
-Incomplete electro- 
physiological maturity 

Mazzara et al. 
(2020)Ɨ 

hiPSCs 3D sensorimotor 
organoid  

Free-floating 
sphere culture +
Adherent plating 

GSK-3 Inhibitor IX, FGF2, 
Forskolin 

Motor neurons 
Sensory neurons, 
Skeletal muscle, Astrocytes, 
Microglia, and Endothelial cells 
(vasculature) 

Immunocytochemistry, FACS, 
Single-cell RNA seq, RT-RT-qPCR, 
Electron microscopy, Calcium 
imaging, Electrophysiology 

-Functional neuromuscular 
junctions 
-Complex structure with 
diverse cell types 
-Capsaicin- and TTX 
-responsive 
-Large portion of TTX-R cells 
+ similar activation kinetics 
to NaV1.8 channels 
-Reduced within-line 
variance in isogenic lines by 
5-10×

-Slow and varying 
maturation levels within 
organoid 
-Only 30% Brn3A+

sensory neurons 
-Structural complexity: 
difficulty elucidating 
specific mechanisms 

Pereira et al. 
(2021)  

DRG-targeted differentiation 
Mouse and 

human 
fibroblasts 

Direct 
reprogramming  

3D organoid 

Doxycycline–inducible 
lentiviruses Ascl1, Brn3a/3b, 
and Isl1  

bFGF, IGF-1, BDNF, GDNF, 
NGF, NT-3, forskolin 

Sensory neurons (Nociceptors, 
proprioceptors, mechanoreceptors), 
Retinal ganglion cells 

RT-qPCR, immunohistochemistry, 
immunocytochemistry, 
Time-lapse recording, 
Electrophysiology, (Current- and 
Voltage-clamp), RNAseq, 
scRNA-seq, 
Calcium imaging 

-Physiological 
characteristics of mature 
neurons 
-Extensive cell diversity 
-Peptidergic nociceptors 
-Key NaV (incl. SCN11A), 
CaV and KV channel gene 
expression 
-Expression of pain and 
touch-regulating genes 
-Responsive cells 

-No SCN10A expression 
-Difficulty distinguishing 
between retinal and 
sensory neurons for 
functional assessment 

Xiao et al. 
(2020) 

(continued on next page) 
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long exposure (14 days) corresponded to cold-mechanoreceptors, sug-
gesting that extending NGN2/BRN2A transgene activation overrides the 
LTMR transcription and result in Piezo2+/Trpm8+ neurons(Nickolls 
et al., 2020). While the obtained cells lacked a nociceptive identity and 
expression of many genes involved in pain and itch, the aforementioned 
studies provide important insights on alternative strategies to yield 
sensory neuron specific subtypes and emphasize on the importance of 
timing and duration of developmental signals to manipulate cell fate 
determination. 

4.3. Microniche and multi-cellular strategies 

Nociception requires neurons to act in concert with various cell types 
for physiological functions. Hence, the incomplete differentiation of 
iPSCs into fully mature sensory neurons might result from the lack of 
ligands in the media to activate appropriate signaling cascades and/or 
the absence of cell-cell interaction with normal constituents of the native 
DRG tissue (Iyer et al., 2017) necessary to replicate the in vivo extra-
cellular environment (Fig. 2; Table 1). 

4.3.1. Linear co-cultures 
Because of their ability to recapitulate cell-neuron communication, 

co-cultures are emerging as a powerful in vitro tool(Abdo et al., 2019; 
Moehring et al., 2018; Talagas et al., 2020a; Talagas et al., 2020b). 
Schwann cells (SCs) have been a particularly attractive cell type for 
sensory neuron co-cultures as they are required for both maintenance 
and development of peripheral nerves, and myelinated neurons are 
crucial for pain signaling(Wei et al., 2019). Xenogeneic co-cultures of 
human iPSC-SNs with rat SCs have enabled the production of myelinated 
fibers with unlimited capacity for remyelination. Electrophysiological 
characterization of myelinated iPSC-SNs demonstrated characteristic 
properties to those of functional neurons(Cai et al., 2017). In a separate 
study, co-culture of SCs with iPSC-SNs yielded VGSCs at the node of 
Ranvier and shaker-type potassium channels at the juxtaparanode, 
which were molecularly comparable to human DRG neurons (Fig. 2A) 
(Clark et al., 2017). Both protocols provided net improvements over 
existing methods; however, a clear limitation is the use of non-human 
SCs. Recently, a protocol for directly inducing human SC precursors 
has been published, which might serve as a missing puzzle piece for 
generating fully human-derived myelinated peripheral neurons. None-
theless, myelin generation in these cultures remained limited, with as 
few as twelve myelin internodes per well reported (Kim et al., 2020b). 
Other co-culture systems exist, including astrocytes, microglia, muscle 
and skin cells to improve neuronal differentiation and functions(Can-
field et al., 2019; di Domenico et al., 2019; Haenseler et al., 2017; 
Schutte et al., 2021). Incorporating alternative cell types, including non- 
nociceptive and even neuronal cells, may reconstitute the crosstalk be-
tween sensory neurons and neighboring cells in vitro. 

4.3.2. 3D-organoids 
Human iPSCs can be grown three-dimensionally (3D) to create 

complex tissue structures that include multiple sensory neuronal pop-
ulations and supporting glial cells, mimicking in vivo conditions and 
consequently, improving neuronal differentiation (Mazzara et al., 
2020). In contrast to 2D-adherent monolayer strategies, such as in the 
Chambers protocol (Fig. 1A) (Chambers et al., 2012), 3D suspension 
cultures have yielded more diverse cell types that better reflect endog-
enous neurogenesis (Chiaradia and Lancaster, 2020). For example, 3D 
organoids derived from human fibroblasts, virally transduced with 
ASCL1, BRN3B and ISL11, yielded self-organized ganglia, closely 
resembling native DRGs. The 3D neuronal structure displayed molecular 
features such as relative expression of SCN9A, SCN11A, CGRP and 
NF200 transcripts, supporting sensory neuron subtype diversity (Fig. 2B) 
(Xiao et al., 2020). Although in another study, nociceptors were the least 
represented cell type from the iPSC-derived DRG organoids (Mazzara 
et al., 2020). Additionally, 3D structures are reported to better overcome Ta
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the lack of maturity of sensory neurons that is observed in cells cultured 
in the 2D configuration(Lee et al., 2009; Wiegand and Banerjee, 2019), 
and to express higher SCN10A mRNA levels compared to 2D iPSC-SNs 
(Mazzara et al., 2020). However, without electrophysiological re-
cordings, the relative expression of VGSC transcripts cannot guarantee 
channel functionality, and has yet to be evaluated (Mazzara et al., 
2020). On the other hand, growing iPSC-SN in suspension allows them 
to be cultured for twice as long, compared to 2D strategies(Muller et al., 
2018). Furthermore, non-adherent 3D cultures better replicate native 
spatial organization, cellular composition expression patterns, dynamic 
cell-matrix interactions and organ functions (Mazzara et al., 2020), 
facilitating the assessment of drug-tissue penetration (Kapalczynska 
et al., 2018; Mofazzal Jahromi et al., 2019). In a sensorimotor model of 
amyotrophic lateral sclerosis (ALS), organoid cultures adopted a DRG- 
like structure and produced physiologically functional neuromuscular 
junctions, along with diverse neuronal, glial, endothelial and skeletal 
muscle cellular cohorts (Pereira et al., 2021). 

However, 3D models are more laborious and costly, they have 
limited high-throughput capacity and hinder microscopy and dynamic 
readouts (Wiegand and Banerjee, 2019). Additionally, limited control 
over their formation increases the risk of phenotypic variability, which 
can however be reduced by changing scaffolds, somewhat improving 
uniformity (Candiello et al., 2018; Wiegand and Banerjee, 2019). For 
instance, 3D cultured iPSC-SNs in fibroblast-populated collagen sponge 
release significantly more substance P after capsaicin stimulation than 

2D models(Muller et al., 2018). Adopting a 3D architecture has also 
been shown to reduce extensive cell death, commonly observed in 2D 
cultures, due to a deficiency in glial supporting cells and cell-to-cell 
contact. 

4.3.3. Organoids and co-culture 
Combining 3D-organoid and co-culture strategies may further bridge 

the gap to obtaining mature sensory neurons. In a first-of-a-kind fully 
human tissue-engineered skin model, human keratinocytes and fibro-
blasts were co-cultured with iPSC-derived sensory neurons and SCs (or 
murine SCs) in a 3D collagen sponge model (Fig. 2C). This protocol 
allowed neuronal cells to reach higher levels of maturity and to extend 
neurites long enough to reach epidermal-like layers, promising valuable 
insights for studying skin-associated pain pathologies(Muller et al., 
2018). Additionally, iPSC-DRG organoids cultured with human intra-
fusal muscle fibers enabled sensory neurons to contact their required 
targets and reconstitute the muscle spindle of proprioceptors, which 
further improved cell survival, expression of mature neuronal genes, and 
active neurotransmitter trafficking machinery(Mazzara et al., 2020). 

4.3.4. Targeted iPSC differentiation in rodent DRGs 
The potential of the microniche influence on iPSCs’ fate can be 

further examined by providing the endogenous spatiotemporal context, 
critical nutrients and cellular interactions lacking in ex vivo cultures. 
Introducing iPSCs to the native DRG environment in vivo provides 

Fig. 2. Multi-cellular strategies for inducing iPSC-derived sensory neurons. Multicellular approaches aim to obtain sensory neurons by replicating the in vivo 
extracellular environment; (A) 2-D co-cultures provide additional cell types, such as Schwann cells (SCs), in culture, to recapitulate cell-to-cell communication in the 
dish. For example, induced-pluripotent stem cell (iPSC) cultures with SCs yielded myelinated sensory neurons (SN) (Clark et al., 2017). (B) 3D-organoids mimic the 
organized cellular structure of native dorsal rot ganglia (DRG) tissues. iPSC-derived DRG organoids displayed molecular features more closely resembling those of 
human DRGs than to iPSC-SNs derived using conventional protocols (Xiao et al., 2020). (C) Combined co-culture and organoid strategies enabled the formation of 
fully human skin-like structures, which allowed neurite elongation into epidermal-like layers, an important feature for pain disorders involving nerve degeneration 
(Muller et al., 2018). (D) In vivo (Viventi et al., 2021) and ex vivo (Xiao et al., 2020) transplantation of GFP-tagged iPSC-derived organoids and neural precursor cells 
(NPCs) into rodent DRGs provides an environmental microniche to the cells, including cell-cell communication and nutrients to differentiate into mature sensory 
neurons. The authors reported iPSCs to yield diverse DRG-specific cell types, including sensory neurons, glial and supporting cells. Created with BioRender.com. 
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signaling cues necessary for sensory neurons to express their full pro-
teome range(Martinez-Cerdeno et al., 2017), by analogy to an in vivo 
differentiated iPSC-derived cardiomyocyte model, where xeno-
transplanted cells acquired additional protein markers, at similar levels 
to native cardiac cells(Yu et al., 2013). 

Targeted DRG injection has provided promising therapeutic avenues 
in degenerative diseases such as Friedreich’s Ataxia (FRDA)(Viventi 
et al., 2021) and has been highly informative about in vivo cellular 
behavior. Viventi et al. and Xiao et al. are amongst the first to attempt 
DRG injection of human GFP-labelled iPSC-SNs in rodents (Fig. 2B,D) 
(Viventi et al., 2021; Xiao et al., 2020). Injected iPSC-DRG organoids 
into rat DRG explants ex vivo showed high survival rate and maintained 
nociceptive, proprioceptive and mechanosensitive identity (Fig. 2D). 
Furthermore, transplanted cells spontaneously aggregated with endog-
enous neurons and formed interconnected structures, demonstrating 
their strong mutual affinity(Xiao et al., 2020). Propelling these findings 
further, in vivo transplant of FRDA iPSC-progenitor neurospheres into 
athymic “nude” rodent DRGs demonstrated effective survival and dif-
ferentiation for up to 8 weeks post-graft (Fig. 2D) (Viventi et al., 2021). 
Within this timeframe, the number of cells almost doubled, indicative of 
their expansion potential. Likewise, injected cells showed markers of all 
three sensory neuronal subtypes, confirming their ability to differentiate 
in vivo into heterogeneous populations, with neuronal projections that 
extended into the spinal cord and along the neuronal tracts. Trans-
planted cells also differentiated into S100+ supporting cells and sur-
rounded the host DRG neurons in a similar manner to endogenous cells, 
indicative of their functionality in vivo. 

Altogether, this strategy highlights the importance of the microen-
vironment in influencing cell behaviors and in promoting diversity, 
encouraging the use of transplanted iPSCs for neuronal differentiation 
and maturation(Viventi et al., 2021). 

However, the anatomical location and small structure of DRG make 
this technique challenging. Also, the elevated tumorigenic potential of 
xenotransplanted iPSCs(Fu et al., 2012) along other transplantation- 
related concerns, including cell survival, migration and further differ-
entiation, has restricted their use for disease modeling. However, pre- 
differentiated neurons in vitro within modified fibrin gels controlling 
the delivery of growth factors and small molecules have been able to 
improve neurite growth, cell survival and differentiation post-transplant 
(Iyer et al., 2017). Strategies that eliminate injected iPSC tumorigenicity 
are also under development, such as bee venom, which selectively target 
undifferentiated, still pluripotent cells(Kim et al., 2020a). Finally, dif-
ferences between human and rodent DRG micro-environments may 
confound the composition and protein expression levels of in vivo 
derived iPSC-SNs and may not reflect the phenotype of sensory neurons 
differentiated in native human tissues. 

5. Outlook and future prospects 

5.1. Modeling iPSC-SN missing TTX-R current using dynamic clamp 

While several strategies have allowed for the differentiation of het-
erogeneous sensory neuron populations, none thus far have reliably 
produced functional expression of NaV1.8 and NaV1.9 channels. This is 
important because these channels harbor mutations in patients with 
painful disorders(Bennett et al., 2019; Dib-Hajj and Waxman, 2019; 
Eijkenboom et al., 2019) and the lack of their robust expression hamper 
mechanistic and pharmacological studies in patient-specific iPSC-SNs. 
Alsaloum et al. (2022) have recently used dynamic clamp, an electro-
physiological approach which injects or removes modeled currents in a 
patched neuron, in order to investigate the effect of this specific 
conductance on neuronal excitability (Prinz et al., 2004). These modeled 
currents are developed based on empirical data obtained by recording 
this conductance. Alsaloum et al. injected modeled NaV1.8 and NaV1.9 
currents based on the native properties of these channels in human 
DRGs, and studied the effects of these channels on iPSC-SN excitability 

(Alsaloum et al., 2021). The contribution of each channel to the cell’s 
current density, action potential overshoot and repetitive firing was 
measured from human DRG recordings and from injecting varying 
current levels into iPSC-SNs with dynamic clamp. Building on these 
findings, they have been able to precisely ‘inject’ the newly-established 
amount of current representative of the two missing channels to study, 
for the first time, the effect of a NaV1.8 mutation in iPSC-SNs. Taken 
together, this method allows the study of patient-specific iPSC-SNs with 
the full complement of sodium channel currents, hence more closely 
mimicking human physiological action potentials. 

5.2. Grouping iPSC-SN select subtypes 

Sensory neuron cultures with diverse cell types provide the oppor-
tunity to test new analgesic compounds, improving the translation of 
knowledge based on in vitro cultures. A drawback, however, is in the 
ability to identify and isolate cell groups of interest for functional 
assessment. Immunopanning, an antibody-based purification technique, 
has the potential of segregating selective subtypes from a large pool of 
mixed neuron types, by pre-coating dishes with cell-surface antibodies 
to which cells of interest bind, for example using Trka expression to 
isolate nociceptors(Saito-Diaz et al., 2021). The generation of sensory 
neuronal reporter cell lines may further enable the identification of 
specific subtypes and explore their electrogenic profile(Wainger et al., 
2015). 

5.3. Improving organoid development 

The future of iPSC-SNs points to multicellular and in/ex vivo cultures 
as they allow complex cellular connections and better mimic the organ’s 
microniche. Nonetheless, these models still lack cell survival and scal-
ability. Chimera formation of iPSC-neural stem cells (NSC) instead of 
direct transplant has provided insights into their in vivo behavior in their 
native environment(Choi et al., 2017). Chimeric embryos are formed by 
aggregating iPSCs with morulas before transferring them to a pseudo- 
pregnant mother; after which, the embryos’ brain is cultured into neu-
rospheres. In vivo differentiated iPSC-NSCs expressed markers more 
closely resembling the endogenous gene profile of the fetal brain than in 
vitro differentiated cells. The iPSC-NSCs also actively contributed to 
chimeric embryo brain tissue development(Choi et al., 2017). Adopting 
a similar approach to obtain iPSC-DRG might produce cells that are 
more representative of native neurons. Furthermore, providing a scaf-
fold for iPSCs to differentiate and mature has been suggested to better 
control the disorganized, sporadic cell growth by creating spatial reso-
lution mimicking the endogenous architecture. Examples include using 
3D bioprinting(Hirano et al., 2021) and microfluidic chambers, which 
involve culturing cells in small amounts of fluids, further easing drug 
discovery(Mofazzal Jahromi et al., 2019). In a proof-of-concept study, 
iPSC-derived brain organoids formed in a microfluidic ‘organ-on-a-chip’ 
demonstrated key features of human brain development, including 
neuronal differentiation and cortical organization (Wang et al., 2018). 
An analogous DRG organoid -on-a-chip would substantially advance the 
field. 

5.4. Tracking iPSCs in vivo 

Imaging of human iPSCs can provide new avenues to monitor cell 
distribution, differentiation, proliferation and survival. Notably, genetic 
knock-in of fluorescent and epitope tag proteins, where the protein of 
interest transduces a fluorescent marker, can give us insights on in vivo 
cellular behaviors and patterns of expression (Luo et al., 2014). This 
strategy might further help evaluate the feasibility of cell engraftment 
therapy in humans and their sustainability in regenerative medicine. 
Also, future studies might consider using Ca2+ reporter lines to assess 
iPSC-SN activity in DRG in vivo (Viventi et al., 2021). 
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5.5. Direct donor cell comparison 

To better assess inter-individual variability in characteristics of cell- 
based sensory neuron models, post-mortem DRGs could be compared to 
the same donor’s iPSC-SNs to delineate the true proteomic expression 
range and refine our assignment of canonical markers. Over time a 
biobank of well characterized iPSC-derived libraries would be invalu-
able to allow the standardization of in vitro data and improve our un-
derstanding of global pathophysiological mechanisms and therapy 
options via iPSC-data combined with patient data. It should be noted 
that large scale comparisons will benefit from the development of vali-
dated automated high throughput platforms for the differentiation of 
iPSC-SNs. A recent posting in BioRXiv (Deng et al., 2022) of a study of 
this nature suggests that such an approach might be feasible in the 
foreseeable future despite the fact that major challenges remain before 
achieving the rich mixture of heterogenous sensory neurons that is 
characteristic of native DRG neurons. 

6. Conclusions 

Although current advances in developing iPSC-SN systems for 
mechanistic and pharmacological studies related to pain research and 
drug development represent major progress when compared to widely 
used heterologous expression systems and rodent DRG neurons, there 
are limitations to this approach that must be considered when we 
interpret the data that is produced by this cell-based system. The limited 
knowledge of sensory neurogenesis and maturation in vivo hinders our 
ability to more effectively model human DRG neurons using iPSCs. 
Furthermore, neural induction and differentiation depend on intrinsic 
cell qualities and the extracellular environment, including cell-to-cell 
communication and spatial cues, which are still poorly understood 
(Iyer et al., 2017). Genetic and epigenetic modifications of the cells that 
are used to generate donor-specific iPSCs are likely to impact the nature 
of the differentiated cells. Additionally, better cell type classification of 
the differentiated cultures will depend on using a more complete list of 
markers, including those of the cells of origin, so that attribution of a 
sensory modality to a specific population will be more appropriate than 
current practices. The first step towards advancing disease modeling 
using iPSCs is to identify the critical key components of the human DRG 
microniche influencing cell fate, in order to find adequate enrichment 
strategies and improve establishing the full complement of sensory 
neuronal subtypes (Nickolls et al., 2020). Another important issue is 
inter-laboratory variability and poor reproducibility even when using 
the same protocols, which might be caused by minor modifications that 
do not get reported or other environmental factors and batch-to-batch 
variability of reagents. More efforts are still needed to circumvent the 
limitations of this system, but rapid technological advances raise new 
possibilities for iPSC-based disease modeling, and will undeniably 
facilitate the discovery of new aspects of sensory biology including the 
neurobiology of pain. 

Despite current limitations, iPSC models are helping us to unravel, 
molecule by molecule, key players in human pain and inter-individual 
phenotypic differences, bringing us a step closer towards innovative 
therapeutic strategies powerful enough to substitute current trial-and- 
error attempts by personalized medicine. 
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